1 LIGHT-EMITTING DEVICE, METHOD FOR MAKING THE SAME, AND NITRIDE
SEMICONDUCTOR SUBSTRATE BACKGROUND OF THE INVENTION 5 Field of the Invention The
present invention relates to a light-emitting device, a method for making the same, and a nitride
semiconductor substrate. More specifically, the presen{ invention relates to a light-emitting device
formed from a nitride semiconductor, a method for makKing the same, and a nitride semiconductor 10
substrate. In the present invention, "light-emitting device" may refer to a semiconductor element

formed essentially [ip @ RTIOR-FARICBRAAY SHORIERID ASKAMARIAGRAEIR dagiamipated

thereon, or may refer solely to ‘a device sealed’in resin in'which a sémiconductor chip’is moéunted on a

mounting part. Furthermore, the tﬁlﬁ\ %rsm%ﬁ%ﬁ gﬁgg@ﬁiﬁw the same time. Also, a
“chip”. Als

semiconductor chip may be referred to Simply as a 0, In"a chip, a substrate and an epitaxial
layer formed thereon may be referred to simply as a "substrate". Description of the Background Art
White light-emitting diodes (LEDSs) are currently widely used for 20 illumination in compact electronic

devices such as%mﬁawggﬁmﬁmmﬁﬁ re is the promise that these diodes may be used

in the future for1 rge spaces or areas. In order to allow use in large spaces or large

areas, the LED ligpetl &)léﬁlil;[erﬂliléén elsogcreased. 2

The present invention relates to a light-emitting device, a method for
making the same, and a nitride semiconductor substrate. More specifically, the
present invention relates to a light-emitting device formed from a nitride
semiconductor, a method for making the same, and a nitride semiconductor

10 substrate. In the present invention, "light-emitting device” may refer to a
semiconductor element formed essentially from a nitride semiconductor
substrate and a semiconductor layer laminated thereon, or may refer solely to
a device sealed in resin in which a semiconductor chip is mounted on a
mounting part. Furthermore, the term may refer to both of these meanings at

15 the same time. Also, a semiconductor chip may be referred to simply as a
"chip". Also, in a chip, a substrate and an epitaxial layer formed thereon may
be referred to simply as a "substrate".

Description of the Background Art

White light-emitting diodes (LEDs) are currently widely used for

20  illumination in compact electronic devices such as portable information
terminals, but there is the promise that these diodes may be used in the future
for illumination of large spaces or areas. In order to allow use in large spaces

or large areas, the LED light output must be increased.



One method for significantly increasing light output is to efficiently output the light generated within the
LED to the outside, i.e., to improve the light extraction efficiency. Examples of technologies for
improving light extraction efficiency in this manner include: a light-emitting device in which a 5 groove
is formed from the surface of a nitride semiconductor layer to a substrate near a p-electrode formed on
a nitride semiconductor layer laminated on the substrée (see Japanese Laid-Open Patent Publication
Number 2004-87930); and a light-emitting device in which a light reflection surface is formed'on a back
surface of a substrate opposite from a surface on 10 which a nitride semiconductor layer is laminated
(e.g., see Japanese L&ae Opethethtiort FigpitaspHN irstraskog 4i8B0g8) R an decathiieaden Patent
Publication Number 2004-87930 described above gives as examples of methods for forming grooves:
dry etching; werwiehinthealgitieenenatedaikbonithe d.4Beto aha musitmital.nhedmeprrYs theolving
dicers, scribers, or the like. Also, Japanese Laid-Open Patent Publication Number 2004-56088 above
describes the foightganeaetiestiGhlicienare Sixamenieriofutfabadogiess bstrimprevingrdightwith a
V-shaped cross- section using a dicer. These conventional technologies, however, have the following
problems. 20 Ifesfanitiépr eidipneYornthie svasnen iacklearelighyiewithing dawceamvbinh ased,
although this depends on the material used in the nitride semiconductor substrate. In such cases,
forming dedp grEReeEe \ithiprmpradtien shnisytiate of dfisifiriddssemirenductingliyendd t@ form

grooves, controlling groove 3
substrate near a p-electrode formed on a nitride semiconductor layer

laminated on the substrate (see Japanese Laid-Open Patent Publication
Number 2004-8-7930); and a light-emitting device in which a light reflection
surface is formed'on a back surface of a substrate opposite from a surface on

10 which a nitride semiconductor layer is laminated (e.g., see Japanese Laid-
Open Patent Publication Number 2004-56088).

Japanese Laid-Open Patent Publication Number 2004-87930 described
above gives as examples of methods for forming grooves: dry etching; wet
etching; an optical method involving a laser; and mechanical methods

16 involving dicers, scribers, or the like. Also, Japanese Laid-Open Patent
Publication Number 2004-56088 above describes the forming the reflection
surface on the back surface of the substrate as a groove with a V-shaped cross-
section using a dicer.

These conventional technologies, however, have the following problems.

20  If etching is used to form grooves, an adequately high etching rate cannot be
used, although this depends on the material used in the nitride semiconductor
substrate. In such cases, forming deep grooves within a practical etching time

is difficult. Also, when etching is used to form grooves, controlling groove



shape (e.g., the angle formed at the bottom of the groove between the facing side walls) is difficult. If
grooves are formed with a mechanical method such as with a dicer, the dicing surface (i.e., the side
walls of the groove) acquires a layer damaged 5 by processing or a region with damaged crystal
planes. When this happens, adequate emission of light from the side wall surfaces of the groove
becomes difficult due to the influence of the altered Ia)?’er or the like. As a result, adequate
improvement of light extraction efficiency in the light-emitting device is made difficult. 10 The object of
the present invention iZ?':o overcome these problems and to provide a light-emitting device with

improved light SSB2RSiSh &fiiheRyels fermesuabrheakntiomeolthn sioera hfweesethir daeingior
substrate that can be used in making the same. 15 SUMMARY OF THE INVENTION A light-emitting
device accordin@“ﬂ& alls/dsdiffisyltntion is a light- emitting device including: a nitride semiconductor
substrate; an n-type nitride semiconductor layer on a first main surface side of the nitride
semiconductor substrgi@aoﬁ%ﬁé%iﬁ?rdﬁeé]eﬂﬂ&rﬂﬂé?ﬁh?é&}é?lp&%m&fﬁhﬁ@rWH’#] thdisernitride
semiconductor substrate compared to the n-type nitride semiconductor layer; and a light-emitting layer
positioned betwHEh dHANE SiydasRrfde- i el %ﬁ/@%eaﬁiﬂ’?ﬁé) @Wﬁﬁﬁd@%@hﬂ%&%ﬁfé’(or layer.
The p-type nitride semiconductor layer side is down-mounted and light is released from a 4 second
main surfac®, wPNcRTRCASHaM Fiateetph st famaredirsypialplanes. When this happens,

adequate emission of light from the side wall surfaces of the groove becomes
difficult due to the influence of the altered layer or the like. As a result,
adequate improvement of light extraction efficiency in the light-emitting
device is made difficuit.

10 The object of the present invention is to overcome these problems and to
provide a light-emitting device with improved light extraction efficiency, a
method for making the same, and a nitride semiconductor substrate that can

be used in making the same.

15 SUMMARY OF THE INVENTION
A light-emitting device according to the present invention is a light-
emitting device including® a nitride semiconductor substrate; an n-type nitride
semiconductor layer on a first main surface side of the nitride semiconductor
substrate; a p-type nitride semiconductor layer positioned further from the
20  nitride semiconductor substrate compared to the n-type nitride semiconductor
layer; and a light-emitting layer positioned between the n-type nitride
semiconductor layer and the p-type nitride semiconductor layer. The p-type

nitride semiconductor layer side is down-mounted and light is released from a



surface of the nitride semiconductor substrate. A groove is formed on the second main surface of the
nitride semiconductor substrate. An inner perimeter surface of the groove undergoes surface treatment
in order to 5 smooth the inner perimeter surface. Since a groove 80 is formed on the second main
surface, which is the light exit surface of the nitride semiconductor substrate, light can be extracted
from the side walls of the groove 80 as well. As a result, light usage efficiency of the light-emitting
device can be improved. 10 Furthermore, since the groove formed on the second main surface, which
is the light exit surface, includes a sectign on which surface treatment was performed in order to
smooth the inneieFRRnBIAFS SHEES DT THRIGROtVE, 1aEh Httprse PRRGSHE TPt ki fisshimARocessing
or a region with crystal face damage or the like is formed when the groove is formed on the second 15
main surface, tHiSdartR QL themeRdspeeaisAndetar sRbstErtenfbVE Y pib OSTRE- k% layer or
region with crystal face damage. (For example, when the surface treatment involves removing a
certain thicknesSefipf tBALRIEEasgePbr thE SBUSHI? niaRSoRdbstan  RIRAL e inhEr pRfReter
surface of the groqgve, in order to smoaoth the inner perimeter surface of the groove, 20 these
processing-danREgimelersBirfagioRt Whh XA raOdlerRoes & WetA%e treAtBRRRE ) 1Rs U HEEUIP the
reduction of light extraction efficiency from the second main surface caused by a processing- damage
layer or thedike $BAMR tHFRERCB e IRIHIWRting device according to the present invention is a light

Since a groove 80 is formed on the second main surface, which is the

light exit surface of the nitride semiconductor substrate, light can be extracted
from the side wé]ls of the groove 80 as well. As a result, light usage efficiency
of the light-emitting device can be improved.

10 Furthermore, since the groove formed on the second main surface,
which is the light exit surface, includes a section on which surface treatment
was performed in order to smooth the inner perimeter surface of the groove,
even 1if a layer that was damaged during processing or a region with crystal
face damage or the like is formed when the groove is formed on the second

15 main surface, this surface treatment operation can improve or remove the
processing-damage layer or region with crystal face damage. (For example,
when the surface treatment involves removing a certain thickness from the
surface layer of the second main surface, including the inner perimeter surface
of the groove, in order to smooth the inner perimeter surface of the groove,

20 these processing-damage layers or regions with crystal face damage can be
removed.) As a result, the reduction of light extraction efficiency from the
second main surface caused by a processing-damage layer or the like can be

prevented.



emitting device including: a nitride semiconductor substrate; an n-type nitride semiconductor layer on a
first main surface side of the nitride semiconductor substrate; a p-type nitride semiconductor layer
positioned further from the 5 nitride semiconductor substrate compared to the n-type nitride
semiconductor layer; and a light-emitting layer positioned between the n-type nitride semiconductor
layer and the p-type nitride semiconductor layer. The pttype nitride semiconductor layer side is
down-mounted and light is released from a second main surface, which is a main surface opposite
from the first main 10 surface of the nitride semiconductor substrate. A side surface of the nitride
semiconductor substrateliBBReRtERR JeHiet Recerdinsetordbairesant Msespipmisifshighte. Surface
treatment is applied to the sloped surface in qrder to smooth the sloped surface. Since a sloped
surface is form&doHmg dapsn anelatiag A odtride gereicondMstoy T8 Dotyipe RRtFide
semiconductor substrate, light can be extracted from the sloped surface in a direction perpendicular to
the second maff@ipRdchar daxetirnigHiistJgeiamuriaey stdpofighe ariminwavendastese

improved, Furthermore, since the sloped surface includes sections on which 20 surface treatment is
performed in or8B8PIE Hfr8vR TR IBHEHs FRtRicoRdydeE\aHer BasitigradyBrstheriBrRBWRS crystal

face damage, and the like were formed when the sloped surface was formed, the surface treatment
described SboVEHEiHiPiIARIARARBRFERR SVRTHESE BIRRASHJO dhh RRe Bitriler eIt RRHT B crystal

face damage. As a result, it is possible to prevent the reduction in the o
layer: and a light-emitting layer positioned between the n-type nitride

semiconductor layer and the p-type nitride semiconductor layer. The p-type
nitride semiconciuctor layer side is down-mounted and light is released from a
second main surface, which is a main surface opposite from the first main
10 surface of the nitride semiconductor substrate. A side surface of the nitride
semiconductor substrate includes a sloped surface sloped relative to the second
main surface. Surface treatment is applied to the sloped surface in order to
smooth the sloped surface.
Since a sloped surface is formed on the second main surface, which is
15 the light exit surface, of the nitride semiconductor substrate, light can be
extracted from the sloped surface in a direction perpendicular to the second
main surface. As a result, light usage efficiency of the light-emitting device can
be improved.
Furthermore, since the sloped surface includes sections on which
20 surface treatment is performed in order to improve the sloped surface, if
processing-damage layers, regions with crystal face damage, and the like were
formed when the sloped surface was formed, the surface treatment described

above can improve or remove these processing-damage layers or regions with



light extraction efficiency caused by the sloped surface to processing-damage layers or the like. A
method for making the light-emitting device described above is a 5 method for making a light-emitting
device equipped with a nitride semiconductor substrate and includes a step for forming a groove and a
step for performing surface treatment. In the step for forming a groove, dicing is performed on a
second main surface opposite from a first main surfacé of the nitride semiconductor substrate upon
which a light-emitting layer is formed. 10 In the step for performing surface treatment, an inner
perimeter surface of the groove is smoothed. As a result, the light-emitting device of the present
invention can b&yBtalnage ifamaesd Asaniesrdutids popsibladasreren therredietiendmbbation: a
groove is formed on one main surface; and an inner perimeter surface of the 15 groove includes a

section on which&trxassionefice perfenmeadihbider srad satrfase faneyoserminadasgre. As a

result, when the nitride semiconductor substrate is used in a light- emitting device, and a main surface
on which the gr&%ﬁ%ﬁé’ﬂﬁh‘?@é‘% used as the light exit surface, it is possible to obtain a light-emitting
device with high 20 light extraction efficiency. BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1
shows a first embodinderfngthad fop making dhe hehtemittine deaisecdescsadgaboite irésent

invention. Fig. 2 shows a layered structure including a light-emitting layer of the o
5 method for making a light-emitting device equipped with a nitride

semiconductor substrate and includes a step for forming a groove and a step
for performing surface treatment. In the step for forming a groove, dicing is
performed on a second main surface opposite from a first main surface of the
nitride semiconductor substrate upon which a light-emitting layer is formed.
10  In the step for performing surface treatment, an inner perimeter surface of the
groove 1s smoothed. As a result, the light-emitting device of the present
invention can be obtained.
In a nitride semiconductor substrate according to the present invention:
a groove is formed on one main surface; and an inner perimeter surface of the
15 groove includes a section on which surface treatment is performed in order to
smooth the inner perimeter surface.
As a result, when the nitride semiconductor substrate is used in a light-
emitting device, and a main surface on which the groove is formed is used as
the light exit surface, it is possible to obtain a light-emitting device with high

20  light extraction efficiency.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a first embodiment of an LED serving as a light-emitting



LED in Fig. 1. Fig. 3 is a flowchart illustrating a method for making a chip used in the 5 LED shown in
Fig. 1 and Fig. 2. Fig. 4 shows the state of a wafer when chips having the layered structure shown in
Fig. 2 are obtained from the wafer. Fig. 5 shows the arrangement of the electrodes shown in Fig. 4. Fig.
6 shows a first alternate example of the first embodiment of the 10 LED according to the present
invention shown in Fig. 1 through Fig. 5. Fig. 7 shows the shape of the LED shown in Fig. 6 when seen
from above. Fig. 8 shows the state of a wafer when chips having the layered structure used in the

LED shown in Fig. 6 and Fig, 7 are obtained from the 15 wafer. Fig. 9 shows a second alternate
example of the AP¥EASERRHBR B RRPTEEPPALREPHHE O the present invention shown in Fig. 1 through
Fig. 5. Fig. 10 shows a third alternate example of the first emhodiment of the LED according to the

present invention showtBirt IO Y dayrres sy ustiEsyinclud g i isht e mitting lanetnidhesecond

embodiment of a GaN ﬁubstrate according to the present invention including multiple regions that will
form chips usedfA Wyht&rhitting device according to the present invention. 8 Fig. 12 is a simplified

cross-section drawingﬁl_lustratingﬂthe surface state of the inner (i)erimeter, surface of grooves formed by
dicing. 1g. 3 18 a flowchart 1llustrating a method for making a chip used in the

5 LED shown in Fig. 1 and Fig. 2.
Fig. 4 shows the state of a wafer when chips having the layered
structure shown in Fig. 2 are obtained from the wafer.
Fig. 5 sh&ws the arrangement of the electrodes shown in Fig. 4.
Fig. 6 shows a first alternate example of the first embodiment of the
10 LED according to the present invention shown i1n Fig. 1 through Fig. 5.
Fig. 7 shows the shape of the LED shown in Fig. 6 when seen from
above.
Fig. 8 shows the state of a wafer when chips having the layered
structure used in the LED shown in Fig. 6 and Fig. 7 are obtained from the
15 wafer.
Fig. 9 shows a second alternate example of the first embodiment of the
LED according to the present invention shown in Fig. 1 through Fig. 5.
Fig. 10 shows a third alternate example of the first embodiment of the
LED according to the present invention shown in Fig. 1 through Fig. 5.
20 Fig. 11 is a simplified drawing showing a second embodiment of a GaN
substrate according to the present invention including multiple regions that
will form chips used in a light-emitting device according to the present

invention.



