1 LIGHT-EM TTI NG DEVI CE, METHOD FOR MAKI NG THE SAME, AND NI TRI DE

SEM CONDUCTOR SUBSTRATE BACKGROUND OF THE I NVENTION 5 Field of the

I nvention The present invention relates to a light-emtting device, a nethod
for making the sanme, and a nitride sem conductor substrate. Mre
specifically, the present invention relates to a light-emtting device
formed froma nitride sem conductor, a nethod for making the sane, and a
nitride seniconductor 10 substrate. In the present invention, a
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essentially froma nitri e sem co tor substrate and a sem con

| ayer | am nated there nductor chip, or
may refer solely to aoﬁgwﬁigﬁg%wcﬁwhﬁéhﬁéﬁt@g%ﬁfé'ﬁﬁconductor chip
nounted in a nounting part. Furthernore, the termmay 15 also be used with

bot h neani ngs at the sane tinme. Al so, a sem conductor chip nay be referred
to solely as a "chip”. Also, in a chip, a substrate and an epitaxial |ayer

fornmed t ey f thy as a "substrate" Description of
t he Backgroungﬂiét %@r@gn y, whi tNZr ight-emtting di odes (LED) are

frequently used for 20 illumnation and conpact el ectronic devices such as
port abl e netddntde vent®nn nals. However, there is the potential that they
may be used for illumnation in |arge spaces or over large areas in the

future. To nmakthd pregagsinveation telatdssie of Hehtlemintingt doricof a laeged f@ces
and |large areas, the light 2 output of LEDs nust be increased.
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, a "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 semiconductor chip, or may refer solely to a device sealed in resin with a
semiconductor chip mounted in a mounting part. Furthermore, the term may
15  also be used with both meanings at the same time. Also, a semiconductor chip
may be referred to solely 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
Currently, white light-emitting diodes (LED) are frequently used for
20 illumination and compact electronic devices such as portable information
terminals. However, there 1s the potential that they may be used for

illumination in large spaces or over large areas in the future. To make 1t

possible to use LEDs for illumination of large spaces and large areas, the light



One nethod for increasing the |ight output of an LEDis to efficiently
output the light generated inside the LED to the outside, i.e., to inprove
the Ilight extraction efficiency. Exanples of conventional technol ogies for
5 inmproving light extraction efficiency include: a light-emtting device
with a substrate formed from sapphire »dr the |i ke wherein a
light-reflecting surface wth a convexo-concave shape is fornmed using

bl asting on a back surface opposite froma surface on which a nitride

sem conduct or, | is formed (e.g,, see Japanese Lai d-Open Patent
Publ i cat PBﬁP‘Mu‘F@Eb%BH-S%%%é%‘)‘% a g(ill ght 10 enmitting device wherein a curved
shape that, conbined with groove formati on and abrasion, can act like a

|l ens is forme@mnmdiboddok 19urdeateg dbs dightedutibdvel anf LEDs ubso redficehtlyned
from sapphire or the like; and a galliumnitride (GaN) device |am nated on
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hem spheri cal projection with a dianmeter o - 1 mcron 15 florned on the

n- GaN | ayer ,surface. by etching t n- GaN | ayer surface .(e.g,, ,the

non pat oiENocmEtions, Sclach | dRnRTSe of nevavencag \ioEhnplgelty for
vertical laser-liftoff GaN-based light-emtting di odes formed by

opt i M zatmpnoahg ligbt eatimdmrs effictoce incliylel i2dightyandsingeteerce 88&h 652108
(2005)). In the light-emtting device disclosed in Japanese Lai d- Open Pat ent
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concave shape, but accurately controlling the shape of" the concave/ convex
shape when this nethod is used is difficult. Also, in JaBane e .Lai d-. OQpen

Pat ent PUBFR cAtSOINCRRIGBRTA B0 R2BE oisg forgned rusing blasting,pgcaskadly sirfacs o 3

given as exanples for nmethods formng a reflective surface, but form ng
shapes sppbsits flenisspidacecah whichat estride demiconductor tdyarnefermed Hogs,

see Japanese Laid-Open Patent Publication Number 2004-56088); a light-
10  emitting device wherein a curved shape that, combined with groove formation
and abrasion, can act like a lens is formed on the back surface described above
of a substrate formed from sapphire or the like; and a gallium nitride (GaN)
device laminated on a sapphire substrate, an electrode being formed on the n-
GaN layer and a hemispherical projection with a diameter of 0.5 - 1 micron
15 formed on the n-GaN layer surface by etching the n-GaN layer surface (e.g.,
the non-patent document: D. W. Kim, and three others, "Highly efficient
vertical laser-liftoff GaN-based light-emitting diodes formed by optimization of

the cathode structure”, Applied Physics Letters 86, 052108 (2005)).
In the light-emitting device disclosed in Japanese Laid-Open Patent
20  Publication Number 2004-56088, blasting is performed to form a convexo-
concave shape, but accurately controlling the shape of the concave/convex
shape when this method is used is difficult. Also, in Japanese Laid-Open

Patent Publication Number 2004-56088, dicer and laser processing are also



Al'so, in the specification of Japanese Patent Nunmber 3362836, a curved-
surface shape is forned by form ng a groove using a dicer or laser and then
5 appl yi ng abrasion, but since this nethod conbines a dicer step and an
abrasi on step, the nunber of production steps is increased conpared to
sinply wusing a dicer by itself. As a r&sult, the production cost of the
light-emtting device is increased. In the non-patent docunent descri bed
above, a hem spherical projection 10 is formed by etching the surface of a

GaN | ayer:. (- ] . b r
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| am nat ed N |Layer. More specifically, the GaN | ayer st be | am nated
with adetingh @sdwireisnbgsicphseriaess t lf%@%twﬁbap@%q methaden a1 arger

di aneter, but the lamnating step for a thicker GaN | ayer requires 15 nore
time, resulti Adsd,ninithersgrseitapica0ofcd 406m a0 sk steho MNhind el IIBB2E8EH1 hicufgedtevi ce.
The object of the present invention is to overcone these problens and to

obj ect of the present in ) _. d to
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extraction efficiency can be inproved w thout increasing production costs.
20 SUMVARFPOENEHEbTadeT e Alncegibise e thiosy cammBes o céicar ngtero afe ar esent
invention is a light- emtting device including: a nitride sem conductor

subst r at gbragion-siypethei hiinder 4f predicdod wedny id Resaidsaaspdraht@sihpBt mai n
surface side of the nitride sem conductor substrate; a p-type nitride

sem condyeler o BEE MPNLLIONR0, TULIhe YRALARN LG OF IRl dRaeshieng ot o
device 1s increased.
In the non-patent document described above, a hemispherical projection
10  is formed by etching the surface of a GaN layer (n-GaN layer) laminated on a
sapphire substrate so that the diameter of the formed projection is limited by
the thickness of the laminated GaN layer. More specifically, the GalN layer
must be laminated with adequate thickness in order to form a projection with
a larger diameter, but the laminating step for a thicker GalN layer requires
15 more time, resulting in increased production costs for the light-emitting device.
The object of the present invention is to overcome these problems and to
provide a light-emitting device, method for making the same, and a mtride
semiconductor substrate that can be used for making the same wherein light
extraction efficiency can be improved without increasing production costs.
20
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