Fig. 13 is a simplified cross-section drawing showing the state of the inner perimeter surfaces of
grooves after a specular finish is applied using RIE. 5 Fig. 14 is a simplified drawing showing the state
of the inner perimeter surfaces of grooves when seen from the direction of the arrow 90 shown in Fig.
13. Fig. 15 is a simplified drawing showing an LED according to a second comparative example. 10
Fig. 16 illustrates the effect of oxygen concentration ofthe specific resistance of a GaN substrate. Fig.
17 shows the effect of oxygen concentration on the transmittivity of a 400 micron GaN substrate for
light having a wavelength of 450 nm. Fig,. 18 shows the resulis of measuring light output and plan size
15 through which currfr‘ﬁ“fl&%s‘%rﬁf g?ﬂﬁ?ﬁ?ﬁ%?éofbr At ST AR (EDR SWRTRSSarying

thicknesses and oxygen.concentrations for the LED according to the present invention shown in Fig. 1.
DETAILED DE§E§‘I§‘T§@?\I1W’1’P@1W€W ?\F%Bfal%%," & B’&Wﬁ‘zlﬁféiéﬂﬂ%xamples of the present

invention will be descyibed using figures, In the following figures, like or associated elements are
assigned like referen 1ﬁuﬁ%ﬂ:§l§a%8’8 gp‘é‘i’i’&ﬁiﬁ%@%@ri TBrORiF oY e Fgﬁ’eﬁ%@ Q? Fst

embodiment) Fig. 1 shows a first elinbodi ent of an |LED serving as li%ht-emit in devic%fﬁcording to
the present invelfish PRIYTS R SHEARS Rt & QYge ffter a specular linish is apphed using RIK.

5 Fig. 14 is a simplified drawing showing the state of the inner perimeter
surfaces of grooves when seen from the direction of the arrow 90 shown in Fig.
13.
Fig. 15 is a simplified drawing showing an LED according to a second
comparative example.
10 Fig. 16 illustrates the effect of oxygen concentration on the specific
resistance of a GaN substrate.
Fig. 17 shows the effect of oxygen concentration on the transmittivity of
a 400 micron GaN substrate for light having a wavelength of 450 nm.
Fig. 18 shows the results of measuring light output and plan size
15  through which current flows uniformly when lamps are formed from GalN
substrates with varying thicknesses and oxygen concentrations for the LED

according to the present invention shown in Fig. 1.

DETAILED DESCRIPTION OF THE INVENTION

20 Next, embodiments and examples of the present invention will be
described using figures. In the following figures, like or associated elements
are assigned like reference numerals and corresponding descriptions will not

be repeated.



containing a light-emitting layer of the LED in Fig. 1. The first embodiment of 5 an LED according to the
present invention will be described using Fig. 1 and Fig. 2. As shown in Fig. 1, a layered structure
containing a light-emitting layer described in detail later is formed on a first main surface side of a GaN
substrate 1, and a p-electrode 12 is disposed thereon. In this embodiment, p 10 electrode 12 is
down-mounted using a conductive adhesive 14 on a lead-frame mount 21a. A second main surface la
of the GaN substrate 1 is a surface that releases light from the light-emitting layer, and a n-electrode
11 is disposed on this surface. Multiple grooves 80 extending parallel to each other and 15
perpendicular t%i}%tfi%%%&)}@% f Fig. 1 are formed on the second main surface la. The n-electrode
11 is formed on a flat section of the second main surface la between the grooves 80 and does not

cover the entire surtaqg,of jhg, secans MPUhSdRGE T 19 BielEIPS SIS Sispansd abipugly the

center of the second main surface la. It is important that the section not covered By the 20 n-electrode

11 is proportiongl arge. Ry kg e apenins i aierie JBLahs s by e miclactrode is

reduced, making it possible to ihcrease release efficiency of the light released outside. The

ot i1 sl spmesre ot ienaineli e emnymRa i 10 1
a sealing membgr. |INNG ARaNE TEUHE Srdsth i DONE.A IR heT s IsEeds Ry Fiyre gy the
Fig. 2.

As shown in Fig. 1, a layered structure containing a light-emitting layer
described in detail later is formed on a first main surface side of a GaN
substrate 1, and a p-electrode 12 is disposed thereon. In this embodiment, p-

10  electrode 12 is down-mounted using a conductive adhesive 14 on a lead-frame
mount Z21a.

A second main surface 1a of the GaN substrate 1 1s a surface that
releases light from the light-emitting layer, and a n-electrode 11 is disposed on
this surface. Multiple grooves 80 extending parallel to each other and

15 perpendicular to the figure plane of Fig. 1 are formed on the second main
surface 1la. The n-electrode 11 is formed on a flat section of the second main
surface 1la between the grooves 80 and does not cover the entire surface of the
second main surface. The n-electrode 11 is disposed at roughly the center of
the second main surface 1a. It is important that the section not covered by the

20 n-electrode 11 is proportionally large. By making the opening ratio large, the
light obstructed by the n-electrode is reduced, making it possible to increase

the release efficiency of the light released outside.

The n-electrode 11 is electrically connected to a lead section 21b of the



GaN substrate 1 to the p-electrode 12. In Fig. 2, the layered structure is shown 5 vertically inverted
relative to Fig. 1. Referring to Fig. 2, a n-type GaN epitaxial layer 2 is positioned on the GaN substrate
1, and an n-type A1lxGai-xN layer 3 is formed thereon. On top of this, is formed a multi-quantum well
(MQW) 4 formed from an AlxGai-xN layer and an AlxinyGarx-yN layer. A p-type AlxGal-xN layer 5 is
disposed between the 10 multi-quantum well 4 and thélA1xGai-xN layer 3. Also, a p-type GaN layer 6
is disposed on the p-type Al Gai-xN layer 5. In this structure, light is emitted at the multi-quantum well
4. Also, as shown in Fig. 1, the p-electrode 12 is formed and down-mounted on the p-type GaN layer 6
50 that the entirébSEITSuHERE & TS Apd eaRiiEg 4P RdcthehagenedErcturenfrgcrbed. 3
through Fig. 5, a method for making the LED shown in Fig. 1 and Fig. 2 will be described briefly. Fig. 3
is a flowchart iRRQY&HRTS seRIE APneRAPRY Rasap) TRSLR AP RIYIRS anaralinggraraber- BE. 2. Fig. 4
shows the state of a wafer when chips. having the structure shown in Fig. 2 are to be obtained from the
wafer. Fig. 5 sh&@sﬁh‘évezﬁtﬁﬂ%ﬂﬁ%n%ﬁt o hoBRantetadl slobhs ilpisged. stracture Bomadbe
preparation ste%(%{m) shown in Fig. 3 is performed. More specifically, a GaN substrate is first
prepared. Then "4 Iﬁﬂ?@?‘ﬁﬁf’f‘glﬁ%%%d’ efRdr e btigietat BRJaNRTeh SHERGHTE 3® S ReFBsition) is
11 performed on the first. main és#rf ce, of the GaN substrate to form a layered structure (an Si-doped

n-type GaNPlay &P Y. Rt ¥R 9318 AN layer serving as a clad layer / an MQW

multi-quantum well) formed, by stagkin
( a ) ?{erPerring to Fig. %, a n-type GaN epitaxial layer 2 is positioned on the

GaN substrate 1, and an n-type AlxGaixN layer 3 is formed thereon. On top of
this, is formed a multi-quantum well (MQW) 4 formed from an AliGa1«N layer
and an AlInyGaixyN layer. A p-type AlyGaixN layer 5 is disposed between the

10  multi-quantum well 4 and the Al;GaxN layer 3. Also, a p-type GaN layer 6 is
disposed on the p-type AlxGa;«N layer 5. In this structure, light is emitted at
the multi-quantum well 4. Also, as shown in Fig. 1, the p-electrode 12 is
formed and down-mounted on the p-type GaN layer 6 so that the entire upper
surface of the p-type GaN layer 6 is covered.

15 Next, referring to Fig. 3 through Fig. 5, a method for making the LED
shown in Fig. 1 and Fig. 2 will be described briefly. Fig. 3 is a flowchart
illustrating a method for making a chip used in the LED shown in Fig. 1 and
Fig. 2. Fig. 4 shows the state of a wafer when chips having the structure
shown in Fig. 2 are to be obtained from the wafer. Fig. 5 shows the

20  arrangement of the electrodes shown in Fig. 4.

First, a substrate preparation step (S10) shown in Fig. 3 is performed.
More specifically, a GaN substrate is first prepared. Then, a film-forming

method such as MOCVD (metal organic chemical vapor deposition) is



multiple two-layer structures consisting of a GaN layer and an In0.i5Gao.s5N 5 layer / an Mg-doped
p-type Alo.2Gao.8N layer serving as a clad layer / an Mg- doped p-type GaN layer). Next, this wafer
can be activated to lower the resistance of the Mg-doped p-type layer. Then, photolithography and RIE
(reactive ion etching) are performed to etch the wafer from the Mg-doped p- type layer side to the
Si-doped n-type layer using a Cl-based gas. Element 14 separation grooves 25 are formed through this
etching as shown in Fig. 4, and the elements are separated. Next, photolithography, vapor deposition,
and lift-off are perf%rmed on the back N surface, which is the second main surface of the GaN

substrate, to foPSFINERRS QR AESEEE MATErsHARES 9 theifaf L nupatiate Fe dart snidissed, 15

positioned at the centers of the chips at a predetermined pitch (distance) L2 (see Fig. 4 and Fig. 5).
The n-electrodeSEEHS g%nf . 8%‘%%‘?&98%& %(@H&Eﬁqﬁ?g&:%tﬁl@-?&ﬁaﬁjﬁ@&om layer
in contact with the GaN substrate; (a Ti layer./ an A} layer / a Ti layer / an Au layer). Then, the GaN
substrate is hedt®d }H%?ﬁt%ﬁg#(&%eﬁth%%pq@gﬂ%iﬂ@%%% nfarrsg Rsistari@Between
the n-electrodes 11 and the hack surface of the GaN . substrat bg predetermined va@ Next, a
conductor layerh & R RS HG ETER oS &R R A R n?ﬁ?f?ﬁvﬁﬂ‘#%npi@b’é &Myer to

serve as the p-electrode. Fqr example, the 12 cqndugtor layer can be formed_ by forming an Ni layer
with a pred@tertiFek’ AcRESORS %f@?vﬁ%ﬂ%ﬁé‘“ﬁl\?ﬁﬁ%ﬁ%ﬁ%aﬁ&lﬁs@ Iﬁé\‘(ﬁﬁd &"prebletermined

thickness formefoggﬁrﬁhgzgg ti([}eaﬂ’"{gggr}h%%ga (%ﬁies R aifgraggn be activated to lower the
resistance of the Mg-doped p-type layer. Then, photolithography and RIE
(reactive ion etéhing) are performed to etch the wafer from the Mg-doped p-
type layer side to the Si-doped n-type layer using a Cl-based gas. Element
10 separation grooves 25 are formed through this etching as shown in Fig. 4, and
the elements are separated.

Next, photolithography, vapor deposition, and lift-off are performed on
the back N surface, which is the second main surface of the GaN substrate, to
form the n-electrodes 11, which have a four-sided shape when seen from above,

15 positioned at the centers of the chips at a predetermined pitch (distance) La
(see Fig. 4 and Fig. 5). The n-electrodes 11 can be formed as a layered
structure consisting of, starting from the bottom layer in contact with the GaN
substrate: (a Ti layer / an Al layer / a Ti layer / an Au layer). Then, the GaN
substrate is heated in a nitrogen (N2) atmosphere in order to have the contact

20 resistance between the n-electrodes 11 and the back surface of the GaN
substrate be a predetermined value.

Next, a conductor layer having a predetermined thickness is formed in

contact with the p-type GaN layer to serve as the p-electrode. For example, the



Fig. 5). In this case, the GaN substrate can be heated in an inert gas 5 atmosphere in order to have the
contact resistance between the p-electrode and the p-type GaN layer be a predetermined value. Next,
a groove forming step (S20) shown in Fig. 3 is performed. More specifically, dicing is performed on the
back surface (N surface) of the GaN substrate in order to form the grooves 80 having a V-shaped
cross-section. As 10 shown in Fig. 5, the grooves 80 gre formed as multiple vertical grooves 80a and
horizontal grooves 80b. The n-electrodes 11 are positioned on the flat surfaces between the grooves
80. Next, a surface treatment step (S30) shown in Fig. 3 is performed. More specifically, RIE surface
weatment is perfoimpee{e ARRY &.SPECHURLILISR G da N RICRESRE Suriage, (N syrfacel gl ie CaN
substrate on which the grooves are formed. The'reactive gas use M the oBeratlon can be, for
example, chlorin s (Cl.gas), It would. referable for the thickness of, the, surface  layer removed
by RIE from thekk?cgu%r g(ns:elgft %n&;aé% %’t?gr%fﬁeetoebaé% atiae)ées% t‘ﬁge‘tlfévg%gé%iéﬁygﬁarcig?‘{h%gagrasive
grain of the dicing hlade used in the 20 dicing performed in the grqove forming step+4S2Q) described
above. Then, ads %%%r?r%:llg?gl. q-‘g:nél ﬁsg?fn%%c(r{l)k%%r iq?l[?eer o}ﬁe%gqg%ﬁgggﬁ?ggb%ﬁﬁgé ie%%?zmerge
as side surface[he iggsﬂingncﬂ Sger%/gea%rl' t};ﬁﬂ},@% dgvrilc S, /]\n% S %Nnnin Figinle,rg li Qt-emitting
g y 13 i 512Gt the lead ir

device is forme mounting the ‘chip in the mounting section ame so that the p-

type GaN layer side of e, clip 54 CANREL VNG IHNUNG S5RIEN AhRecTNEOpdgtiy Adnesive

14 applied to the mounting section secures the light-

and the p-type GaN layer be a predetermined value.