nitride sem conductor |layer; and a light-emtting |ayer positioned between
the 5 n-type nitride sem conductor |ayer and the p-type nitride

sem conductor layer. In this light-emtting device, the p-type nitride
sem conductor |ayer side is down-nounted, and light is emtted froma
second main surface of the nitride semconductor substrate, which is the
mai n surface opposite fromthe first main surface. Hem spherica
projections are formed on the second main 10 surface of the nitride

sem cond SHD I & 1 hi ryct , i i C Pr.ej;ect | are
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of the nitride _sem conductor substrate, so that the projections act as
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main surface. As a result, it is 15 possible to inprove |ight usage

ef fi ci engyrtiher ta4veay i@k t8FIditHAg sopNERe CAoPaGBStrat® cvhRred tpthbactyns are
formed, when only a non-specular finish is applied to the second main
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light-emtting device equipped with a nitride 20 sem conductor substrate
accor@i ng et hdrisleessantcondyvelori losier andudesn - tupe nefride sempeaashicterglayeni tri de
sem conductor substrate; and a step for form ng hem spherical projections.

In the fSIIﬁptHiQFIi%l@f-Bidiﬂ;iﬂgrﬂe&@é&@fﬂ}ﬁab-t@b@j BittidRNSemittBihEReNhfdd side is _
projections are fornmed through the renoval of sections of the 5 second nmain

surface erfaormng._regactive ion.etching gn a secaond in rface. of the
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surface on which a light-emtting layer is forned. As a result, the

proj ect i 6ABIeendwdor grubstraisi nghichast the mam suehicagopposite from the first

main surface. Hemispherical projections are formed on the second main
10 surface of the nitride semiconductor substrate.

In this structure, hemispherical projections are formed on the second
main surface 1la, which 1is the light-emitting surface of the nitride
semiconductor substrate, so that the projections act as lenses to allow efficient
extraction of light perpendicular to the second main surface. As a result, it is

15  possible to improve light usage efficiency in the light-emitting device compared
to when no projections are formed, when only a non-specular finish is applied
to the second main surface using a KOH solution or the like, or a groove is
formed through dicing or the like on the second main surface.

A method for making a light-emitting device equipped with a nitride

20  semiconductor substrate according to the present invention includes: a step for
preparing a nitride semiconductor substrate; and a step for forming
hemaspherical projections. In the step for forming hemispherical projections,

hemispherical projections are formed through the removal of sections of the



5 without requiring dicing or abrasion or the |like. This makes it possible
to sinplify the production steps of the light-emtting device conpared to
performng dicing or the like, thus allowing the light-emtting device of
the present invention to be nade at |low cost. In the nitride sem conductor
substrate of the present invention, 105hem spherical projections are forned
on one main surface. Wen this nitride sem conductor substrate is used to
make a light-emtting device, and the surface on which the projections are
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extraction efficiency conpared to when a substrate wth 15 nqQ projections
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object with enough thickness to allow independent carrying and is
di st i nguinsiigdsurfsen i hidh " a H@Ht-éhﬁb‘tﬁﬁ%’laiéﬁts fopmeaat keep their own shapes
i ndependently during carrying. 20 Wth the present invention, hem spheri cal

proj ections arg formed,opn a__second in,surface of.a nitride.sem.conductor
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light-emtting device that uses this nitride sem conductor substrate. 6
BRI EFS DESGHhTY crparimEipmap NG ERpn o1 thealikeavliig wiades nig podsiblet to
enbodi ment of an LED serving as a light-emtting device according to the
present sty Othe FhEhdudtioh %t@p@%ﬂ@t}@hQ%Htgeﬁiﬂtﬁd@r@ébiﬁérb@ﬁlﬂh?ed to

containing a light- 5 emtting layer fromthe LED fromFig. 1.
performing dicing or the like, thus allowing the light-emitting device of the
present invention to be made at low cost.

In the nitride semiconductor substrate of the present invention,

10  hemispherical projections are formed on one main surface. When this nitride
semiconductor substrate is used to make a light-emitting device, and the
surface on which the projections are formed is used as the hight-extraction
surface of the light-emitting device, it 1s possible to make a light-emitting
device with high light extraction efficiency compared to when a substrate with

15  no projections is used.

The nitride semiconductor "substrate” refers to a plate-shaped object
with enocugh thickness to allow independent carrying and is distinguished
from "films" and "layers" that do not keep their own shapes independently
during carrying.

20 With the present invention, hemispherical projections are formed on a
second main surface of a mnitride semiconductor substrate so that light

extraction efficiency can be improved in a light-emitting device that uses this

nitnide semiconductor substrate.



Fig. 3is a flowhart showing a nethod for nmaking a chip used in the LED
showmn in Fig. 1 and Fig. 2. Fig. 4 is a drawing showng a state of a wafer
when a chip having the structure shown in Fig. 2 is to be taken fromthe
wafer. 10 Fig. 5 is a drawi ng showi ng the arrangenent of el ectrodes shown in
Fig. 4. Fig. 6 is a drawing showing arbalternative exanple of the first
enbodi nent of an LED according to the present invention as shown in Fig. 1
through Fig. 5. 15 Fig. 7 is a plan drawi ng showing the LED fromFig. 6.

Fig. 8 i i | fer when a chip having a

| ayer ed %t@t%mgggzg%mg%ﬁ?@ g@ﬁfl‘l\ﬁ(}ﬁ?g 6 and Fig. 7 is to be
obtained fromthe wafer. Fig.. 9 is a sinplified drawi ng_show ng. a second
embodi ment of Fagchne apdrasving shewinga dpst egnhalimentplear iEDmeaninbas &
including multiple regions that wll formchips used in the light-emtting
devi ce ofighbenpittisagnievie 8tior@mg fo the pfbsest ansdribn f i ed detail plan draw ng
of a region X shown in Fig. 9. Fig. 11 is a sinplified cross-section

drawi ng al ongt:he =X Sl n i 6. i.g ill% si.mplified
drawi ng show %Ea 2;(5escéénglr%%?r%%rsa%%ggsén%&g%? Stgﬁcﬁ_ugﬁ. o g.1 ﬁ%alashgﬂ l(f:;r aph
showi ng the results determined froma sinmulation of 5 the relationship
bet wéen REHPEpASAYeiropr thebfilbfromefast l.and 1ight output. Fig. 14 is a

drawi ng showi ng the effect of oxygen concentration to the
Fig. 3 1s a flowchart showing a method for making a chip used in the

LED shown in Fig. 1 and Fig. 2.
Fig. 4 is a drawing showing a state of a wafer when a chip having the
structure shown in Fig. 2 is to be taken from the wafer.

10 Fig. 51s a drawing showing the arrangement of electrodes shown in Fig.

Fig. 6 1s a drawing showing an alternative example of the first
embodiment of an LED according to the present invention as shown in Fig. 1
through Fig. 5.

15 Fig. 7 1s a plan drawing showing the LED from Fig. 6.

Fig. 8 is a drawing showing the state of a wafer when a chip having a
layered structure used in the LED shown in Fig. 6 and Fig. 7 is to be obtained
from the wafer.