Next, a groove forming step (S20) shown in Fig. 3 is performed. More
specifically, diciﬁg is performed on the back surface (N surface) of the GaN
substrate in order to form the grooves 80 having a V-shaped cross-section. As

10 shown in Fig. 5, the grooves 80 are formed as multiple vertical grooves 80a and
horizontal grooves 80b. The n-electrodes 11 are positioned on the flat surfaces
between the grooves 80.

Next, a surface treatment step (S30) shown in Fig. 3 is performed. More

specifically, RIE surféce treatment is performed to apply a specular finish to
15 the processed surface (N surface) of the GaN substrate on which the grooves

are formed. The reactive gas used in the RIE operation can be, for example,

chlorine gas (Cl gas). It would be preferable for the thickness of the surface

layer removed by RIE from the N surface of the GaN substrate to be at least

the average diameter of the abrasive grain of the dicing blade used in the
20  dicing performed in the groove forming step (S20) described above.

Then, as shown in Fig. 4 and Fig. 5, scribing is performed so that chip
boundaries 50 emerge as side surface. The resulting chips serve as light-

emitting devices. As shown in Fig. 1, a light-emitting device is formed by



emitting device and the mount and provides conductivity. Then, after 5 performing wire bonding
between the n-electrode 11 and the lead section of the lead frame to provide continuity, an
epoxy-based resin 15 is used to seal the structure in resin so that the light-emitting device forms a
lamp. It would also be possible, in order to improve heat dissipation from the light-emitting device, to
mount the p-type GaN layer of the light-emitting device so that the entire 10 surface thereof is in
contact with the mounting section in order to improve "heat dissipation from the light-emitting device.
Also, the conductive adhesive 14 can be an Ag-based adhesive with good thermal conductivity, and

the lead frame cag, e A CHIVIFSGH SUYGLIR NI oadc R s M Hig B.sliows Adyshgliemate

example of the Iment'of an LED 15 according to the present invention shown in Fig. 1

th h Fig. 5. Ejg. 7 i t inJFig:.8. Referri ig, 6: ig. 7, th
o . 58 BRI LR R B R aaRTE |

first alternate e ple o rding to the present invention will be

described. The bEDERME0:FI0n8a0 TR 5SS AININGSPIE BHICLIIE 20,05 (g FD

shown in Fig. 1 and Fig. 2, except the placement of the n- electro near the four corners of the

Gan substrate diffggsdorgdbed NN Bl LA BidviadySQollieibiep SR Mfig. © and

Fig. 7, a reflective cupis disposed on the lead frame to strround the semiconductor chip 14 when the

semiconduglor gRISIgNWRL JoiME DAL IRAK NG NG D PR (16,0 AUASIGrEAR
essentially the same as the method tor'making the LED shown in Fig. 1 and
lead frame to provide continuity, an epoxy-based resin 15 is used to seal the
structure in resin so that the light-emitting device forms a lamp. It would also
be possible, in order to improve heat dissipation from the light-emitting device,
to mount the p-type GaN layer of the light-emitting device so that the entire
10  surface thereof is in contact with the mounting section in order to improve
heat dissipation from the light-emitting device. Also, the conductive adhesive
14 can be an Ag-based adhesive with good thermal conductivity, and the lead
frame can be a CuW-based structure with good conductivity.
Fig. 6 shows a first alternate example of the first embodiment of an LED
15 according to the present invention shown in Fig. 1 through Fig. 5. Fig. Tis a
plan drawing of the LED shown in Fig. 6. Referring to Fig. 6 and Fig. 7, the
first alternate example of the first embodiment of an LED according to the
present invention wiil be described.
The LED shown in Fig. 6 and Fig. 7 has essentially the same structure
20 as the LED shown in Fig. 1 and Fig. 2, except the placement of the n-
electrodes 11 near the four corners of the GaN substrate differs from the LED

shown in Fig. 1 and Fig. 2. Also, in the LED shown in Fig. 6 and Fig. 7, a

reflective cup is disposed on the lead frame to surround the semiconductor chip



Fig. 2. However, as shown in Fig. 8, the distance between the adjacent grooves 5 80 (pitch P) is
smaller than the pitch P shown in Fig. 4, and the number of the grooves 80 per chip is greater than that
of the LED shown in Fig. 1 and Fig. 2. Fig. 8 shows the state of the wafer when the layered structure
used in the LED shown in Fig. 6 and Fig. 7 is obtained from the wafer. In this case, since the number
of the n-electrodes 11 is greater, the area 10 of eachlt-electrode 11 can be smaller than the area of
the n-electrode 11 of the LED shown in Fig. 1 and Fig. 2. Fig. 9 shows a second alternate example of
the first embodiment of an LED according. to, the present invention shown in Fig. 1 through Fig. 5.
Using Fig. 9, tﬁgi’seé’c o°aiterl “8Q?frﬁn€f8 iltia uﬁ’r&ﬁ‘gmbodiment of an LED of the 15 present
invention will be descrjped. Th shown in Fig. 9 bas essentially the same stryctyre as the LED
shown in Fig. 1 and F&g*%ez,lﬁﬁfﬁﬁlfg‘?ﬁpalstﬁfﬁg 5?88 \Egﬁg oiﬁfﬂgﬁrd&g‘é%o fo?‘H'ﬁe 3% tHe ¥econd
main surface la of the. GaN substrate 1 is different, Nlore specifically, the side walls of the groove 80
are formed froni'3 BO -g%’esé"la)@?@ \Xjé‘fl %ﬁ@&%ﬁe‘&%@%%‘&t%ﬁhl Oﬁ’ﬁhlﬂsgofﬁgqa?g& tively
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the same

grooves 80 per chip is greater than that of the LED shown in Fig. 1 and Fig. 2.
Fig. 8 shows the state of the wafer when the layered structure used in the LED
shown in Fig. 6 E;md Fig. 7 1s obtained from the wafer.
In this case, since the number of the n-electrodes 11 is greater, the area
10  of each n-electrode 11 can be smaller than the area of the n-electrode 11 of the
LED shown in Fig. 1 and Fig. 2.
Fig. 9 shows a second alternate example of the first embodiment of an
LED according to the present invention shown in Fig. 1 through Fig. 5. Using
Fig. 9, the second alternate example of the first embodiment of an LED of the
15 present invention will be described.
The LED shown in Fig. 9 has essentially the same structure as the LED
shown in Fig. 1 and Fig. 2, but the shape of the side walls of the grooves 80
formed on the second main surface 1a of the GaN substrate 1 is different. More
specifically, the side walls of the groove 80 are formed from a bottom-side side
20 wall 84 positioned at the bottom side and having a relatively large angle 01
relative to the second main surface la, and opening-side side walls 86
continuous with the bottom-side side wall 84 having a relatively small angle

62 relative to the second main surface 1a. With this structure, the light output



as the method for making the LED shown in Fig. 1 and Fig. 2. However, in the 5 groove forming step
(S20) (see Fig. 3) for forming the grooves 80 on the second main surface la of the GaN substrate 1,
dicing is performed twice. More specifically, the bottom-side side wall 84 is formed during the first
dicing operation using a blade where the angle of the_ blade edge performing the dicing has a
relatively small angle. Then, using a blade in which th&%blade 10 edge has a relatively large angle, a
second dicing operation is performed by tracing the sections on which the first dicing operation was

Cocond main sUTAUB AT SRPLERAPATE TIELRSEs A CHTAPATHORAR, CR2HTh e RePdicing
operati_on. Refer in&toiF' . 9, this result _in the 15 grooves 80 form_ed from the bottom-;ide s_ide walls
84 having an ar?giffé byl ‘}gﬁw}e%fﬁﬁﬁn parallel to the second main sur_face and opening-side side
el 26 T 1 g L S SABRIS AP e S L S (s <o)
e el 20 A R SR ASE ) W L R RIS
.10 shows G s GBSO HERL L SRS e e
embodiment of (e & R A OT NG R SUR UL IVEAIGN WiiRE 8SEINEned twice. More
specifically, the bottom-side side wall 84 is formed during the first dicing
operation using‘ a blade where the angle of the blade edge performing the
dicing has a relatively small angle. Then, using a blade in which the blade
10 edge has a relatively large angle, a second dicing operation is performed by
tracing the sections on which the first dicing operation was performed to form
the opening-side side walls 86. The depth to which the blade edge cuts into the
second main surface 1la of the GaN substrate 1 is less than the cutting depth
used in the first dicing operation. Referring to Fig. 9, this results in the
15 grooves 80 formed from the bottom-side side walls 84 having an angle 61
relative to a plane parallel to the second main surface and opening-side side
walls 86 having an angle 02 relative to a plane parallel to the second main
surface (where 82 < 01). Stated another way, the side walls of the grooves 80
are formed in two stages with different angles (the bottom-side side walls 84
20 and the opening-side side walls 86). Also, it would be possible to reverse the
sequence of the first dicing operation and the second dicing operation

described above.

Fig. 10 shows a third alternate example of the first embodiment of an



The LED shown in Fig. 10 has essentially the same structure as the 5 LED shown in Fig. 1 and Fig. 2,
except that the arrangement of the grooves formed on the second main surface la of the GaN
substrate 1 is different. More specifically, in the GaN substrate 1, the grooves are formed on the GaN
substrate 1 along the sections that will form the outer perimeter sections of the chip, and the chip is
obtained from the wafer along these grooves. As a 10 rgsult, sloped surfaces 92 are formed at the
outer perimeter section of the chip from one of the sidle walls of the grooves. With this structure, the
light exit surface releasing light perpendicular to the second main surface la can be made larger

compared 10 a HEYEJRII &ﬁgﬁg@&&%ﬁ@&ﬁ%ﬁ%%éﬁﬂ'c}ﬁeﬁ%gﬁvgl%agfmﬁggrgg?g formed

on the second main surface aN 15 substrate 1. Thus, the put em ndicular

fo the second g STase araan MEUSARSEL.SANIDAPCLER s SonuARRRLEd I plo0y e method

for making the LED shown in Fig. 10 is essentially the same as the method for making the LED shown

in Fig. 1 and Fig, oﬂ?ﬂée%e{hé'#){Q%%Eoﬁ\{%ﬁ?ﬁ’ﬂiQﬂlﬁ?@d&%@o@fe Fig. 3) for forming the grooves 80
ao

on the 20 second main surface the GaN substrate 1, dicing Is performed along the chip

boundaries 50 (see Figy4)1 qgh%%{ %eﬁgfaﬁ? ﬁt@@@%ﬂﬁg fA\ %Ol‘%t%e g}@&ﬁ(;?é%%nﬁ&gom the

scribing operation form the light-emitting device shown in Fig. 10. After the chips are through

scribing in 1S Rkl Ui Fige +/alla 951 %000Ee IAIDIH:IANG DGR BPyRdaties A form the
sloped surfaces 92 along the outér perimeter sections of the chips. (Second embodiment)
formed on the second main surface 1a of the GaN substrate 1 is different. More
specifically, in the GaN substrate 1, the grooves are formed on the GaN
substrate 1 aloﬁg the sections that will form the outer perimeter sections of
the chip, and the chip is obtained from the wafer along these grooves. As a
10  result, sloped surfaces 92 are formed at the outer perimeter section of the chip
from one of the side walls of the grooves. With this structure, the light exit
surface releasing light perpendicular to the second main surface la can be
made larger compared to a structure in which grooves and sloped side surfaces
(sloped surfaces) are not formed on the second main surface la of the GaN
15 substrate 1. Thus, the light output emitted perpendicular to the second main
surface la can be increased compared to the conventional technology.

The method for making the LED shown in Fig. 10 is essentially the
same as the method for making the LED shown in Fig. 1 and Fig. 2. However,
in the groove forming step (S20) (see Fig. 3) for forming the grooves 80 on the

20  second main surface la of the GaN substrate 1, dicing is performed along the
chip boundaries 50 (see Fig. 4). Then, after the surface treatment step (S30),

the chips resulting from the scribing operation form the light-emitting device

shown in Fig. 10. After the chips are formed through scribing in this manner,



In the first embodiment described above, chips formed by scribing the 5 GaN substrate 1 are mounted
into lead frames to form light-emitting devices. However, in some cases, handling may be made easier
by not splitting the GaN substrate 1 into chips used in light-emitting devices, e.g., by handling as a
single substrate as shown in Fig. 11 in which the grooves 80 have been formed on the GaN substrate
1 and the surface treatment step (S30) (see Fig. 3) hak’10 been performed. Fig. 11 is a simplified
drawing showing a second embodiment of a GaN substrate according to the present invention
containing multiple regions that will form chips used in light emitting devices according to the present
invention. As sH&wsiderwals ohtieprrepveydergmed el teeorhinebeundaniens? Jorfacthin, which is
one of the main surfaces of the GaN 15 substrate 1. Also, surface treatment is performed on the
second main suiiered snsfacessOR adeagiher puameesimeitrcestiimpelflr ohiprs0 have been smoothed

due to the removal of a predetermined thickness of the surface layer thereof by the surface treatment
operation, e.g.,(ﬁ%@@%ﬁ@ﬂiﬁgﬂm@se multiple chips in the form of the GaN substrate 1 before it is
split up, these multiple chips 20 become easier to handle. [First example] In order to study the

advantages of the lighttethetifigst ermdwdimaeat plesenbedyabavn, ehirsdemtes dussanibingetbey were

prepared and blue light 18 output values were measured when a predetermined current was applied.
First, the pfepafealbathitzateill el mevnted mastaaddramessonisien tgbhtemities dinises. a first

invention sample
However, in some cases, handling may be made easier by not splitting the GaN

substrate 1 into chips used in light-emitting devices, e.g., by handling as a
single substrate ‘as shown in Fig. 11 in which the grooves 80 have been formed
on the GaN substrate 1 and the surface treatment step (S30) (see Fig. 3) has
10 been performed. Fig. 11 is a simplified drawing showing a second embodiment
of a GaN substrate according to the present invention containing multiple
regions that will form chips used in light-emitting devices according to the
present invention. As shown in Fig. 11, multiple grooves 80 are formed on the
second main surface la, which is one of the main surfaces of the GaN
15 substrate 1. Also, surface treatment is performed on the second main surface.
As a result, the inner perimeter surfaces of the grooves 80 have been smoothed
due to the removal of a predetermined thickness of the surface layer thereof by
the surface treatment operation, e.g., RIE. By handling these multiple chips in
the form of the GaN substrate 1 before it is split up, these multiple chips
20  become easier to handle.
[First example}
In order to study the advantages of the light-emitting device of the

present invention, the samples described below were prepared and blue light



is equipped essentially with the same structure as the LED shown in Fig. 1 5 and Fig. 2. The method
for making the LED of the first invention sample is also essentially the same as the method for making
the light-emitting device described with reference to Fig. 3 through Fig. 5. This will be described in
more detail below. (SI-1): A GaN off-substrate with a Q.5 deg offset from the c-plane was 10 used. The
oxygen concentration of the substrate was 5E18/cm3,the dislocation density was IE7/cm2, and the
thickness was 400 microns. (51-2): The following layered structure was formed on the Ga surface,

which is the first main surface of the GaN substraje, using MOCVD. (metal organic vapor deposition):
(an Si-doped n-AHB aWII‘é‘ff%r‘y%rr? ﬁa%%‘érﬁti-f%gnl§ A&gﬁf&m fgfélfg%%\t/iﬁﬁaﬁsgfg%dﬂayer / an
MQW (multi-qu%,ntum ell) formed by stacking three twq-layer structures consisting of a GaN layer and
an Ino.i5Gao.s5N Tay el BTG eass: ;l‘?t“yB’ .28558 8 1ayer serving as a clad layer / an

Mg-doped p-type Ga er) (SI-3): The emitted,.|i elength was 450 nm. 20 (S1.4): This wafer
was activatedyto Iowelﬁﬁg%g&%? o 5%@@9%%%%%%‘3%&9&&%(?‘E%ﬁ'r'@feég%%ﬁf)ﬂﬂ’glﬁ t\;vased on
Vig- doped .ty CHOPEJF e B LE) il HABTOHRELTEANS A DA O T PeloRing). tis
Mg- doped p-ty er. 5). USI t _ _ a in ) this
e W e g M e BehEibiRg LR PR RRIRSdaPSiaNe! e @

also essentially the same as the method for making the light-emitting device
described with reference to Fig. 3 through Fig. 5. This will be described in
more detail belo;av.