Fig. 9 1s a simplified drawing showing a second embodiment of a GaN

20  substrate according to the present invention including multiple regions that
will form chips used in the light-emitting device of the present invention.

Fig. 10 is a simplified detail plan drawing of a region X shown in Fig. 9.

Fig. 11 is a simplified cross-section drawing along the XI-XI line



specific resistance of a GaN substrate. Fig. 15 is a drawi ng show ng the

ef fect of oxygen concentration on transmttance of |ight having a

wavel engt h of 450 nm when the thickness of a 10 GaN substrate is 400
mcrons. Fig. 16 is a drawing showing, for the LED according to the present
invention as shown in Fig. 1, the results of neasurenents of lanp |ight
output and plane size through which cufrent flows uniformy when | anps are
made from GaN substrates with different thicknesses and oxygen
concentrations. 15 DETAI LED DESCRI PTI ON OF THE | NVENTI ON Next, using the

figures, ag@%&%@tqﬁrﬁl fgd exanples of the present invention wll be

descri be t he f ures bel ow | i ke or associated elenents are assigned
| i ke nuneral s _and thelr sl tlons are not rep eatgd 20 (First e odlj ment )
Fig. 1 shows 12 £408 énHEm dgawang shoyvieg @i F¥§0a C&ml?@}‘i‘ttl"@rﬁ%mp

device according to the present invention. Fig. 2 shows a | ayered structure
contai ni ag bED.ght-em tting layer fromthe LED in Fig. 1. The first
enbodi mrent 8 of an LED according to the present inventi on will be

described, wi ?ﬂgagéqgeﬁqggf?pe%tsg?%g% the %@gufb g}etgrmﬁ‘?e de%nﬂxf-bnojnl

p-el ectrode 1 ure containing a I'ng 1ayer,
which wil] be described in detail ]Jater, and the Ilke are 5 forned on a
firstd mathe selatienship between heaNsehereabprwiactiqmheighd antbbghtentout he

p-el ectrode 12 is down-nounted on a | ead-frane nount 2la using a conductive
adhesive 14. Fig. 14 is a drawing showing the effect of oxygen concentration to the

specific resistance of a GaN substrate.

Fig. 15 is a drawing showing the effect of oxygen concentration on

transmittance of light having a wavelength of 450 nm when the thickness of a
10 GaN substrate is 400 microns.

Fig. 16 1s a drawing showing, for the LED according to the present
invention as shown in Fig. 1, the results of measurements of lamp light output
and plane size through which current flows uniformly when lamps are made
from GaN substrates with different thicknesses and oxygen concentrations.

15
DETAILED DESCRIPTION OF THE INVENTION

Next, using the figures, embodiments and examples of the present
invention will be described. In the figures below, like or associated elements
are assigned like numerals and their descriptions are not repeated.

20 (First embodiment)

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

device according to the present invention. Fig. 2 shows a layered structure

containing a light-emitting layer from the LED in Fig. 1. The first embodiment



A second main surface |la of the GaN substrate 1 is a surface that emts
light fromthe light-emtting |ayer, and a n-electrode 11 is disposed on
this 10 surface. Miultiple hem spherical projections 82 are forned using
reactive ion etching (RIE) on the second main surface la. The n-el ectrode 11
is disposed at roughly the center of t#e second nmain surface la so that it
does not cover the entire second nmain surface. The n-electrode 11 is

di sposed so that it covers the apex of one of the projections 82. Also, the

-el ect ' : N . : ' '
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82. However, it is inportant that there is a high proportion that is not

covered WFﬂ%el and lagt 2ode 11. If the opening ratio is high, the light that

is blocked due to the n-electrode 11 is reduced and the em ssion efficiency

of the light eyssi®rnedtBicde ip-électrodsad aZd allageredbatictwidecohtaising a
electrically connected to the lead 21b by a wire 13. The wire 13 and the

| ayered structure described .abq re;seahed wt:h a oxy-pased..resin 15
servi ng Vel SliAniC R ShiBR V] Be aRegH o, AT R Rl B BT o
a detail of the layered structure fromthe GaN substrate 1 9 to the

p- el €&t r dermad on| & fEph man swrdategidecef & (Gald substiatedi.dn this smkadimesit| y
inverted. As shown in Fig. 2, an n-type GaN epitaxial layer 2 is formed on

the GaNthsbglel@iteode aE iandowhy@euAtedan XN bayradel mdaitmed at hengom On
thisis 5 fornmed a nulti-quantumwell (MM 4 fornmed froman AlxGai - xN

| ayer and a .xln | - x- | ayer. A p-type Al xGai-xN layer 5 is disposed so
t hat thec%a?ﬁlvﬁﬁgﬁﬁ%ev%{\l 4 is interposed between it and the n-type

g
Al xGai- N layer 3. Also, a p-type GaN layer 6 is disposed on the p-type
Al xGai - xN | ayé¥ seconchnyshs surface la of the GaN substrate 1 i1s a surface that emits

light from the light-emitting layer, and a n-electrode 11 is disposed on this

10  surface. Multiple hemispherical projections 82 are formed using reactive ion
etching (RIE) on the second main surface 1a. The n-electrode 11 is disposed at
roughly the center of the second main surface 1a so that it does not cover the
entire second main surface. The n-electrode 11 is disposed so that 1t covers the
apex of one of the projections 82. Also, the n-electrode 11 can be disposed so

15  that it covers one of the projections 82 entirely, or it can be disposed so that 1t
covers multiple projections 82. However, it 1s important that there 1s a high
proportion that is not covered by the n-electrode 11. If the opening ratio is high,
the light that is blocked due to the n-electrode 11 is reduced and the emission
efficiency of the light emitted outside is increased.

20 The n-electrode 11 1s electrically connected to the lead 21b by a wire 13.
The wire 13 and the layered structure described above are sealed with an
epoxy-based resin 15 serving as a sealing member. In the structure described

above, Fig. 2 shows a detail of the layered structure from the GaN substrate 1



structure described above, light is emtted at the nmulti-quantumwell 4.

Al so, 10 as shown in Fig. 1, the p-electrode 12 is fornmed and down- nount ed
on the p- type GaN layer 6 so that it covers the entire upper surface of the
p-type GaN |ayer 6. Next, a nethod for nmaking the LED shown in Fig. 1 and
Fig. 2 will be described briefly, with9references to Fig. 3 through Fig. 5.
Fig. 3is a flowhart 15 showi ng a nethod for nmaking a chip used in the LED
shown in Fig. 1 and Fig. 2. Fig. 4 shows the state of a wafer when a chip
havi ng t r inm: Fig. [ b t Re: : jg. 5
is a dr a\?\nsn%ltesﬁget\/l\nwr\tgo? gl\y']allrn r gﬁ%’e?}’eﬁ ecl)?y‘%%(ei g’irtélc rodierg(ygﬁb\r}nls:,\ﬁélﬂ—.“ﬁ%@@A
First, a substrate preparation step (S10) shown in Fig. 3 is perfornmed. 20
Nbr e speéPY¢ﬂﬁﬂly, a GaN substrate is prepared first. Then, a filmformng
met hod such as MOCVD (netal organic chem cal vapor deposition) is used on
the first mai MsuhbaeendfFighe, GaNnaybstGaNeepakl aybe F & formhed) ohavies ed
structure: (an Si-doped n-type GaN | ayer / an Si-doped n-type Al o0.2Gao. SN

| ayer 10 i I Vi L It 1= nt I g

mat 1 pl o - osfufte S ah B niesS AR B e R ST, Clen 8L 1B iR

I no. 15Gao. 55N _| ayer / an M- do?fd -type Al o.2Gao.sN | ayer. being a clad

| ayerd/ dprmpd gopedtiggwanaincare! MﬁW& 4 ferped frpm aafalkGaanNdayet endated to
| ower the resistance of the Mgy 5 doped p-type |ayer. The wafer is etched
with a CaledsedagasyNrlaget hg gyiioatGa RN Mger I5aketispodel $othdiahs madped
n-type | ayer using photolithography and RIE (reactive ion etching). El enent
separati : this chi a 0 i ilg.414, and
t he el eneoﬁiag{tgl%%ieé%’grl %E%&&B{{%Efpé%ﬁ%gtnoﬂi Ihdogjéeaght&%ev%l ((Si%r%lilﬂ\@plg ¥ iBO‘&ISOand

lift-off are perfornmed on ,
a p-type GaN layer 6 1s disposed on the p-type AliGai«N layer 5. In the

structure described above, light is emitted at the multi-quantum well 4. Also,
10  as shown in Fig. 1, the p-electrode 12 is formed and down-mounted on the p-
type GaN layer 6 so that it covers the entire upper surface of the p-type GaN
layer 6.
Next, a method for making the LED shown in Fig. 1 and Fig. 2 will be
described briefly, with references to Fig. 3 through Fig. 5. Fig. 3 1s a flowchart
15 showing 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 a chip having the structure shown in
Fig. 2 is to be taken from the wafer. Fig. 5 is a drawing showing the
arrangement of the electrodes shown in Fig. 4.
First, a substrate preparation step (§10) shown in Fig. 3 is performed.
20 More specifically, a GaN substrate is prepared first. Then, a film-forming
method such as MOCVD (metal organic chemical vapor deposition) is used on
the first main surface of the GaN substrate to form the following layered

structure: (an Si-doped n-type GaN layer / an Si-doped n-type Alo2GaosN layer



10 the back N surface, which is the second main surface (main surface) of
the GaN substrate, to formthe n-el ectrodes 11, which have a square shape
when seen from above, at the chip centers at a predetermned pitch (a

di stance L2) (see Fig. 4 and Fig. 5). The n-electrode 11 can be fornmed as a
| ayered structure forned, starting frdfthe bottomlayer in contact with
the GaN substrate, 15 from (Ti layer / A layer / Ti layer / Au layer). The
GaN substrate is then heated in a nitrogen (N2) atnosphere in order to have

t he contact resistance. , het he, . n-el ectrode and.the back .surface of
the can DaDME PRy HE%Gr / BROYEDE, (it oBiarube REw ToRREY (hfe iYL H96S
formed in contact with the p-type GaN layer 20 and with a predeterm ned

t hi cknes$axer slgnpiures qonegiséoig oge.GFbTrlaewarﬁndeantm.m@@mbb ajer| /ayedMgan be
formed by formng an Ni layer with a predeterm ned thickness so that it is

in cont a@bp%tﬁ‘tjﬁ}g@ AN haNer1aghe blePhgMangl a@n]Aer | /aﬁﬁngVﬂéﬂ’édapptfy%@e(g)ﬁNﬁ Qed

t hi ckness over t entire surface thereof (see Fig. 4 and 11 Fi g

this cas i der .o hayve the.contact, resi stance,between the p-, el,ectrode
and the e Ve ihE PRSI REGRLar el JARHE, thenE aiRmeg el tpS AECan be
heated in an inert gas atnosphere. Next, a step for form ng hem spheri cal

proj €et i dnpedgi-typeRiaFet SPHy waes oerchied With. a €likaispd ghasrined. thoMe-doped
specifically, RIE is perforned on the back surface (N surface) of the GaN

subst r at §-fyge RIEY Redd $PIRE iSiQio(p%ﬂoﬂr%ﬁ%é %ﬁ@sipg@l?otbﬁ@l%éﬁé?k@%n& RItEe used

in the RIE can be chlorine gas gas) or the like. Since the outer
051 o1 oURAFEIYE” it EFIPRG)-r EHDOBO: YPRFAIRE EgREraCoR ™ OBREfoBAFbATD wi t h
a flat top surface is forned bel ow the n-electrode 11. The n-electrode 11 is
etching as shown in Fig. 4, and the elements are separated.
Next, photolithography, vapor deposition, and lift-off are performed on
10 the back N surface, which is the second main surface (main surface) of the
GaN substrate, to form the n-electrodes 11, which have a square shape when
seen from above, at the chip centers at a predetermined pitch (a distance L2)
(see Fig. 4 and Fig. 5). The n-electrode 11 can be formed as a layered structure
formed, starting from the bottom layer in contact with the GalN substrate,
15 from (Ti layer / Al layer / Ti layer / Au layer). The GaN substrate is then
heated in a nitrogen (N2) atmosphere in order to have the contact resistance
between the n-electrode 11 and the back surface of the GaN substrate be a
predetermined value.
Next, a conductor layer is formed in contact with the p-type GaN layer
20 and with a predetermined thickness to form the p-electrode. For example, the
conductor layer can be formed by forming an Ni layer with a predetermined

thickness so that it is in contact with the GaN layer and forming an Au layer

with a predetermined thickness over the entire surface thereof (see Fig. 4 and



di sposed on the top surface of the projection. Also, the RIE operation forns
hem spherical projections 82 in the regions of the N surface other than the
regions at which the n-electrodes 11 are forned. The width W(see Fig. 4) of
the projections 82 is approximately twi ce the height of the projections 82.
The 15 height of the projections 82 isldt least 0.2 microns and no nore than
100 mcrons. Also, it would be possible for the RIE hem spheri cal
projection step (S20) to be performed before the step for form ng the

n-el ectr Sl d ribed . a ... Then iin.Fig. .4 j 5,.
scri bi ngﬁgg gjér no??lrlgsdcg%’t]ﬁlagpaéeﬁi 1|E’)O %36%@3% ar%ggg rgﬁlslgt%%%earb %gvgeg]‘:l%ges%rfaces
and the resulting chips formlight- emtting devices. Referring to Fig. 1,

t he chi pelestrasientad sr,getnetwp@h@aal tlaper lan |ntpdeteymameds vahee.chro ¢alNn
contact with the nmounting section 21la of the lead frame, resulting in a

l'i ght - enmstibstigtélexh ¢R- hedted GAnGUGery 8aadhgDispRedet 12 applied to the
nmounti ng section secures the light-emtting device and the nount and

provi des contihui,ty. Then, after. the n-.electrode 11 and a |.ead hon of
Phe'| ead 1ramvete 4 G ctoaa b imer BeBufuRf bt RedizpBlys puvER’ RIEF §5295
seal s the structure in resin so that a lanp is formed fromthe

| i ght® enishowmgits Fagvd e pepfosmed, Moredepeaiedlipr Bl igipesformadandhereank from
the light-emtting device, nounting can be perforned so that the entire

surface ghirfde (PF bR cORN tHeaBEN Shbdthgtd tOfme HeldispHeAeY]l H£0jEIBSs BAL O
contact with the nmounting section. Also, an Ag-based material, which has