(81-1): -A GaN off-substrate with a 0.5 deg offset from the c-plane was

10  used. The oxygen concentration of the substrate was 5E18/cm3, the dislocation
density was 1E7/cm?, and the thickness was 400 microns.

(S1-2): The following layered structure was formed on the Ga surface,
which is the first main surface of the GaN substrate, using MOCVD (metal
organic vapor deposition): (an Si-doped n-type GaN layer / an Si-doped n-type

15  Alp2GagsN layer serving as a clad layer / an MQW (multi-quantum well)
formed by stacking three two-layer structures consisting of a GalN layer and an
Ino.15GagssN layer / an Mg-doped p-type Alp2GaosN layer serving as a clad
layer / an Mg-doped p-type GaN layer)

(S1-3): The emitted light wavelength was 450 nm.

20 (81-4): This wafer was activated to lower the resistance of the Mg-doped
p-type layer. The carrier concentration based on Hall measurements was
5E17/cm3 for the Mg-doped p-type Alp2GaosN layer, and 1E18/cm? for the Mg-

doped p-type GaN layer.



This etching formed the element separation grooves 25 as shown in Fig. 5 4, and the elements were

separated. The width L3 of the element separation grooves was 100 microns. (SI-6): Photolithography,
vapor deposition, and lift-off were performed on the N surface at the back surface, which is the second
main surface of the GaN substrate, to form n-electrodes (see Fig. 4 and Fig. 5) at a pitch as shown 10
in Fig. 4 of distance L2 = 2 mm at the centers of the cﬂﬁ’)s with a square shape when seen from above
with the sides having a width of length D of 200 microns (200 microns”). For the n-electrode, a layered

structure was formed ﬁ'] f Il_oiv{% sta%] Yﬁ%i%??%ﬁ;’to% er.in §(é%;$pt with thé GaN suél:)%gtrate 1. (a
20 nm Ti layer / a 100 Yirh Al lag@PFa a A 1Ye15%h hRghehg in a
nitrogen (N2) atmosphere, resulting in a c&ntac@%}g}eﬁ%ance of at least 1E-5Q. cm2. (SI;Z%:) For the
p-electrode, an NREYAFATLTERETRFEReD Ham dons @ e fayer wife dariikk BB nm, and

an Au layer with a thickness of 4 nm was formed over the entire surface thereon (see Fig. 4 and Fig.
5). This was 20 hEEREd W Usieg §44 2ed5iaSre to set the contact resistance to 5E-42 cm2. (SI-8):

Then, dicing was performed tq form, the gro%(}j 80 with V- shaped cross-sections on the N surface of
the substrate. Referrini5 etghupeeryrss BIRCES $6RATAHIB SHRPKSR N ESHRCHYIE E¥rmed
between the side 20 w&lls (if thegggooves 80 and a_plane parallel to the. second main surface of the

GaN substrate Fvidsthe s Heaere Rt ndiireBndihilabatf fhsoRisment weraZabNS 00

microns. Also, for the dicing operation, a dicing blade with an
grooves was 100 microns.

(S1-6): Photolithography, vapor deposition, and lift-off were performed
on the N surfacé at the back surface, which is the second main surface of the
GaN substrate, to form n-electrodes (see Fig. 4 and Fig. 5) at a pitch as shown
10 in Fig. 4 of distance L.2 = 2 mm at the centers of the chips with a square shape
when seen from above with the sides having a width of length D of 200
microns (200 microns(d). For the n-electrode, a layered structure was formed
as follows, starting from the bottom layer in contact with the GaN substrate 1:
(a 20 nm Ti layer / a 100 nm Al layer / a 20 nm Ti layer / a 200 nm Au layer).
15 This was heated in a nitrogen (Ng) atmosphere, resulting in a contact
resistance of at least 1E-5Q-cm?2.
(S1-7): For the p-electrode, an Ni layer was formed in contact with the p-
type GaN layer with a thickness of 4 nm, and an Au layer with a thickness of 4
nm was formed over the entire surface thereon (see Fig. 4 and Fig. 5). This was
20 heated in an inert gas atmosphere to set the contact resistance to 5E-4£2-cm?.
(81-8): Then, dicing was performed to form the grooves 80 with V-
shaped cross-sections on the N surface of the substrate. Referring to Fig. 4, the

groove depth T3 was set to 200 microns, the angle 6 formed between the side



average abrasive grain diameter of 10 microns was used. As a result, 5 indentations and projections
having a height corresponding to the average abrasive grain diameter of the dicing blade were formed
on the inner perimeter surface (side wall surface) of the grooves 80 formed by the dicing operation, as
shown in Fig. 12. Fig. 12 is a simplified cross-section drawing illustrating the state of the surface of the
inner perimeter surface of the 10 grooves formed by #d dicing operation. (51-9): Then, a specular
finish was applied using RIE to the processed surface (N surface) of the GaN substrate 1 on which the
grooves 80 were formed. More specifically, the GaN substrate 1 was mounted in a processing
ﬁ%}ﬁ@w@k@

container of an BiEl%afthe sFoRgesRONGRd fablrnsBataHRbIA thaascond maly sus

performed with the following processing conditigns: the, pressure in the processing container was set to
20 mTorr; the a&ﬁ'ﬂg&Wh@t%¥f§@W;t?ngorélgéti&?@i@%&é%g%%ﬂ?ﬁ?ﬂé‘?@%ﬁ‘&a%f%‘éeﬂow of the
reaction gas, i.e., the chlorine gas, was 50 sccm, (standard cc / minga,(i.e., 0.05 liters/ min); and the
processing timeB N 48 68 Qamigenns i sedon e fieape e Nty fbsipghladeRith Barate 1
was 70 nm / min, the thickness of the surface layer of the N surface removed by this surface treatment
(RIE processinBy#a8eagittadiiardAin Miemstenoh b mickorowasnustl-18a Figulla, the
inner perimeter surfaces (side wall surfaces) of the grooves 80 21 were made smaqoth by the removal

of this thickhesdFASREATLPLS ARE RRAECHANS (RaIngA, height FosteeRoRdRg i iRy SREREARS the state

of the inner perimeter surfaces qf the roovfes after a specular finish was applied using RIE.
abrasive grain diamefer of the dicing blade were formed on the inner

perimeter surface (side wall surface) of the grooves 80 formed by the dicing

operation, as sﬁown in Fig. 12. Fig. 12 is a simplified cross-section drawing

llustrating the state of the surface of the inner perimeter surface of the
10  grooves formed by the dicing operation.

(81-9): Then, a specular finish was applied using RIE to the processed
surface (N surface) of the GaN substrate 1 on which the grooves 80 were
formed. More specifically, the GaN substrate 1 was mounted in a processing
container of an RIE device so that the N surface faced uwpward. Then, RIE
15 processing was performed with the following processing conditions: the

pressure in the processing container was set to 20 mTorr; the applied power
was 100 W, the reaction gas was 100% chlorine (Cl2) gas; the flow of the
reaction gas, i.e., the chlorine gas, was 50 scem (standard ce / min) (ie., 0.05
liters / min); and the processing time was 160 minutes. Since the etching rate
20  of the N surface of the GaN substrate 1 was 70 nm / min, the thickness of the
surface layer of the N surface removed by this surface treatment (RIE
processing) was approximately 11 microns. As a result, as shown in Fig. 13

and Fig. 14, the inner perimeter surfaces (side wall surfaces) of the grooves 80



Fig. 14 is a simplified drawing showing a state of the inner perimeter surface 5 of the groove as seen
from the direction of arrow 90 in Fig. 13. As can be seen from Fig. 13 and Fig. 14, the inner perimeter
surface of the grooves 80 after specular finishing is formed with relatively flat curved surface sections
93 connected to each other. The curved surface sections 93 extend along the direction that the
grooves 80 extend (in the direction that a line foIIowin&lfhe 10 vertex position at the base of the grooves
80 extends). Thus, boundary lines 91 at the boundaries between adjacent curved surface sections 93
also extend in the directjon that the grooves 80 extend. As.can be seen from Fig. 12 through Fig. 14,
the inner perim&EF&HrdeeRnae Ry dbosemeakoltids thickaess from thsemiacalarargfvérformed
using RIE. 15 (S1-10): Then, as,shown in Fig. 4 and Fig. 5, scribing was performed so that the chip
boundaries 50 f&PmiSide §mﬁk§§§aﬁﬁoﬂ?és?égﬂﬁnﬁdra%§g\mé]’é’“ﬂ§§d therorta iRyt thtingvices.
The light-emitting device chips were formed with g light release surface that was 1.9 mm” (a square
with 1.9 mm  si@EEmEHErRRTRIRS IR FIagRs AdteT & SRATIAGrBIsp kA AR ek YeRERDE- Ll of a
p-electrode side was 1.9 mm, and the scribe line pitch (length of a chip side) was L2 = 2 mm. Also, the
element separafith dfbii/@ SHtiN1Eed AT e FURE 18R R (Rl thigiht B oPEsEPeRIR eleth & B S trode
was 200 microns &he n-electrode was 200 microns”). 22 (Sl-lclrc?: As shown in Fig. 1, this chip was
mounted s& thaf LB%W?S%WF@&'&H&BHHEWFS‘&S&%EW Ootewit: s FABRRIAG Bection

21a of the lead fram%_to form ti&eﬂj_ght—emiﬁing device. The light-emitting device and
from Fig. 13 and Fig. 14, the Inner perimeter surface of the grooves 80 after

specular finishing is formed with relatively flat curved surface sections 93
connected to eéch other., The curved surface sections 93 extend along the
direction that the grooves 80 extend (in the direction that a line following the

10  vertex position at the base of the grooves 80 extends). Thus, boundary lines 91
at the boundaries between adjacent curved surface sections 93 also extend in
the direction that the grooves 80 extend. As can be seen from Fig. 12 through
Fig. 14, the inner perimeter surfaces of the grooves 80 are made smooth by the
specular finishing performed using RIE.

15 (S1-10): Then, as shown in Fig. 4 and Fig. 5, scribing was performed so
that the chip boundaries 50 form side surfaces, and the resulting chips were
used to form light-emitting devices. The light-emitting device chips were

formed with a light release surface that was 1.9 mm[] (a square with 1.9 mm
sides), and the light-emitting layer was 1.9 mm{J. More specifically, the length
20 L1 of a p-electrode side was 1.9 mm, and the scribe line pitch (length of a chip
side) was L2 = 2 mm. Also, the element separation groove width L3 = 100
microns, and the width D of each side of the n-electrode was 200 microns (the

n-electrode was 200 microns{J).



the mount were secured using the conductive adhesive 14 applied to the 5 mounting section, thus
providing continuity. (S1-12): In order to improve heat dissipation from the light-emitting device,
mounting is performed so that the entire surface of the p-type GaN layer of the light-emitting device
was in contact with the mounting section. Also, an Ag-based adhesive, which has good thermal
conductivity, was used, 10 and a CuW-based lead-frafrte, which has good thermal conductivity, was
used. As a result, the obtained heat resistance was 8 deg C/W. (SI-13): Furthermore, a wire bond was
used between the n-eq ctroﬁrgr-:-] and the lead section of the lead frame to provide continuity, and a lamp
was formed from the %}111 Y G R 0Y 18 i ih S PR I PRLRY (G i at s REPRS -based
resin. (First comparative sample) An LED according to a first comparative sample was equipped with
essentially the gFeRchife 95 the D OMAR MG fUAtoR LRkt euattRBealen< W Phiiffered
from the LED of the first jnvention, sample jn 20 that the N surface, of the GaN substrate 1 was not
smoothed. Thugl,l‘ﬁj?ﬁ Eleotrﬂt%‘étﬂ’r AT Bich el R BFRle ML ERg JroseBRe formed
by dicing (indentations and projections with sizes proportional to the size of the abrasive grain of the

dicing blade) ard'forfHPEMFEC RSPt HERE sthfaceudisthanaddistiesido 2PREst et ddfor making

the LED of the first comparative sahmple was as follows.
9 mounting section, thus providing continuity.

(81-12): In order to improve heat dissipation from the light-emitting
device, mounting is performed so that the entire surface of the p-type GaN
layer of the light-emitting device was in contact with the mounting section.
Also, an Ag-based adhesive, which has good thermal conductivity, was used,

10 and a CuW-based lead-frame, which has good thermal conductivity, was used.
As a result, the obtained heat resistance was 8 deg C/W.

(81-13): Furthermore, a wire bond was used between the n-electrode
and the lead section of the lead frame to provide continuity, and a lamp was
formed from the light-emitting device by sealing the structure in resin using

15 an epoxy-based resin.
(First comparative sample)

An LED according to a first comparative sample was equipped with
essentially the same structure as the LED of the first invention sample
described above, but differed from the LED of the first invention sample in

20  that the N surface of the GalN substrate 1 was not smoothed. Thus, in the LED
of the first comparative sample, the indentations and projections formed by
dicing (indentations and projections with sizes proportional to the size of the

abrasive grain of the dicing blade) are formed on the inner perimeter surfaces



(52.1) - (52.8): Essentially the same as (S1-1) - (S1-8) of the first 5 invention sample. (S2-9) - (S2-12):
Essentially the same as (S1-10) - (S1-13) of the first invention sample. In other words, the method for
making the LED of the first comparative sample was essentially the same as the method for making
the first invention 10 sample except that the step (SI-9) of the first invention sample (surface treatment
involving applying a specular finish using RIE) was not‘performed. (Second comparative sample) An
LED according to a second comparative sample was equipped with essentially the same structure as
the LED of the figstth%omgg‘;géi\@ sample 15 except that no grooves are formed on the N surface of the
GaN substrate T'as SREWH IR ig. 12. Fig. 15 is a simplified drawing showing the LED of the second

comparative sample. The method for making the of sgcaond comparative sample is as follows.
0 (S3.1) - (S5.7), oAb S ek ey L b bR R SRS SR s 65

(S3-11): Essenttiallix the same as (S1-10) - (51-13) of the first invention sample. 24 (Tests and results)
X . JOLIOWS, . . .
The first invention sarmiple and the first and-second comparative samples were each placed in an

integrating sphere, aqé%?)temtg’fg)?uﬁses%tn%ally the same as (S1-1) - (S1-8) of the first

5 invention sample.
(82-9) - (S2-12): Essentially the same as (81-10) - (S1-13) of the first
invention sample.
In other Qords, the method for making the LED of the first comparative
sample was essentially the same as the method for making the first invention
10 sample except that the step (S1-9) of the first invention sample (surface
treatment involving applying a specular finish using RIE) was not performed.
(Second comparative sample)
An LED according to a second comparative sample was equipped with
essentially the same structure as the LED of the first comparative sample
15  except that no grooves are formed on the N surface of the GaN substrate 1 as
shown in Fig. 12. Fig. 15 is a simplified drawing showing the LED of the
second comparative sample.
The method for making the LED of the second comparative sample is as
follows.
20 (83-1) - (S3-7): Essentially the same as (S1-1) - (51-7) of the first
invention sample.
(S3-8) - (S3-11): Essentially the same as (S1-10) - (S1-13) of the first

invention sample.



A) was applied, the light was focused, and the light output values from 5 detectors were compared. As
a result, an output of 0.5 W was obtained for the first invention sample. The output for the first
comparative sample was 0.42 W, and the output for the second comparative sample was 0.4 W. Thus,
in the first invention sample in which the grooves 80 are formed on the light exit surface side (the
second main surface side) of the GaN substrate and t & inner 10 perimeter surfaces of the grooves 80
were made smooth by performing surface treatment, a greater light output was obtained from the first
invention samp!fzg cgmfpaéed t‘;}tlbe first and second comparative samples due to factors such as: the
relatively large fitactBodRGEN surface area between the GaN substrate 1 and the epoxy-based

][esin 15; the preventiot}lgfﬁ}aéinterna'!.reflectionlat 15 h%geo;@g%ry S rfage %H[e tg the m I‘t’i Ie_ a_ngles
ormed by the boundary sut& _e%‘fgﬂ\}é’?o HE Rt BRTtHY 1aYET s S S5 E B E Fimit light
poundary surfade TASSSHAFE CAH bR SUAB A RO IS HEEP GEEES a6 AREARLA SRBDS o efrct
the orooves 60 Bt B 108 s PhdiEhbt CAN DTSt el ESr BT ORI (VAL MRk ecs 25
o e e e AN S N SRS L U ey Bt
of 10 microns. H}‘SP inRVIeEntion sample. Thé output for the first comparative sample was 0.42 W,
and the output for the second comparative sample was 0.4 W. Thus, in the first
invention samplé in which the grooves 80 are formed on the light exit surface
side (the second main surface side) of the GaN substrate and the inner
10 perimeter surfaces of the grooves 80 were made smooth by performing surface
treatment, a greater light output was obtained from the first invention sample
compared to the first and second comparative samples due to factors such as:
the relatively large contact boundary surface area between the GaN substrate
1 and the epoxy-based resin 15; the prevention of total internal reflection at
15 the boundary surface due to the multiple angles formed by the boundary
surface relative to the light-emitting layer surface; and the ability to limit light
loss compared to the comparative samples at the boundary surface due to the
smoothing of the boundary surface.
[Second example]
20 Next, in the first invention sample described above, the effect on the
light transmittivity of the GaN substrate 1 of the surface treatment performed

after formation of the grooves 80 was studies.

First, three flat GaN substrates were prepared with the same thickness



was performed under the same conditions as the step (S1-9) of the first 5 invention sample on the N
surface of one of the two abraded GaN substrates. The surface state of the N surface of the GaN
substrate that has undergone only abrading approximates the surface state of the grooves 80 formed
in the step (SI-8) of the first invention sample immediately after the dicing operation. Also, the surface
state of the N surface of the GaN substrate on which 10 processing was performed after abrasion
approximates the state of the inner perimeter surfaces of the grooves 80 after step (51-9) of the first
invention sample was performed (after the smoothing operation). Then, transmittivity was measured

using a spectioghgARRLELALG d0teaGRMHPRAIERRRCNG] 30y ealddBisI ARG

measurement, 15 transmittivity along t ness axis e GaN substrate was measured for light

naving a wavelepg el et Riubstesthe iRl YRRGIIY it o anGiahl sy fatiatanpdich has not

undergone abrasion or RIE is set to 100 percent, the GaN substrate that has undergone only abrasion

has a Uansmicyiehi feiseninang e AN dabias YISOREHA AliaRigend RIE

20 processing has a transmittivity of hds, it can be seen that for the 'sections that have

been abraded Wik ABEARYER eI 2N Y LaGR AT HARICIE! ohd Ot rarespnglemane

[N
layers or regions with crystal face damage), the transmittivity of light with 450 nm wavelength was 40

percent 26 Jhatsof e kecahiaesh SAICNAIIE e hRC A AR RUSR Dipdiplydestored

completely by performing RIE, the transmittivity can be restored to 80 percent of the pre-abraded state.
The surface of g GalNsHPSVALE $p3hBa] surface of the GaN substrate that has undergone

only abrading approximates the surface state of the grooves 80 formed in the

step (S1-8) of thé first invention sample immediately after the dicing operation.

Also, the surface state of the N surface of the GalN substrate on which RIE

10 ~ processing was performed after abrasion approximates the state of the inner

perimeter surfaces of the grooves 80 after step (S1-9) of the first invention
sample was performed (after the smoothing operation).

Then, transmittivity was measured using a spectrophotometer for the

three GaN substrates described above. In this transmittivity measurement,

15  transmittivity along the thickness axis of the GaN substrate was measured for

light having a wavelength of 450 nm. As a result, when the transmittivity of a

GaN substrate which has not undergone abrasion or RIE is set to 100 percent,

the GalN substrate that has undergone only abrasion has a transmittivity of 40

percent, and the GaN substrate that has undergone both abrasion and RIE

20 processing has a transmittivity of 80 percent. Thus, it can be seen that for the

sections that have been abraded with abrasives having an average grain

diameter of 10 microns (processing-damage layers or regions with crystal face

damage), the transmittivity of light with 450 nm wavelength was 40 percent



undergone RIE had a surface roughness with an Ra of 0.3 nm. 5 [Third example] In a third example of
the present invention, the relationship between the oxygen concentration and the specific resistance of
a GaN substrate with light transmittivity was studied. Based on this relationship, it is possible to
establish the optimal relationship between GaN substrate thickness and 10 oxygen concentration for a
predetermined light release area in a p-down mounte%ﬁlight-emitting element, i.e., a light-emitting
element in which the GaN substrate is the light release surface. As described above, since the GaN

substrate is the light release surface in a p-down mounted structyre, oxygen concentration, which has
a significant effélt}%ﬁfsg{fcﬁr@ l%%g‘gﬁgcgtﬁﬁ% %Pﬁ%ﬂ&ﬁ#ﬁ@ﬁ?#@&ﬁﬁ%ﬁ% A5t 2ely. 16
shows the effect of oxygen cancentration gn the specific, resistance, of the GaN substrate. Referring to
Fig. 16, a speciﬁ%srtgg%facr?&p%?t}‘?e(lf %l%eﬁn%%ggﬁn BRI it Reo S J8R otentration
of atleast 1E17 /cm-1. Alsq, Fig. 17 shows the effect of oxygen goncentration on 20 transmittivity for
light with a wav ﬁeﬁ&fﬁegffgég?n? Witﬁb&ag%\ sgﬂ%esiﬁfg 8’1@%6 ﬁ%éﬁ%@ cTERTNEATs ﬁi?@tfigé%, when
the oxygen concentration ds 2E19/cm3, the transmittivity of light having a wavelength of 450 nm
drops dramaticy .eﬁa.nigiiﬁg‘@g’f‘f?r RGWF ﬂﬁ?gﬁﬁ#b%i%e??g)o%%ﬂtraﬂon is 27 effective in
reducing thg spw{}i’%%esistar][c of the GaN substrate and expanding the light-emission surface but
also reduces lig gﬁﬁfﬁw‘?i?f Thus, in a GaN substrate used in a p-down mounted light-emitting

element, In a third example of the present invention, the relationship between
the oxygen concentration and the specific resistance of a GaN substrate with
light transmittivity was studied. Based on this relationship, it is possible to
establish the optimal relationship between GalN substrate thickness and
10 oxygen concentration for a predetermined light release area in a p-down
mounted light-emitting element, i.e., a light-emitting element in which the
GaN substrate is the light release surface. As described above, since the GaN
substrate is the light release surface in a p-down mounted structure, oxygen
concentration, which has a significant effect on specific resistance and light
15 transmittivity, is especially important.

Fig. 16 shows the effect of oxygen concentration on the specific
resistance of the GalN substrate. Referring to Fig. 16, a specific resistance of no
more than 0.5 Qcm can be achieved with an oxygen concentration of at least
1E17 /ecm3. Also, Fig. 17 shows the effect of oxygen concentration on

20 transmittivity for light with a wavelength of 450 nm with a GaN substrate of
400 microns. Referring to the figure, when the oxygen concentration exceeds
2E19/cm3, the transmittivity of light having a wavelength of 450 nm drops

dramatically. Fig. 16 and Fig. 17 show that increasing oxygen concentration is



the oxygen concentration, the thickness of the GaN substrate, and the light 5 emission plan size are
extremely important. Fig. 18 shows the results of measuring the light output of lamps and the plan
sizes through which current flows uniformly when lamps are made for an LED according to the present
invention shown in Fig. 1 from GaN substrates with varying thicknesses and oxygen concentrations.
The LEDs were made 10 using essentially the same p?'gcessing steps as in the first invention sample.
Referring to Fig. 18, in terms of lamp light output, greater thicknesses and higher oxygen

concentrations tend to reduce light outpyt. Also, jn terms of the mei um, plan size through which
current flows urfifSiARY® gFBakiHGAG e SRR HEF 5L @onk ﬁtr&?sﬂssﬂé 3iathcAibe the

size. 15 Referring to Fig. 18, when the plan size through which current flows, uniformly.is a square with
4 mm sides (5 m%‘?d’:g?a% ﬁ}rﬁ"rﬂ’rbﬁé‘é"sﬁﬁ eisp%oa fbrfﬁ‘igm?:i RhdrRaRsHEiERTon sides),

in order to obtajpn an output_corresponding to 8 mwW for 20 mA with a D according {o the present
invention with a igfefhittivE y%%%fﬁ?&? WarﬂEang d%,% W&ﬁ‘g#gbﬁem%ﬁ%ﬂ? ast

6E18/cm3 (at least 8E18/cm3 for a square with. 5 mm sides) ca used for a GalN substrate with a
thickness of ZOé%iBFé’ﬁgFII\ﬁBPé:eQﬁ%W&II ,%@BP%H%&%F&%M&PEB%A% i %I]rlgﬁt'square

with 300 mijcron sides in an LED according to_ the present invention corresponds to the 28 application

of 3.6 A (5.8 A) FBELGORLN S He e SIEL LY PPSERL - and  uniform light output proportional to the

applied current can be oIS IS PIVGIIG IR QUL QL B ERBL LAY (PR MO IR A (50

plan sizes through which current flows uniformly when lamps are made for an
LED according fo the present invention shown in Fig. 1 from GaN substrates
with varying thicknesses and oxygen concentrations. The LEDs were made

10  using essentially the same processing steps as in the first invention sample.

Referring to Fig. 18, in terms of lamp light output, greater thicknesses
and higher oxygen concentrations tend to reduce light output. Also, in terms of
the maximum plan size through which current flows uniformly, greater
thicknesses and higher oxygen concentrations tend to increase the size.

15 Referring to Fig. 18, when the plan size through which current flows
uniformly is a square with 4 mm sides (5 mm sides) and a light release surface
is 300 microns(] (a square with 300 micron sides), in order to obtain an output
corresponding to 8 mW for 20 mA with an LED according to the present
invention with a light-emitting layer that is 300 microns ], an oxygen

20  concentration of at least 6E18/cm3 (at least 8E18/cm? for a square with 5 mm
sides) can be used for a GaN substrate with a thickness of 200 microns. More
specifically, a current density in which 20 mA is applied to a square with 300

micron sides in an LED according to the present invention corresponds to the



Also, with a GaN substrate having a thickness of 400 microns, 5 specifications identical to the example
above with a thickness of 200 microns can be obtained with an oxygen concentration of at least
3E18/cm3 for a square with 4 mm sides (an oxygen concentration of 4E18/cm3 for a square with 5 mm
sides). However, at a thickness of 400 microns, the oxygen concentration must be no more than
2E19/cm3 in order to obtain light output corresponding to 8 10 mW when 20 mA is applied to an LED
having a size according to the present invention. Furthermore, with a GaN substrate having a

thickness of 60 Hﬂﬁﬁ%@i%ntgf _éyge@?@%emrgtigévm%sw&aalﬁﬁﬁ &ﬁ&lgcm%tgiﬁ@'}? GHEent flow

uniformly through a square with 4 mm sides. Mean for a light output 15 corresponding to at least

8 mW for 20 mA anpligchionan LERNRNRG:ASHA AN Upgodhe RIsReaLINERian AsdeRaEbed

above, the limit value for the oxygen concentration is only slightly greater than 2.5E18/cm3. Thus,

these two condifionssare MSHID. AR CEER SPRCENY PR FAR0E 6SiNess feY wnifgsm gcurrent flow

through a square with 3'mm sides, the oxygen concentration is at 20 least approximately 2E18/cm3,

the oxygen concentragﬁgo'golwﬁlﬂc%ra@gﬁisSlﬁgQQHyeerM%r th&‘nttﬂf%ﬂ?és@ S@Pqﬁd"’i{ﬂi@’r&@ sides.

Based on Fig. 18, it can be seen that the thickness of the GaN substrate Is 200 microns - 400 microns,

there is an gxym&ﬁ%ﬁ%ﬁ@lﬁ@ﬂﬁﬂgﬁw@ﬁése%%néﬁ%%l?&@éyv?fﬁ?‘q 6l ORIRLNNG 39PHiRYbns

corresponding to 8 mW when 20 mA is applied to an LED having a size according to the present

invention. With g, thigknsiss 2200 MG RS eisih PAST IS Witk AMOXYOSE fORsR AV having

with 4 mm sides (an oxygen concentration of 4E18/cm3 for a square with 5 mm
sides). However,A at a thickness of 400 microns, the oxygen concentration must
be no more than 2E19/cm? in order to obtain light output corresponding to 8

10 mW when 20 mA is applied to an LED having a size according to the present
invention.

Furthermore, with a GaN substrate having a thickness of 600 microns,
the oxygen concentration must be at least 2.5E18/cm? to have current flow
uniformly through a square with 4 mm sides. Meanwhile, for a light output

15 corresponding to at least 8 mW for 20 mA applied to an LED having a size
according to the present invention as described above, the limit value for the
oxygen concentration is only slightly greater than 2.5E18/cm3. Thus, these two
conditions are met in a narrow oxygen concentration range. Since, for uniform
current flow through a square with 3 mm sides, the oxygen concentration 1s at

20 least approximately 2E18/cm3, the oxygen concentration tolerance range is
slightly broader than that for a square with 4 mm sides.