& basod et eierie. 4o fE RebT gBoReHEE cabd™ SRRRHE o1t (O BEY derti el or "
the lead frame. Fig. 6 shows an alternative exanple of the first enbodi nent
of an LEBince the outer perimeter section of the region of the N surface on which the n-
electrode 11 is formed is partially removed by the RIE operation, a projection
10 with a flat top surface is formed below the n-electrode 11. The n-electrode 11 1s
disposed on the top surface of the projection. Also, the RIE operation forms
hemispherical projections 82 in the regions of the N surface other than the
regions at which the n-electrodes 11 are formed. The width W (see Fig. 4) of
the projections 82 is approximately twice the height of the projections 82. The
15  height of the projections 82 is at least 0.2 microns and no more than 100
microns. Also, 1t would be possible for the RIE hemispherical projection step
(820) to be performed before the step for forming the n-electrodes 11 described
above.
Then, as shown in Fig. 4 and Fig. 5, scribing 1s performed so that chip
20 boundaries 50 appear as side surfaces and the resulting chips form light-
emitting devices. Referring to Fig. 1, the chip is mounted so that the p-type

GaN layer side of the chip is in contact with the mounting section 21a of the

lead frame, resulting in a light-emitting device. The conductive adhesive 14



according to the present invention shown in Fig. 1 through Fig. 5. Fig. 7 1is
a drawi ng showi ng the shape of the LED from Fig. 6 when seen from above. An
alternative exanple of the first enbodi ment of an LED according to the 15
present invention will be described, with references to Fig. 6 and Fig. 7.
The LED shown in Fig. 6 and Fig. 7 havdZessent | ally the sane structure as
the LED shown in Fig. 1 and Fig. 2, except that the n-electrodes 11 are

di sposed in the vicinity of the four corners of the GaN substrate. Al so, in

the LED gﬁ\@’ﬁet(p %Eb gmo%n%g'pgs Féeguoﬁ sé’cuﬁ%gI ! 'h t%lmlta%lgj d%l]ggic%pg ﬁdthe

surroundi 0 nmount ed Sem conductor c |ng t he
LED shown in Fig an 715 senti IIythe sthe thd

maki ng tl’i‘émLIEDaé‘ﬁ{oWﬁO‘fl eﬁl‘ijmtlmélﬁﬂ ef&l territhe w° ﬁ?ﬁ%‘? i;\

waf er when a chip with a | ayered structure 13 wused in the LED shovvn in Fig.

6 and Fi gection 8f the bead &loame ak@ cbhhsctedssy; wirabendeas hhe kippxhdmsadgesat er
nunber of the n-electrodes 11, it would be preferable for the area of each

Cown 1 n P12 e RN Bl TR Bl B s KT (RRE SR gm B,

descri bed above chi ps 8bt ai ned by scribing th GaN,. substrate 1 are. nounted
in | éad dexifss Alsos B priey e @mpiovendisaiations of heghelrem thedighiemitting
separating the GaN substrate 1 into chips to formlight- emtting devices,

t her e maylebéces as@mtniignahdeddrfgrmed sadhacalse entiby swefdcend the pMypge GaN
substrate on which the R E henispherical projection formation step (820)

Lo PeCh A QRS LE AL PRD I R Rk SE 088 ARG |
Also, an Ag-based material, which has good heat conductivity, can be used for
the conductive adhesive 14, and a CuW-based material, which has good heat

10  conductivity, can be used for the lead frame.

Fig. 6 shows an alternative example of the first embodiment of an LED
according to the present invention shown in Fig. 1 through Fig. 5. Fag. 7 is a
drawing showing the shape of the LED from Fig. 6 when seen from above. An
alternative example of the first embodiment of an LED according to the

15  present invention will be described, with references to Fig. 6 and Fag. 7.

The LED shown in Fig. 6 and Fig. 7 have essentially the same structure
as the LED shown in Fig. 1 and Fig. 2, except that the n-electrodes 11 are
disposed in the vicinity of the four corners of the GalN substrate. Also, in the
LED shown in Fig. 6 and Fig. 7, a reflective cup 37 is disposed surrounding the

20  mounted semiconductor chip.
The method for making the LED shown in Fig. 6 and Fig. 7 18

essentially the same as the method for making the LED shown in Fig. 1 and

Fig. 2. Fig. 8 shows the state of a wafer when a chip with a layered structure



GaN substrate according to the present invention containing nultiple regions
for chips that will formlight-emtting devices. Fig. 10 is a sinplified
detail 15 drawing of a region X shown in Fig. 9. Fig. 11 is a sinplified
cross-section drawing along a line segnent XI-XI fromFig. 10. As shown in
Fig. 9 through Fig. 11, multiple hem dpherical projections 82 are forned on
the second main surface la, which is one of the main surfaces of the GaN
substrate 1. The handling of nultiple chips is made easier by handling them

in the fBE%% Whehe ERD B@o&?ﬂ' §Qhﬁslrig% B Qg rt??%h.zr&??ﬁsa% ea 5?:% eOr €

t hey have en separate exa I'n or vant ages
of the i ght - emtt| ng devi ce of t he tSresent i nvention, the sanmp
I

descri beBABRICHIP Wl STepEr st maRy obithe N pifstrotes blitihvoyd h%@raﬁ@wéble

nmeasured for predeterm ned currents. First, the prepared sanples will be

descri betbr ¢Je Isieai bYanichon-lastpb@) :1TThe bERmAllEhahhir sie ixpansf ehe senpl e
is equipped with essentially the sane structure as the LED shown in Fig. 1

e essentisptectRol RIS PRR RhoRBinia dRERIR 2 e 11 ght-em tting devi be

descri beggwlth reference to Fig. 3 through Fig. 5. Mre specifically, the
fol | owi m A H&?@'ﬁ)performed. (51-1) A &GN off-substrate with a 0.5
deg offset fromthe c-plane was 10 used. The oxygen concentration of the

substrate wasThEL3/ &1l erhbedghshiogeddriied SeRsd, ichip@shidinead: satisinighthe
t hi ckness was 400 mcrons. (51-2) MOCVD (netal organic chem cal vapor

4eposi t1 PO RBASEY | Qe HoTtOP ih AR H AR RS i WG iR ERSs, W1 O

is the fIrst 'maln sur

However, instead of separating the GaN substrate 1 into chips to form light-

emitting devices, there may be cases when handling i1s made easier by working

10  with a substrate on which the RIE hemispherical projection formation step

(S20) has been performed to form the hemispherical projections 82 on the GaN

substrate 1. Fig. 9 is a simplified drawing showing a second embodiment of a

(GaN substrate according to the present invention containing multiple regions

for chips that will form light-emitting devices. Fig. 10 is a simplified detail

15 drawing of a region X shown in Fig. 9. Fig. 11 is a simplified cross-section

drawing along a line segment XI-XI from Fig. 10. As shown in Fig. 9 through

Fig. 11, multiple hemispherical projections 82 are formed on the second main

surface 1a, which 1s one of the main surfaces of the GaN substrate 1. The

handling of multiple chips is made easier by handling them in the form where

20  the multiple chips are on the GaN substrate 1 before they have been separated.
[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



of the GaN substrate: (Si-doped n-type GaN | ayer / Si-doped n-type

Al 0. 2Gao. 8N 15 | ayer being a clad layer / an MQN (nulti-quantumwell) forned
by stacking three two-layer structures consisting of a GaN | ayer and an