Based on Fig. 18, it can be seen that the thickness of the GaN substrate

18 200 microns - 400 microns, there i1s an oxygen concentration range that is



a lower limit that is lower than 2E19/cm3. Also, with a thickness of 400 5 microns, this is possible with
an oxygen concentration of at least 8E18/cm3. Next, examples of the present invention will be
summarized below, although there may be some overlap with the above examples. A light-emitting
device according to the present invention is a light- emgitting device including: a nitride semiconductor
substrate (the GaN 10 substrate 1); an n-type nitride semiconductor layer (the Al.Gai-,;N layer 3) on
the first main surface side of the nitride semiconductor substrate; a p-type nitride semiconductor layer
(the p-type AI.G@&- Iff'éé? (pods' g%q)%qg g il nitride semicondugtorsubstrate.compared to
the n-type nitride %%hmico%?&c?or'fayer; ag%[ agli%ﬁt-enﬁﬁn@l)fg%%e?o({henrﬁﬁﬁﬁ%l%vr?tlybnl?We 1 QW) 4)
positioned betW%e H-{xpaennﬂ e semi q} o I@&ﬁﬁ (? t YRS, @ii 'gg 35 [ uctor layer.
The p-type nitri eé%@n?%onductor%ayer sﬂ%olgs] dklgt\%vn?mounr?gI .OAg%?)I%Et?s rglea%eéﬂfrgoﬂrﬁ%é second
main surface la, whigh. | o | first mai f itride

thUUEDAS JPS 0 SUHECE PP RS IS WS,
semiconductor substratse. The grooves %0 are pfsgﬁmesé on the sgéooﬁ%gggﬁegg ;@ﬁﬁ ﬁ?énrﬁtride
serniconductor qupsI°rdiie R VES BRIk BRI KR UIVaRRUHPBR ARSI OFHen Which
surface treatment has been performed in order to smooth the inner perimeter surface. Since the
grooves 80;are Lg{ép&gso&%eﬁo 615 0 siitage | ichis.dh i j e nitride

§an 3 asgxg ?ryéﬁ}{ %é %.%%ol& FIIW ?ﬁ?gg&h.

semiconductor substrate, light extract om the side walls of the grooves 80 as well. As a

result, the light usage gffiglengy.Giithe JoRhe B HloeHeMCE LG ANBLVEinmarized below,

although there may be some overlap with the above examples.
A light'eﬁlitting device according to the present invention is a light-
emitting device including: a nitride semiconductor substrate (the GaN
10  substrate 1); an n-type nitride semiconductor layer (the AlyGaixN layer 3) on
the first main surface side of the nitride semiconductor substrate; a p-type
nitride semiconductor layer (the p-type Al;Ga;<N layer 5) positioned further
from the nitride semiconductor substrate compared to the n-type nitride
semiconductor layer; and a light-emitting layer (the multi-quantum well
15 (MQW) 4) positioned between the n-type nitride semiconductor layer and the
p-type nitride semiconductor layer. The p-type nitride semiconductor layer
side is down-mounted. Also, light is released from the second main surface la,
which is the main surface opposite from the first main surface of the nitride
semiconductor substrate. The grooves 80 are formed on the second main
20  surface of the nitride semiconductor substrate. The grooves 80 include sections
(the curved surface sections 93) on which surface treatment has been
performed in order to smooth the inner perimeter surface.

Since the grooves 80 are formed on second main surface 1a, which is the



Furthermore, since the grooves formed on the second main surface la, 5 which is the light exit surface,
include the curved surface sections 93, which are sections on which surface treatment has been
performed in order to smooth the inner perimeter surface of the grooves, even if processing-damage
layers or region with crystal face damages are forme%ar(g}n the second main surface la when the
grooves 80 are formed, the surface treatment operations 10 described above can improve or remove
processing- damage layers and regions with crystal face damage. (For example, if the surface

treatment mvohﬁsh{e)rplg\éln ace g;ln amaunt of thlckla%%§ frorl'ﬂ)the urfﬁl tlgggrb%f et}t‘{lter g&ggnd main

. ace o e i e se It Or 8 trate
surface la inclu ﬁg the Inner perimeter suﬁaces I(!)]1‘1(f‘ﬂe grooves, t‘f'ﬁls can Femove proCessing-damage

layers and regiqns wihcrysial fage dampge As a iy esulldhis ROsSIble ip Preveptiedyction in light
extraction efficiency from he JEtondman 8uRce 18 dd8 O processing- damage a§/ers Sh8the like.
Also, in the strugéﬁgcieedcesc??ﬁd ahove %:rtlcr? tggvn-‘tay‘?;nell)ecltrode 11 is disposed on the back surface
(the second main sur%ge? of the ridté1 senmconductor suens?r%{gv& e GaN substrate 1), which has a
low electrical 20 resistﬁncte}\ieit is osg{plle t&lgave éf‘}gscglorrentdﬂow #Eroue%h the D(Ian.tlilre nliy’ide 1
semiconductor substrate éven if the n-electrode L1 1 |srﬁ%)ese31\}w 2 Smal co%/leri%% r%?feo, ﬁé., a large
opening rato. Aga syl ihe; pronaron obiaht, apsarbad alihe felease sudage s teplucpd,increasing
the light emission atficiency. course, |ghf félease can take pFace not only fomthé sécond main

surface but alsq o e 0% SRS 1AL "HSRLUIR AL SUInGediGe dasstibd gpiow as

smboth the inner perimeter surface of the grooves, even if processing-damage
layers or region; with crystal face damages are formed on the second main
surface 1a when the grooves 80 are formed, the surface treatment operations

10  described above can improve or remove processing-damage layers and regions
with crystal face damage. (For example, if the surface treatment involves
removing a certain amount of thickness from the surface layer of the second
main surface 1a including the inner perimeter surfaces of the grooves, this can
remove processing-damage layers and regions with crystal face damage.) As a

15 result, it 1s possible to prevent reduction in light extraction efficiency from the
second main surface 1la due to processing-damage layers and the like.

Also, 1n the structure described above, since the n-type electrode 11 is
disposed on the back surface (the second main surface) of the nitride
semiconductor substrate (the GaN substrate 1), which has a low electrical

20 resistance, it is possible to have the current flow through the entire nitride
semiconductor substrate even if the n-electrode 11 is disposed with a small
covering ratio, i.e., a large opening ratio. As a result, the proportion of light

absorbed at the release surface is reduced, increasing the light emission



Since the p-type nitride semiconductor layer side, which has a higher 5 electrical resistance, is not the
light release surface, the p-type electrode layer (the p-electrode 12) can be formed over the entire
surface of the p-type nitride semiconductor layer, thus making it possible to provide a structure that is
suited for limiting heat generation at high currents as \é;]er:ll as for allowing the generated heat to escape
through conduction. In other words, design 10 restrictiohs imposed by thermal factors are considerably
relaxed. As a result, there is no need to have the p-electrode and the n-electrode formed as
interleaved com%shalg)ed iéﬁuctures t(f.r%t uce the eIectrL%%J re istancet. Fuﬁhgrrmor , because the GaN
substrate 1 hasesuﬁléerlg?{'cond%%lﬁr\ﬁ?y, B Ifﬁeels)llsao%%]hlg K éa}lffelr1 <iSHANCA Eh epsr%?ﬂﬂ d without
the need for 15 using pretective cjrcujtry fqr surge voltages. Also,. since therg is.ng need ta perform
complex proces%’i%lgn%tlgrp%?%}bﬁu%?gﬁﬁcg}d%%hgasﬁ eeseas#f‘?’éféé%a? Fﬁ“tﬁitgéﬁg% -é}ﬁl ﬁ'ﬁﬁl (lzité%/ri%e, the
depth of the gro&vveus:egodcan .lgg rﬂ%‘le ast 50 nﬂcrons and no more than 300 microns. The thickness

€n ]

along the thicknese caxis or fide semicoriductor substrate at the sections where the grooves 20

80 are not formed car'gz)e attlﬁgst 00 mi rogs and no mor th?n 600. icrorE?.}{lqlthis Cﬁ\s%eﬁince the

side walls of the groovelgL %o ser\ﬁhg%es %erhgehfq' XA e Rav Saficish araesa,aligfﬁ can be

adequately extracted.frqm the second maip sutface Is. If the depth of the grooves 80 is less than 50 32
microns, it ecogfnﬁaé:sracl |clfﬁ§]tsg%lg?éé%él ﬂ?ﬁ};lerln%%ﬂ %eﬁ‘é?(%fea% §0§ figh eypi éaaes?l?lcgg"t?l%sea%’éﬂbf the light

exit surface. Alsgy 2 seliolf dRoies SligReaRdoNerdRs Iilie DTS SSPRSIHAIE RuRglrate at the
bottom sections of t

semiconductor layer, thus making it possible to provide a structure that is
suited for Iimitiﬁg heat generation at high currents as well as for allowing the
generated heat to escape through conduction. In other words, design
10 restrictions imposed by thermal factors are considerably relaxed. As a result,
there is no need to have the p-electrode and the n-electrode formed as
interleaved comb-shaped structures to reduce the electrical resistance.
Furthermore, because the GaN substrate 1 has superior conductivity,
extremely good high-voltage resistance can be provided without the need for
15  using protective circuitry for surge voltages. Also, since there is no need to
perform complex processing steps, production costs can be easily reduced.
In this light-emitting device, the depth of the grooves 80 can be at least
50 microns and no more than 300 microns. The thickness along the thickness
axis of the nitride semiconductor substrate at the sections where the grooves
20 80 are not formed can be at least 100 microns and no more than 600 microns.
In this case, since the side walls of the grooves 80 serving as the light
exit surface can have sufficient area, light can be adequately extracted from

the second main surface la. If the depth of the grooves 80 is less than 50



grooves 80 in order to allow a current supplied to the substrate to achieve 5 adequate coverage for the
light-emitting layer. Thus, if the thickness of the grooves 80 exceeds 300 microns, the substrate
becomes too thick at the sections where the grooves 80 are not formed. This results in reduced light
transmittivity at the sections where the grooves 80 are not formed and ultimately makes increasing the
amount of light exiting from the second main 10 surf la difficult. Also, it would be possible to have
the thickness of the nitride semiconductor substrate ?’ﬁ%he sections formed with the grooves 80 (the
thickness of the nitride semiconductor substrate at the base of the grooves 80) to be at least 50

microns and no,glgge{hat 300 SN APWs 10815 GBS SupRlied s e dghpmiting

layer 4 with adequate coverage throug ubstrate even when the grooves 80 are rmedY thus

making it possifle, o, pioy iﬂf‘e %‘i‘%&l%@‘ﬁlgﬁl@%%-sﬂ{f%%éhjggs?sﬁsc%é%& IS, 8?@?1&%:1‘%%%%”

substrate at the sections where the grooves 80 are not form ess than 100 microns
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microns), the substrate becomes too thin so that the curren e substrate Is

supplied fo the Jiletniiig 1386 i IiBRIA IR P RIBRRLA 35 (S WhiRiRANALS e QoL

cannot be obtained. If the thickness e nitride semicon or 33 substrate at the sections where the

grooves 80zare agtfaumed £Xesed s 0% mignsiihaicess ehile e ARTiRaNdygop pubstrate

at the bases of the'grooves 80 exceeds 300 microns), theré iIs not much improvement in the

grooves 80 exceeds 300 microns, the substrate becomes too thick at the

sections where the grooves 80 are not formed. This results in reduced light

transmittivity ét the sections where the grooves 80 are not formed and

ultimately makes increasing the amount of light exiting from the second main
10 surface la diﬂ:'icult.

Also, it would be possible to have the thickness of the nitride
semiconductor substrate at the sections formed with the grooves 80 (the
thickness of the nitride semiconductor substrate at the base of the grooves 80)
to be at least 50 microns and no more than 300 microns. This allows the

15  current to be supplied to the light-emitting layer 4 with adequate coverage
through the substrate even when the grooves 80 are formed, thus making it
possible to provide adequate hight output. If the thickness of the nitride
semiconductor substrate at the sections where the grooves 80 are not formed is
less than 100 microns (if the thickness of the nitride semiconductor substrate

20  at the bases of the grooves 80 is less than 50 microns), the substrate becomes
too thin so that the current that is supplied to the substrate is supplied to the
light-emitting layer 4 with inadequate coverage. As a result, adequate light

output cannot be obtained. If the thickness of the nitride semiconductor



coverage achieved by the supplied current while the increased thickness for 5 the substrate results in
excessive material costs for the substrate. Also, if the substrate is too thick, the light transmittivity at
the substrate is reduced, making it difficult to increase the amount of light exiting from the second main
surface la. In this light emitting device, it would be po gble to form the grooves 80 10 through dicing
using a dicing blade. The sections on which surface treatment is performed (the curved surface
sections 93) can be sections obtained by removing a surface layer of the inner perimeter surface of the

groove. The thic ass of the emov d surface layer can be reater than the avera ameter of the
abrasive grains &k{{ J’ecmg E’) ade (f thﬁs‘eggsﬁﬁg £ gg groo%f s%% a%%rmg%c dgl?:%ﬁ the
grooves 80 can k be for (eg%g eff|C|e omEJaded to the u f etchi g for rooves 80.
Then, when the' grooves are (formedoo chmgrlln S %lg?lﬂe‘rmg ieShAne %%rlﬁ’ln% Li%ﬁgee? of the
grooves, e.g., th g&de waII sgtgfaces rmed wn# indentation and lj{ectlons tha% are

approximately tﬁes e size xce?hs lecrr % Bradive a]ﬁl'l'émcon hed A FcYn& blade as

shown in Fig. 12 As a resylt asy sg[%vml r{g'rlégé %ﬁjﬁ%e ?gr?gé?élé)%y ?tnq“ﬁmg #ﬁc jons shown

in Fig. 12 at the“iner Pherfiheter surtaces of grooves can irface

layer thlckn§ss {ﬁmovlgesdE tg% the Sfa?ﬁc?’?c e:)Srelf%temen olpglratl {;%%?atfr %,*L%% ttlhet Ve[ ge idéﬁmeter of

the abrasive grains containe |n S aresu e inner perlme er SUI’ ’CES oFthe
grooves 80 can b srpraqg 3 Othtiuczi(n Hluﬁgfl{n rr%lrrllesrm;l;:leﬂfﬁys IQ% 4 fle substrate is reduced,

making it difficult to increase the amount of light exiting from the second main
surface 1a.
In this light-emitting device, it would be possible to form the grooves 80

10  through dicing using a dicing blade. The sections on which surface treatment
is performed (the curved surface sections 93) can be sections obtained by
removing a surface layer of the inner perimeter surface of the groove. The
thickness of the removed surface layer can be greater than the average
diameter of the abrasive grains of the dicing blade.