I no.i 5Gao. s5N | ayer / an My-doped p-type Al o0.2Gao. 8N | ayer being a clad

| ayer / an My-doped p-type GaN |layer) 1451.3) The Iight em ssion wavel ength
was 450 nm 20 (S1-4) The wafer was activated to reduce the resistance of
the My-doped p-type layer. Carrier densities were determ ned by Hall

measur enent and s b5E17/cnB fqr.the - doped .p-type, Al.Q. 8N | ayer . and
TE18) cng RGPt e i WRSheRE By o thie Eiyartinpd curkR Rt 1Bk R sHEBRE My and
RIE (reactive ion etching) were perfornmed on the wafer using a C -based gas

to etch fsaomplehevillbbaldesdilpd. ype | ayer side to the Si-doped n-type |ayer.
As a result of this etching, el enent separation grooves 25 were forned 5 as

shown in Fig. (hirdnthidififl QARMIS) WEHE 107 o §He RS Wholitid? &im{;fé%s

el enent separation grooves was 100 m crons. (S1-6) Photolithograph vapor

deposition, .and,li.ft-off were perforned on the ba urface,_ which [s the
second mEONIRRRG HEh SPOEHAARKPE 1BRG atctteap SR ED SiveqeFifiad 4
squar e shapes when seen from above with each 10 side having a width (D) of
200 nb cr drig. (20Thai creethsad) foat nidkeng etiteeLIOD dhehechirgs iatemtign tdmple as
distance L2 = 2 mm(see Fig. 4 and Fig. 5). For the n- electrodes, a |ayered

S R T o R e
layer 20 d?argcx{ibé Lv? l?rre glgenrég) to Tlpiig.s éNa t%rgﬁgﬂe%ié.n 5{1 More specifically, the
following operations are performed.

(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?2, and the thickness was 400 microns.

(81-2) MOCVD (metal organic chemical vapor deposition) was used to
form the layered structure on the Ga surface, which is the first main surface,
of the GaN substrate: (Si-doped n-type GaN layer / Si-doped n-type Alg2GagsN

15 layer being a clad layer / an MQW (multi-quantum well) formed by stacking
three two-layer structures consisting of a GaN layer and an Ino15GagssN layer
/ an Mg-doped p-type Alp2GapsN layer being a clad layer / an Mg-doped p-type
GaN layer)

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

20 (S1-4) The wafer was activated to reduce the resistance of the Mg-doped
p-type layer. Carrier densities were determined by Hall measurement and was

5E17/cm3 for the Mg-doped p-type Alo2GaosN layer and 1E18/cm3 for the Mg-

doped p-type GaN layer.



15 nitrogen (N2) atnosphere to obtain a contact resistance of no nore than
1E- 5Q -cnR. (51-7) For the p-electrode, an N |ayer was forned in contact
with the p- type GaN layer with a thickness of 4 nm and on top of this an
Au | ayer was forned over the entire surface with a thickness of 4 nm (See
Fig. 4 and Fig. 5). 20 This was heatedikn an inert gas atnosphere to obtain
a contact resistance of 5E-45Z .cnR. (S1-8) Then, reactive ion etching
(RIE) was perforned on the N surface of the substrate. As a result,

mul tiple heniﬁgﬂesical Erojections were fornmed 16 on %gs N surface by
removi ng sect Koki§) dthatplithagreaks ang &¥ Fofrepstive ipayasehing) werg performied,
grooves 80 with V-shaped cross-sections were fornmed. As shown in Fig. 4,
the averggehvataerafsihfie Obbabéd F3sab dtbke feanahspedopydpasbe ageBddenas 30
m crons and the width of the projections 82 was 60 m crons. The specific
conditiogs foguthe eaﬁ;ive ion etching process were as follows. First, the
GaN subs(}gyi idﬁB% o eéayﬁﬁ the processing container of the RIE device
with the N surface facing up. Then, RIE processing was perforned wusing the
fol | owi ng prodess reswldiafi thns etdtingt element pepasatic gneivie Lhaverpriotmedi ng
contai ner; 300 Wapplied power; 100% chlorine (Cl2) gas as the 10 reaction

gas; 50 §6WRSt 3RARII £CAnd %e(éleﬁlentg-@élééniéste%%e{ﬁérhn)’l‘}?es wileh fLowrahet he

chl orine gas serving as the reaction gas; m nut es as the processing
tinme. As]gresult, Iti%Ie hem’stbrical projections 82 were forned on the
N surf a@&m§nlFRPazaben, P@‘.’eigla-sgl) {004s shown in Fig. 4 and Fig. 5,

scribing was perfornmed so 15 that the chip boundaries 50 appeared as side
surfaces, and($hé) ri¥sotolithacphys vapor deposition, and lift-off were performed

on the back N surface, which is the second main surface of the GaN substrate,
to form n-electrodes having square shapes when seen from above with each

10  side having a width (D) of 200 microns (200 micronsc) at the center of the
chips at a pitch of a distance L2 = 2 mm (see Fig. 4 and Fig. 5). For the n-
electrodes, a layered structure was formed in contact with the GaN substrate 1
with the following structure, starting from the bottom: (Ti layer 20 nm / Al
layer 100 nm / Ti layer 20 nm / Au layer 200 nm). This was heated in a

15 nitrogen (N2) atmosphere to obtain a contact resistance of no more than 1E-
582 cm?2.

(S1-7) For the p-electrode, an Ni layer was formed in contact with the p-
type GaNlN layer with a thickness of 4 nm, and on top of this an Au layer was
formed over the entire surface with a thickness of 4 nm. (See Fig. 4 and Fig. 5).