15 In this case, since the grooves 80 are formed by dicing, the grooves 80
can be formed more efficiently compared to the use of etching to form the
grooves 80. Then, when the grooves 80 are formed by dicing in this manner,
the inner perimeter surfaces of the grooves, e.g., the side wall surfaces, are
formed with indentations and projections that are approximately the same size

20 as the diameter of the abrasive grains contained in the dicing blade as shown
in Fig. 12. Ae a result, as shown in Fig. 13 and Fig. 14, the indentations and
projections shown in Fig. 12 at the inner perimeter surfaces of the grooves 80

can be removed by making the surface layer thickness removed by the surface



problem of a reduced amount of light exiting by way of the inner perimeter 5 surfaces of the grooves 80
due to the presence of these indentations and projections can be limited, the light extraction efficiency
of the light-emitting device can be improved. For example, it would be possible for the average
diameter of the abrasive grains contained in the dicing plade to be at least 0.5 microns and no 10
more than 20 microns. For larger abrasive grain diamétéers, the size of the indentations and projections
formed on the inner perimeter surfaces of the grooves 80 increases, leading to an increase in the

thickness of the Iae)é%r to be removed in tlgeerst rfac&treatmentdag)eragon. A a regult,. the time required
|
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an abrasive grain diameter in the above range in.order ta provide a certain degree of processing speed

in the operationp%.c% o?nm%rgatﬁg dlr%aovgéngbl lv&vhﬂfenél Hog fo¢ ﬁaﬁgb?hgv %}Ioggs%ﬁ]é%snﬁereﬁe%ﬂ?%rsurface
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the light-emitting device descri above, the gfooves 80 can have a V-Shaped cross-section as

shown in Fig. 1'1)'1'%]@(':%&?5’ %aﬁl%% =) gd\,N ”g ogrht extraction efficiency of the light-emitting

device can be improved.
For exaxﬁple, it would be possible for the average diameter of the
abrasive grains contained in the dicing blade to be at least 0.5 microns and no
10 more than 20 microns. For larger abrasive grain diameters, the size of the
indentations and projections formed on the inner perimeter surfaces of the
grooves 80 increases, leading to an increase in the thickness of the layer to be
removed in the surface treatment operation. As a result, the time required for
surface treatment (processing time) increases in increased production costs in
15  the light-emitting device. On the other hand, if the abrasive grain diameter is
too small, forming the grooves 80 becomes difficult. More specifically, problems
can take place, such as the cracking of the nitride semiconductor substrate
(the GaN substrate 1) during the dicing operation for forming the grooves 80 or
the need to make an extreme reduction in the feed rate of the dicing blade.
20 Thus, it would be preferable to use an abrasive grain diameter in the above
range in order to provide a certain degree of processing speed in the operation
for forming the grooves 80 while also reducing the processing speed for the

surface treatment to a fixed level, thus reducing the overall production costs



the grooves 80 can be formed on the second main surface la of the nitride 5 semiconductor substrate.
Thus, compared to side walls that are perpendicular to the second main surface la, the light extracted
from the side walls can exit efficiently in the direction of the normal to the second main surface la
(perpendicular to the second main surface). As a result, light usage efficiency can be improved. 10 A
light-emitting device according to the present inventiofifs a light- emitting device equipped with, as
shown in Fig. 10: a nitride semiconductor substrate (the GaN substrate 1); an n-type nitride
semiconductor Iﬁ}{b the %—_t tAI.Gﬁxi-.N layer 3) on the first main surface side of the nitride
semiconductor a{g S%E?ef)é%t 14 €emiconductor layer (the p-type 15 Al.Gai-.N layer 5)

positioned further fro tH nitride semjcondyctor sybstrate . than the n-type nitrige. semiconductor layer;
and a light-emitting la &%ﬁeh%ﬁlﬁ%ﬁg%#%ﬁ ff\‘i%eﬁi) %@%Yﬁoﬁga B%QWéegn ??18% BEntride
semiconductor layer and the p-type. nitride semicandyictot layer, The p-type nitride semiconductor layer
side is down-mcﬁj %eaé)%%&‘]i? %@?é?@a%%&%l%vﬁ?iﬁ‘ ég'sé(‘:%dt mgiﬁd%ﬁrfgﬁjé’ ?&é,r W%i?cﬁ'é?ﬁu%oﬁain
surface opposit%rlﬁfrom the firg@ main,surface (&f the nitride se%ﬂconducto subftratf The side surfaces

of the nitride semicBhaUGtor uB@?raR% inerGe f?]%'égpg%f% 8L 3 d5ea ek i&getgltﬁéﬁgecond

main surfa . Tgle silo&%d g,turlf%% S t%% ig‘d#gessgclt]ilonsf e(};M‘eocsulr\éed 32? %Hrfacg sectioens 9::;1 hown in
Fig. 13 andFig. TZB Swhich StTSee Prea it Hag Been perficm'wg n"ofdet opr%%élﬂ%(é ﬁfped
surfaces 92 SM oKL SENHCHIga SN ES 1 TRRE L SSRGS Ol aE %N M exit
efficiently in the direction of the normal to the second main surface la
(perpendicular fo the second main surface). As a result, light usage efficiency
can be improfed.
10 A light-emitting device according to the present invention is a light-
emitting device equipped with, as shown in Fig. 10! a nitride semiconductor
substrate (the GaN substrate 1); an n-type nitride semiconductor layer (the n-
type AlyGa;xN layer 3) on the first main surface side of the nitride
semiconductor substrate; a p-type nitride semiconductor layer (the p-type
15  AliGai1xN layer 5) positioned further from the nitride semiconductor substrate
than the n-type nitride semiconductor layer; and a light-emitting layer (the
multi-quantum well (MQW) 4) positioned between the n-type nitride
semiconductor layer and the p-type nitride semiconductor layer. The p-type
nitride semiconductor layer side is down-mounted and light is released from
20 the second main surface la, which is the main surface opposite from the first
main surface of the nitride semiconductor substrate. The side surfaces of the

nitride semiconductor substrate include the sloped surfaces 92 sloped relative

to the second main surface. The sloped surfaces 92 include sections (the curved



second main surface la, which is the light exiting surface of the nitride 5 semiconductor substrate, light
can also be extracted from the sloped surfaces 92 in the direction perpendicular to the second main
surface. As a result, the light usage efficiency of the light-emitting device can be improved.
Furthermore, since the sloped surfaces 92 include sections (the curved surface sections 93) on which
surface treatment has been performed in order to 10 #ake the sloped surfaces smooth, even if
processing-damage layers or regions with crystal face damage are formed on the sloped surfaces, the
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dosarined abovE RN CEOIORIBT BT B QAL Fore SIHERaN or AL Gai- N (0 <

e S e Do ST SRR e e o

o ot PR 5 A SRR D e

Semiondigy S W ISR el o et e 7 dsgplon Popcs. T

Possible to redugg G R Rerpendinay t thasoasial mainairfase a3 IRLSUtIRg device
light usage efficiency of the light-emitting device can be improved.

Furtherm.ore, since the sloped surfaces 92 include sections (the curved
surface sections 93) on which surface treatment has been performed in order to

10  make the sloped surfaces smooth, even if processing-damage layers or regions
with crystal face damage are formed on the sloped surfaces, the surface
treatment operation can improve or remove the processing-damage layers or
regions with crystal face damage. As a result, it is possible to prevent
reduction of light extraction efficiency from the sloped surfaces 92 due to

156 processing-damage layers and the like.

In the light-emitting device described above, the nitride semiconductor
substrate can be formed from either GaN or Al:Ga1«N (0 < x <= 1). If the GaN
substrate 1 is used as the nitride semiconductor substrate, a high current
density can be applied, making it possible for the light-emitting device to emit

20 light with high luminance (and high luminous flux). Also, by forming the
nitride semiconductor substrate from GaN or Al:Ga«N (0<=x<=1), it is
possible to form an LED serving as a light-emitting device using a nitride

semiconductor substrate with good heat conductivity, ie., good heat



can be implemented in which light can be output in a stable manner over a 5 long period of time. In the
light-emitting device described above, the sections (the curved surface sections 93) on which surface
treatment has been performed can be sections that have been made smooth by using reactive ion
etching as the surface treatment method. 10 When performing reactive ion etching on the second main
surface la, a surface layer of the second main surfacéfa having a predetermined thickness including
the inner perimeter surfaces of the grooves 80 is removed, and the surface of the second main surface
la (the surfaces gf the sjde walls forming. the inner perimeter surface of the, roovesﬁ%) anf the
sections of the SFPRELER ERRRENHHe LHBoVELE0 ANEHIR o MAGH AP RHIMGPB RS @LRF) made

smooth. Besides the reactive jan.etching described above, any method can be used for the surface
treatment opera‘ﬂ’cﬁ’?a@’%ﬁg% s‘é%%rgﬁ %?ﬁ%%ﬁf&équp}hﬁ%dﬁwéstr%oﬁ‘? pBtife gfesﬂifgces of the
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through 38 5oxy%en dongfﬂ,g Eld the oxygen concentration can be at least 1E17 (Ix1017) oxygen

atoms/cm3‘and RosRo! 99 (2x1019)/cm3. In this case, current can flow uniformly through the

entire GaN substrate Zkhrrgﬁlé Irl‘%ﬁtpé)xgﬂgggfoéevice described above, the sections (the curved

surface sections 93) on which surface treatment has been performed can be
sections that héve been made smooth by using reactive ion etching as the
surface treatment method.

10 When performing reactive ion etching on the second main surface la, a
surface layer of the second main surface 1la having a predetermined thickness
including the inner perimeter surfaces of the grooves 80 is removed, and the
surface of the second main surface la (the surfaces of the side walls forming
the inner perimeter surface of the grooves 80 and the sections of the surface on

15  which the grooves 80 are not formed) after etching can be easily made smooth.
Besides the reactive ion etching described above, any method can be used for
the surface treatment operation as long as the second main surface 1la
including the inner perimeter surfaces of the grooves 80 can be made smooth.
For example, it would be possible to perform surface treatment through wet

20 etching using acid solution or an alkali solution {e.g., KOH or NaOH), laser
processing, other dry etching, ion milling, sputter etching, or the like.

In the light-emitting device described above, the nitride semiconductor

substrate can be the GaN substrate 1. The GaN substrate 1 is n-typed through



light to exit adequately from roughly the entire second main surface of the 5 GaN substrate 1.
Regarding the oxygen concentration of the GaN substrate 1 serving as the nitride semiconductor
substrate, if the oxygen concentration exceeds 2E19/cm3, the transmittivity of the GaN substrate 1 for
light (especially blue light) is reduced, resulting in lowgg, light transmittivity of the GaN substrate 1. 10
Also, if the oxygen concentration in the GaN substrate I is less than 1E17/cm3, the specific resistance
of the GaN substrate 1 is reduced so that the current supplied from electrodes to the GaN substrate 1
does not achiev. . coveragefor ight-emitti er I, i the
light- emitting dé?\}/{?c g}%uiofﬁ%éd E@ I%hf%g%%-ger%ﬁ{t%g gi\{%{é 8@2@%@&%%%e?%?$?&§gwughness
fas

of the sections (e ey O1R D AN AP SIERAITRAISH RS endagigned can

e tatE
have an Ra of no hiore %han 1% nm. In this case, since the surfaces at the sections on which surface

treatment has been perfiqrmed Ay ehASEAVAE SNRPINBERS SIS SE 1 ili?h!‘ DLYBRSjtvity is
reduced in 20 théﬁgitrl e semalcoz%uctor u stratg@gue to thes sur%a%%rstéte%%t e sgct%ons can be
limited to a deg @1 ig{-}f:-%l' :ﬁ!ﬁll@l r%' e étén%llhglgg FYE lon ﬁ iencydram the
second main suﬁr%%(]:e?é\ cah be&% prove9d. In@hfﬁgmirﬁrﬁtting evicec, out ot megfig ttransrr%{t?ed from
the first 39 gnai&gwfba(ﬁ?sﬁja%elpitride semiconductor substrate by way of the sections that have
undergone surface treatment, the transmittivity of light with a wavelength of at least 420 nm and no

more than 480 nm Ca'h@gﬁhlﬁl%sﬁﬁé)oxygen concentration of the GaN substrate 1 serving as

the nitride semiconductor substrate, if the oxygen concentration exceeds
2E19/cm?, the tfansmittivity of the GaN substrate 1 for light (especially blue
light) is reduced, resulting in lower light transmittivity of the GaN substrate 1.

10  Also, if the oxygen concentration in the GaN substrate 1 is less than 1E17/cm3,
the specific resistance of the GaN substrate 1 is reduced so that the current
supplied from electrodes to the GaN substrate 1 does not achieve adequate
coverage for the light-emitting layer 4. As a result, light output from the light-
emitting device is reduced.

15 In the light-emitting device described above, the surface roughness of
the sections (the curved surface sections 93) on which surface treatment has
been performed can have an Ra of no more than 10 nm. In this case, since the
surfaces at the sections on which surface treatment has been performed have
adequate smoothness, the degree to which light transmittivity is reduced in

20  the nitride semiconductor substrate due to the surface state of the sections can
be limited to a degree that is negligible in practice. As a result, the light
extraction efficiency from the second main surface 1a can be improved.

In this light-emitting device, out of the light transmitted from the first



percent. 5 If the transmittivity for the light, with the above wavelengths is less than 50 percent at the
sections that have undergone surface treatment (the curved surface sections 93 of the side walls of
the grooves 80), absorption and reflection of light at the sections at which the grooves 80 are formed
actually increases even if surface treatment is perforrged on the sections on which the 10 grooves 80
are formed. Thus, if the light transmittivity for the above™ wavelengths is less than 50 percent, there is
reduced light extraction efficiency at these sections. Thus, by having the light transmittivity at the

sections that. naye, QS0 rNIIGEHIRADIGNL AR ARSEURELA0RVE, A6 93BL TARRISE TR, I

reduction in light extraction efficiency can be prevented. The reason fo using above light
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method for making a light-emitting device equipped with a nitride semiconductor substrate that
includes: a groaye forming step (S20) and a surface treatment step (S30). In the groove forming step
(S20), dicing is "performed to form the grooves 80 on the second main surface la, which is 40 opposite

rom th firg main Surfaceof O, R SEYGPTALCIRA SRS RSNIER e IBEn[ngver 4 s

formed. This makes it possible to provide a light-emitting device according to the present invention.

than 50 percent at the sections that have undergone surface treatment (the
curved surface sections 93 of the side walls of the grooves 80), absorption and
reflection of Iigﬁt at the sections at which the grooves 80 are formed actually
increases even if surface treatment is performed on the sections on which the
10 grooves 80 are formed. Thus, if the light transmittivity for the above
wavelengths is less than 50 percent, there is reduced light extraction efficiency
at these sections. Thus, by having the light transmittivity at the sections that
have undergone surface treatment as described above be at least 80 percent,
this reduction in light extraction efficiency can be prevented. The reason for
15 using the above light wavelength range of at least 420 nm and no more than
480 nm for studying transmittivity is that the light exiting from the light-
emitting layer 4 in the light-emitting device has a wavelength that is covered

by this wavelength range.
A method for making the light-emitting device described above is a
20 method for making a light-emitting device equipped with a nitride
sermpiconductor substrate that includes: a groove forming step (S20) and a
surface treatment step (S30). In the groove forming step (S20), dicing is

performed to form the grooves 80 on the second main surface 1la, which is



In the method for making the light-emitting device described above, in 5 the surface treatment step
(S30), it would be preferable for the surface layer of the inner perimeter surfaces of the grooves 80 to
be removed by performing reactive ion etching. In this case, since the inner perimeter surfaces of the
grooves 80 can be reliably smoothed, a light-emitting device can be provided with a light extraction
efficiency that is higher than that of the conventional 10 technology. In the method for making the
light-emitting device described above, in the surface treatment step (S30), the thickness of the surface

layer to be. remeyed By teaclive.9n siohing Tom.ihedprer petimetar surfages.of g, gragyes 60 can
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the grooves 80 can be reliably mad moo;;t_?. In the method for.makjng a light-emitting device
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the inner perimeter surfaces of the grooves 80 to be removed by performing
reactive ion etching. In this case, since the inner perimeter surfaces of the
grooves 80 can be reliably smoothed, a light-emitting device can be provided
with a light extraction efficiency that is higher than that of the conventional
10  technology.

In the method for making the light-emitting device described above, in
the surface treatment step (S30), the thickness of the surface layer to be
removed by reactive ion etching from the inner perimeter surfaces of the
grooves 80 can be greater than the average diameter of the abrasion grains

15  contained in the dicing blade used in the groove forming step (S20).

This makes it possible, in the surface treatment step ($30), to reliably
remove the indentations and projections having a size corresponding to the
abrasion grain diameter of the dicing blade formed on the inner perimeter
surfaces of the grooves 80 as a result of the dicing operation performed in the

20 groove forming step (S20). As a result, the inner perimeter surfaces of the
grooves 80 can be reliably made smooth.

In the method for making a light-emitting device described above, in the

surface treatment step (S30), the reactive gas used in reactive ion etching can



In the nitride semiconductor substrate (the GaN substrate 1) according 5 to the present invention, the
grooves 80 are formed on one of the main surfaces, as shown in Fig. 11 and the inner perimeter
surfaces of the grooves 80 include sections that have undergone surface treatment in order to smooth
the inner perimeter surfaces (the curved surface sections 93 in Fig. 13 and Fig. 14). When this nitride
semiconductor substrate is used in a light-emitting 10 device, the use of the main surface on which the
grooves 80 are formed as the light exit surface makes it possible to provide a light-emitting device with

high light extraglign.afficieacydn Jhe MHHIe SSRICORAYHIOLRHO AR AT RAAROUE, g sections

that undergo surface treatment ¢ e sections that are smoothed throug surface treatment in the
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be a GaN S”bSE@SStr%@Q this GaN substrate 1 can be n-typed through oxygen doping 20 with an

oxygen concentration in the range of at least 1E17 oxygen atoms/cm3 and no more than 2E19/cm3.

T allows current (o gAY iRKAN AN UGG Gak RS ais L aRdaL s ga Dot

is used to make a light- emitting device, light can be adequately emitted from roughly the entife 42

second maif SUffagg, %E@%n%ﬁbéﬂﬁ?ﬁ?iﬁelgl%&?&srﬁgigﬁe%ﬁﬁﬁ&%‘a”&%{% ‘AgiHSaeRRed above,

. . ces,
the grooves 80 can have a V-shaped cross-Section. This makes it possible to form sloped side

as shown in Fig. 11 and the inner perimeter surfaces of the grooves 80 include
sections that have undergone surface treatment in order to smooth the inner
perimeter surfaées (the curved surface sections 93 in Fig. 13 and Fig. 14).
When this nitride semiconductor substrate is used in a light-emitting
10  device, the usé of the main surface on which the grooves 80 are formed as the
light exit surface makes it possible to provide a light-emitting device with high
light extraction efficiency.
In the nitride semiconductor substrate described above, the sections
that undergo surface treatment can be sections that are smoothed through
15 surface treatment in the form of reactive ion etching. This makes it possible to
reliably smooth the inner perimeter surfaces of the grooves 80 through surface
treatment.
The nitride semiconductor substrate described above can be a GalN
substrate, and this GaN substrate 1 can be n-typed through oxygen doping
20  with an oxygen concentration in the range of at least 1E17 oxygen atoms/cm?
and no more than 2E19/cm3. This allows current to flow uniformly through the
entire GaN substrate 1 so that if this GaN substrate 1 is used to make a light-

emitting device, light can be adequately emitted from roughly the entire



walls for the grooves 80 on the main surface la of the nitride semiconductor 5 substrate. By using the
nitride semiconductor substrate according to the present invention in a light-emitting device, light
extracted from the side walls can exit more efficiently in the direction of the normal of the main surface
la (the direction perpendicular to the main surface) comppared to when the side walls of the grooves
are roughly perpendicular to the main surface la. As a™10 result, a light-emitting device with high light
usage efficiency can be provided. In the nitride semiconductor substrate described above, the depth of
the grooves 80 can he at least 15% emgi:r%ns a%l n n%IqrgettEan 300 microns, and the thickness along the
3 € S WHers e grooves 80 are not formed can be at least

nitride semicon8ticiBr SOBL BYE RN
100 microns and no re,than 600 15 microns. When, this nitride semiconductar, substrate is,.used in a
"Roi ductor subsirate desoriked ahove the erovee 8OO L

light-emitting device, fe"SadWafs 5F ?ﬁlé:ogr%og\c/teog SYPRAICH SERE

have adequate are 'Jvhisa kﬁg ig g%g@% ggtproviﬂ_%a Ii%?ﬁése{qittiggigﬁv%%efgh% %ilgv‘\% agdadequate
amount of light e atricte§ HEH A Stitace 20 THhe Nithde e micdnductor Sibstrate
described above, ihe gecfion on which(he spfage reaiment i periined (ihe seclionsionuuhich the
curved sections 93 are formed on the side walls or the grooves 8U) can have a surface roughness with

an Ra of atleast 49 am.In s case. snce {he eclions anyd3, wnich surfpce freaiment s performed
has adequate smoothness, the 5’eg$e 0 whic Ilgﬁﬂransmﬁ%lwty IS tetfuced i the Hiride
SemiconduUCtor gy Dol G itk e SRR L e 5588 TR SRR MR DI RIgAMouUnt in
can exit more efficiently in the direction of the normal of the main surface 1la
(the direction pérpendicular to the main surface) compared to when the side
walls of the grooves are roughly perpendicular to the main surface la. As a
10  result, a light-emitting device with high light usage efficiency can be provided.
In the nitride semiconductor substrate described above, the depth of the
grooves 80 can be at least 50 microns and no more than 300 microns, and the
thickness along the nitride semiconductor substrate thickness axis where the
grooves 80 are not formed can be at least 100 microns and no more than 600
15 microns. When this nitride semiconductor substrate is used in a light-emitting
device, the side walls of the grooves 80, which serve as part of the light exit
surface, will have adequate area. This makes it possible to provide a light-
emitting device that allows an adequate amount of light to be extracted from
the exit surface.
20 In the nitride semiconductor substrate described above, the section on
which the surface treatment is performed (the sections on which the curved

sections 93 are formed on the side walls of the grooves 80) can have a surface

roughness with an Ra of at least 10 nm. In this case, since the sections on



practice. As a result, when a light-emitting device is prepared using this 5 nitride semiconductor
substrate, a high light extraction efficiency can be achieved for the light-emitting device. In this nitride
semiconductor substrate, for the light transmitted from the main surface opposite from the main
surface la, on which the grooves 80 are formed, by way of the sections on which the grooves 80 are
formed, the 10 transmittivity for the wavelength range of at least 420 nm and no more than 480 nm can
be at least 50 percent. In this case, when a light-emitting device is made using this nitride

semiconductor sl ARDY B AFAR A SRANAL AL S AL ERSHMI PUaLRIg device

The embodiments and examples of the present invention were described 15 above, but these

embodiments agd, examPIGSPL 106, RIESRPLIDVRALERAIR ARKEENRIR:AREMEScaRs Pidbe

present invention is not restricted to these embodiments. The scope of the invention is indicated by the

claims of the inggntign A CAYESE ARUINAIGRES LeHRS Claims %éb?ﬂ@‘é?ﬂ@@ﬂ?ﬂfé almmadifigations

within the scope. 20 In the light-emitting device according to the present invention, a nitride

semiconductor ueifale WML ERNEHNY IneREduin(e IR Sl g hauriace.

surface treatment is performed on the surface on which these grooves are formed in order to smooth

the surface sand,g RO We o RIEEOIEIEILES, 1% URGh Aﬁ%ﬁ{ el NiRriERCHoRa figiency can

be improved; (2) superior heat dissipation is provided while high-output light emission is made

possible without,iaqudng eRMAL BlasiateRiHgure; (3)

In this nitride semiconductor substrate, for the light transmitted from
the main surfacé opposite from the main surface 1a, on which the grooves 80
are formed, By way of the sections on which the grooves 80 are formed, the
10 transmittivity for the wavelength range of at least 420 nm and no more than
480 nm can be at least 50 percent. In this case, when a light-emitting device is
made using this nitride semiconductor substrate, good light extraction
efficiency can be obtained with the light-emitting device.
The embodiments and examples of the present invention were described
15 above, but these embodiments and examples of the present invention are
simply examples and the scope of the present invention is not restricted to
these embodiments. The scope of the invention is indicated by the claims of the
invention and covers equivalences to the claims of the invention and all
modifications within the scope.
20 In the light-emitting device according to the present invention, a nitride
semiconductor substrate with high conductivity is used, grooves are formed on
the light exit surface, surface treatment is performed on the surface on which

these grooves are formed in order to smooth the surface, and a p-down



superior conductivity is provided while large-area light emission and high 5 electrostatic withstand
voltage is provided without requiring a protective circuit for protecting the light-emitting element from
transient voltages and electrostatic discharge; (4) total internal reflection tends not to occur between
the light-emitting layer and the release surface since there are no significant discontinuities going from
high to low in the index of refraction going from the 10 light-emitting layer to the substrate, thus
preventing reduced efficiency and resin degradation at the side surfaces caused by total internal

reflection; (5) sipga. it i3.UHRA Witlow XQltages e 506, r@&gaf&ri(ﬁli}é%c‘fmcwnp@w er

supply, thus making the device suitable for automotive illumination devices; (6) because the structure

is simple, produglion,is g2 and nasPaRsiYeda:AdimaAN iel? GARYARWAILURDYE. Higan be

expected that the present invention can be used widely in different types of illumination products

including automgfiyejiurinatian geyiser: #ndiialdg ARe iSmpéxIgREGRLDE-dRYiRe ¢gmPprising:

a GaN substrate; an n-type nitride semiconductor layer on a first main surface side of said GaN

substrate; a p-type. Bitide, SAMIERRGLSLOL R IRP AN AEtNEFEOMESRI% GAM ShhslRtg; gpmpared

to said n-type nitride semiconductor layer; and a light-emitting layer positioned between said n-type

nitride semiconduclan IRy G 2R R nA-YBRABY e SRBVERREUFIDEJAY rRelRY salkordypeditride

semiconductor layer side is down-mounted and light is released from a second main surface,
circuit for protecting the light-emitting element from transient voltages and

electrostatic discharge; (4) total internal reflection tends not to occur between
the tht-emittiﬁg layer and the release surface since there are no significant
discontinuities going from high to low in the index of refraction going from the
10  light-emitting layer to the substrate, thus preventing reduced efficiency and
resin degradation at the side surfaces caused by total internal reflection; (5)
since light is emitted with low voltages, there is no need for a high capacity
power supply, thus making the device suitable for automotive illumination
devices; (6) because the structure is simple, production is easy and inexpensive
15 and maintenance is easy as well. Thus, it can be expected that the present
invention can be used widely in different types of illumination products

including automotive illumination devices.



which is a main surface opposite from said first main surface of said GaN substrate; a plurality of grooves
are formed on said second main surface of said Ga!%sfsubstrate and an inner perimeter surface of each
groove undergoes surface treatment in order to smooth said inner perimeter surface; each groove has a
V-shaped cross section; each groove has a depth of at least 50 microns and no more than 300 microns;
and along aieknesmmisigEsaid GaN substrate, a thickness of sections on which each groove is not
formed is at least 100 microns and no more than 600 microns; and said GaN substrate is n-typed through
oxygen doping, with an oxygen concentration that is at least 1 E17 oxygen atoms/cm3 and no more than

2 E19 oxygen NQ@&/@n&n@ delietcomptismgevice according to claim 1 wherein said groove is formed
by a dicing operation using a dicing blade; said section on which surface treatment is performed is a

section obtafh ng a surface layer of said inner perimeter surface of said groove; and a

thickness of aamtw@ﬂnﬁdésmﬁa@@dauabis @r@aéﬂrathaa RRIAVRIRER diaasites aiGdNazivgrdgeains contained
in said dicm blade. 46 . é& A I| |tt|n device zzlccor(i)wgweog laim 1, wherein said section undergoing

said surfac e%?ﬁé‘”f' %88?\%% AL ENEHAHAEN the form of
reactive ion etChIn&&nﬁhﬂ%@dﬂ@ﬂ@hl@&mmﬂmﬁiﬂlmé ‘ghgrein sections that have undergone

Sl S g T2y pog tionad s S1d ety penniiod SamCondutior 1y and said
p-type nitride semiconductor layer, wherein said p-type nitride semiconductor
layer sideis down-mounted and light is released from a second main surface,
which isamain surface opposite from said first main surface of said GaN
substrate;

aplurality of grooves are formed on said second main surface of said GaN substrate; and

an inner perimeter surface of each groove undergoes surface treatment in order to smooth
said inner perimeter surface;

each groove has a V-shaped cross section;

each groove has a depth of at least 50 microns and no more than 300 microns; and

along athickness axis of said GaN substrate, a thickness of sections on which each
grooveisnot formed is at least 100 microns and no more than 600 microns; and

said GaN substrate is n-typed through oxygen doping, with an oxygen concentration that
isat least 1 E17 oxygen atoms/cm® and no more than 2 E19 oxygen

atoms/cm?®.

2. A light-emitting device according to claim 1 wherein said grooveis formed by adicing
operation using adicing blade;

said section on which surface treatment is performed is a section obtained by removing a
surface layer of said inner perimeter surface of said groove; and

athickness of said removed surface layer is greater than an average diameter of abrasive

grains contained in said dicing blade.



5. A light-emitting device according to claim 1 wherein, in said nitride semiconductor substrate, of light
transmitted from said first main surface by way of said sections that have undergone said surface
treatment, light having a wavelength of at least 420 ﬁ and no more than 480 nm has a transmittivity of
at least 50 percent. 6. A light-emitting device according to claim 1, wherein each of the plurality of grooves
extend fully between opposing edges of the GaN substrate. 7. A light-emitting device according to claim

6, wherein ones of the plurality of grooves extend in a direction orthogonal to others of the plurality of
grooves. 3. A light-emitting device according to claim 1 wherein said seCtion undergoing sai

surface treatment is a section that is smoothed through said surface treatment in the form
of reactive ion etching.

4. A light-emitting device according to claim 1 wherein sections that have undergone said

surface treatment have a surface roughness with an Ra of no more than 10 nm.

5. A light-emitting device according to claim 1 wherein, in said nitride semiconductor
substrate, of light transmitted from said first main surface by way of said sections that
have undergone said surface treatment, light having a wavelength of at least 420 nm and
no more than 480 nm has a transmittivity of at least 50 percent.

6. A light-emitting device according to claim 1, wherein each of the plurality of grooves

extend fully between opposing edges of the GaN substrate.

7. A light-emitting device according to claim 6, wherein ones of the plurality of grooves

extend in a direction orthogonal to others of the plurality of grooves.