20 This was heated in an inert gas atmosphere to obtain a contact resistance of
5E-4Q -cm?.

(S1-8) Then, reactive ion etching (RIE) was performed on the N surface

of the substrate. As a result, multiple hemispherical projections were formed



formed light-emtting devices. In the light-emtting device chips, the |ight
em ssion surface was 1.9 mmo (a square with 1.9 mmsides), and the |ight-
emtting layer was 1.9 nmo. More specifically, in Fig. 5 LI =1.9 nmand L2
= 2 mn Also, the elenent separation groove width L3 = 100 m crons and the
20 width D of each side of the n-electrngde = 200 mcrons (the n-electrode is
200 mcronso). (51-10) Referring to Fig. 1, the chip was nounted so that
the p-type GaN layer side of the chip cones into contact with the | ead

frame nounting 17 section 21a, resulting in the light-emtti devi ce. The
conducti V8 %&h@é%%aﬂﬁgyéﬁﬁi“?‘ﬁégﬁcpﬁés I‘Pgl.ﬁﬂ?l ?%‘?c?ﬁy@ﬁ” gt]eélﬁ &glfﬂ%- On
light-emtting device and the nount and provides continuity. (51-11) In

order totgy o¥itHss, geockved 86 wagh iNorhapedeadssFsaamonlsewbrgfirm&d ehs showg devi ce,
the chip was nmounted so that the entire surface of the p-type GaN |ayer of

Ao, a6 bakht SnEFLET SpRATRR hERRieBE I Or e AchiSoTR pReipaBBRL 20

t he adhesive, and a CuWhased nmaterial, which has good heat conductivity,
was usedWasr 3Phenpeus ppdnthe Aadihr ek the  projretsmsaBRewakeat migonssieance
was 8 deg /W (51-12) Furthernore, the n-electrode and the | ead section of

the |padgpédifieecotliof®THEEhedeteling ivh @cREpdbtbesdRee@Na s FOlywRasaEt esin
was used to seal the structure so that the light-emitting device fornmed a

15 vas obflf (38N RPRLrelEohiE FovRet Ko, PUREGr B LoR IR CED W G Re
first invention sanple, but the size of the hem spherical projections
f ormed odevige with the N surface facing up. Then, RIE processing was performed
using the following process conditions: 20 mtorr of pressure inside the
processing container; 300 W applied power; 100% chlorine (Clo) gas as the
10 reaction gas; 50 sccm (standard cc/min) (.e., 0.05 liters/min) as the flow of the
chlorine gas serving as the reaction gas; and 120 minutes as the processing
time. As a result, multiple hemispherical projections 82 were formed on the N
surface of the substrate.
(S1-9) Then, as shown in Fig. 4 and Fig. 5, scribing was performed so
15  that the chip boundaries 50 appeared as side surfaces, and the resulting chips
formed light-emitting devices. In the light-emitting device chips, the light
emission surface was 1.9 mmo (a square with 1.9 mm sides), and the light-
emitting layer was 1.9 mmun. More specifically, in Fig. 5, L1 = 1.9 mm and L2 =
2 mm. Also, the element separation groove width 1.3 = 100 microns and the
20  width D of each side of the n-electrode = 200 microns (the n-electrode is 200
micronsn).

(81-10) Referring to Fig. 1, the chip was mounted so that the p-type

GaN layer side of the chip comes into contact with the lead frame mounting



N surface of the GaN substrate 1 was different fromthat of the LED fromthe
first invention sanple. Mre specifically, in the LED of the first
conparative sanple, the average hei ght of the hem spherical projections
formed on the N 20 surface of the GaN substrate 1 was 20 nm (0. 02 m crons),
and the width of the projections was 4@ nm (0.04 mcrons). The nethod for
maki ng the LED of the first conparative sanple was as follows. 18 (S2-1) -
(S2-7): Essentially the same as (51-1) - (Si-?) of the first invention
sanple. (S2-8): Essentially simlar to (51-8) of the first invention sanple,
but the SEEtRIpLdacseswWimg m Sslightemittipgadnvicarke sprdngivapiheswadqrl E
processing 5 tine was 5 seconds. As a result, the average height of the

hem spheapplibd pfpjthet stz Wastidh burfs Ghemlighens)itting Hbeice ghl e the
projections 82 was 40 nm (0.04 mcrons). (S2-9) - (S2-12): Essentially the
same as (S1- Ep - &JSl\-{- 2) of .the first invention sanple. In other words, the
met hod f &1° k?lh% {REE ISOBPHPF@"H rst 10 conparative sanple is essentially
simlar to the method for making the first invention sanple, but the R E
processi ng ti AB1ils)dlif faxdenttoaprovidesgeqd (desipptionnhf dteatofnoss pdvedight t he
step (51-8) of the first invention sanple (the RIE processing tine is

shor ter Eﬁnﬂ:ﬂiﬁgfdefv?rée,%ﬁ@&@ﬁg%é@enﬁﬁiﬂ%bﬁ)m At HeSSMite sﬁgﬁce eitaby-gRtk W dth

of the forned projections 82 are |less than the height an 15 wi dt'h "of the
corpar at LAY 18855 PL e isfth FRUAI K ChVKESIBFAITY THsabh FotE HECIIREUE ¢ ne
LED of the first
section. Also, an Ag-based material, which has good heat conductivity, was
used for the adhesive, and a CuW-based material, which has good heat
conductivity, was used for the lead frame. As a result, the obtained heat
10  resistance was 8 deg C/W,
(S1-12) Furthermore, the n-electrode and the lead section of the lead
frame were connected using wire bonding, and an epoxy-based resin was used
to seal the structure so that the light-emitting device formed a lamp.
(First comparative sample): The LED of the first comparative sample
15  was equipped with essentially the same structure as the LED from the first
mvention sample, but the size of the hemispherical projections formed on the
N surface of the GaN substrate 1 was different from that of the LED from the
first invention sample. More specifically, in the LED of the first comparative
sample, the average height of the hemispherical projections formed on the N
20  surface of the GaN substrate 1 was 20 nm (0.02 microns), and the width of the
projections was 40 nm (0.04 microns).

The method for making the LED of the first comparative sample was as

follows.



conparati ve sanple except that hem spherical projections are not formed on
the N surface of the GaN substrate 1 as shown in Fig. 12. Fig. 12 is a 20
sinplified drawing of the LED of the second conparative sanple. The net hod
for making the LED of the second conparative sanple was as follows. (53-1)
- (S3-7): Essentially the sanme as (S1-38 - (51-7) of the first 19 invention
sanple. (53-8) - (S3-11): Essentially the sane as (S1-9) - (S1-12) of the
first invention sanple. (Tests and results) 5 The first invention sanple

and the first se c aratiye .sanples we un \n }jntegrating
spheres, a préggﬁérhﬁ%ggncﬁggﬁﬁﬁnﬂb’A$e eaﬁﬁl&gﬁqgﬁd%gﬂ@brggﬁ%ﬁiﬁ§m1ight
was focused and light output froma detector were conpared. As a result,

t he firsinventéort sampdanpl e provided an output of 1.1 W The output fromthe
first conparative sanple was 0.8 W The 10 output fromthe second
comparative sagplds: wase i B biglliHP 1o (8F-o) ok the Ml BNIRTP 3RESe Kt i ch

t he hem spherical "projections aving a predétermned size were fornmed by
perfornin% RIE on the |ight exit side (the second main_surface side) of the
GaN subs®dlt erogrssveettinnghate [dildererduthiore spemipicpdy, tthet RAEs pragessing
second conparative sanpl es because of reasons such 15 as relatively |large
contast bionadany 5uwetands.aneaa briwbientHdhaveadbs Mesihnif the deehispherical
epoxy-based resin 15, the tendency for total I1nternal reflection at the

Coundar R8s 2 - PAE YO HAgh ) MBSO g BDRiR o o

angles r e ing su

was 40 nm (0.04 microns).

(82-9) - (S2-12): Essentially the same as (S1-9) - (S1-12) of the first

invention sample. In other words, the method for making the LED of the first
10 comparative sample is essentially similar to the method for making the first

invention sample, but the RIE processing time is different at the step (S2-8),

which corresponds to the step (S1-8) of the first invention sample (the RIE

processing time is shorter in the first comparative sample). As a result, the

height and width of the formed projections 82 are less than the height and
15  width of the first invention sample.

(Second comparative sample): The LED of the second comparative
sample is equipped with essentially the same structure as the LED of the first
comparative sample except that hemispherical projections are not formed on
the N surface of the GaN substrate 1 as shown in Fig. 12. Fig. 12 1s a

20  simplified drawing of the LED of the second comparative sample.

The method for making the LED of the second comparative sample was

as follows.

(S3-1) - (83-7): Essentially the same as (S1-1) - (S1-7) of the first



The first invention sanple and the first conparative sanple described 20
above differ only in the size of the hem spherical projections 82, and the
rel ati onshi p between the size (height) of the hem spherical projections 82
and the light output was determ ned through a sinulation. The results are
shown in Fig. 13. Fig. 13 is a graph glmowing the results froma sinulation
for 20 determning the relationship between hem spherical projection height
and |ight output. The horizontal axis of Fig. 13 indicates hem spherical
projection hei htgﬁﬂnit: m crons). The horizontal axis has a logarithmc
scal e. AMYENUNR SAYRYE| cal axis of Fig. 13 indicates |ight output (unit: W.
In Fig. 13, the test 5 results for the first invention sanple and the first
conpar ati ve sdBBI® - d88drl)bdtksahtiullyatlee isndic alsetS by) bl Bk 18udregs finst t he
rel ati onship between the hem spherical projection height and |ight output
as deterrjped.fraomihe simulation is indicated by a solid line. As shown in
Fig. 13, the [ight oufput fromthe LED significantly inproves when the

hei ght of the Egnisph ric%l 10 projections 82 exceeds 1 mcron. Assunptions
made in the si‘hBPEFhreRIES) hat the essential structure of the LED was the
same as that of the first invention sanple and that all of the

hem spheri cal Phoj et onsertiomesahplctand®sihd dingdahdgetbaid WeiBparative

hem spherical in shape. The hei ght of the hem spherical projections was 15

) i Soa g MR RRETh Blod ARt SRR Bl AP Eu AT A e

nunmber of projections and cal culating the average value. Mre specifically,
three rafg&maniiedi and the tméumusgurhéﬁe wits dpraisedbapdabishhratpuidiresn & a
predet erm ned magnification and five projections are selected randomy from

detector were compared. As a result, the first invention sample provided an

output of 1.1 W. The output from the first comparative sample was 0.8 W. The

10  output from the second comparative sample was 0.8 W. Thus, the first

mvention sample, in which the hemispherical projections 82 having a

predetermined size were formed by performing RIE on the light exit side (the

second main surface side) of the GaN substrate, provided higher light output

compared to the first and second comparative samples because of reasons such

15  as relatively large contact boundary surface area between the GaN substrate 1

and the epoxy-based resin 15, the tendency for total internal reflection at the

boundary surface to be prevented due to the boundary surface having various
angles relative to the light-emitting surfaces, and the like.

The first invention sample and the first comparative sample described

20 above differ only in the size of the hemispherical projections 82, and the

relationship between the size (height) of the hemispherical projections 82 and

the light output was determined through a simulation. The results are shown

in Fig. 13. Fig. 13 is a graph showing the results from a simulation for



20 the fields of view Then, height and width data is neasured for the 3
positions x 5 projections = 15 projections, and an average value is
calculated for the height and width data. An average height and width for
the projections can be obtained in this manner. 21 [Second exanple] In the
second exanple of the present inventiodf the relationship between oxygen
concentration of the GaN substrate and specific resistance and |ight
transmttance was determ ned. Based on this relationship, it is possible 5

to deternipe the rej,ationshi p,between opti nmal N substrate thi ckness and
oxygen: cORCGRISER oY s RaRuge. MEistseah HeMe taR LRI Br' MeTeREahe
mounting, i.e., alight-emtting device in which the GaN substrate is the

| i ght - elightimgpstr ThedorBiomte] ags ofeEig. i Beindibates, hemigpliowal moemdtiog, t he
light- em ssion surface is the GaN substrate, oxygen concentration, which is

a maj or }@;idactifiti mhieRAE) f The R AHARAF Axd hak! NbgdHanalm EABCALsd Sthe
especially Tnportant. F 14 shows the effect of oxygen concentration on

Y . 9. . Ol
e, SPeclil Gl SRR B G SRS, RO e M

concentration of at |east 1E17/cnB. Also, Fig. 15 shows the effect of
oxygehn coexadns riri the ofirdthenddntiemnsaplearsoad ofhel ifiyist @atmpavatved esegbpleof 450
nm when the thickness of the GaN substrate is 400 mcrons. |If the oxygen

concent r at.i 9/4C i n t : {ag] of
Che 11 ghiepsApeuaee0s die Siitied by bERR BEuSRETAdThe it O AURE LIGRAR 01

of the GWF JHUSERLEBCRhTaE UARAgREt e EbhotaRs S oH Brrpacd (B0 Meduces
the transmttance of the |ight.
simulation 1s indicated by a solid line. As shown in Fig. 13, the light output
from the LED significantly improves when the height of the hemispherical
10 projections 82 exceeds 1 micron.

Assumptions made in the simulation were that the essential structure
of the LED was the same as that of the first invention sample and that all of
the hemispherical projections (dome structures) formed together were
hemispherical in shape. The height of the hemispherical projections was

15  defined as the average height of the projections. The average height (and
width) is determined by measuring the height (and width) for a predetermined
number of projections and calculating the average value. More specifically,
three random positions on the N surface of the substrate are studied at a
predetermined magnification and five projections are selected randomly from

20 the fields of view. Then, height and width data is measured for the 3 positions
X 5 projections = 15 projections, and an average value is calculated for the

height and width data. An average height and width for the projections can be

obtained in this manner.



Thus, in GaN substrates used in light-emtting devices that are p-down
nount ed, the oxygen concentration, the thickness of the GaN substrate, and
the plane size of light em ssion is extrenely inportant. 22 Fig. 16 shows,
for the LED according to the present invention shown in Fig. 1, the results
of measuring |ight output and the plan&ilsi ze through which current flows
uni formy when | anps are nade from GaN substrates with different

t hi cknesses and oxygen concentrations. The LED was nmade using 5 steps
essentially tqg saqg as tﬂ@se of the first invention sanple described
above. As can 'B&° R Fig. 16, in ternms of the light output fromthe

| anp, |light output tends to decrease as the thickness increases or the
oxygen cont entln jther saguyl oMagoplei wit tharsprfsenheimestitmm phaneelsiivaship ough
whi ch current 10 flows uniformy, the value tends to increase as the

t hi cknes %ﬁ\ﬂééﬁ%&?geﬂﬁzohli@ntrﬁﬁﬁﬁ%@ tROTEEN TR At e 1T §HrEhe r&8E @Ik Nhd O
Fig. 16, if the plane size through which current uniformy flows is a

square wth 4 mmsi.des (5 mm.sjdes), .f a,GN substrate with a thi.ckness
of 500 miiEhG e ARER BRGSO E TR e omasPd it (Bt RoBFLIRe f 3¢ PR e
8E18/cnB for a square with 5 mmsides) will provide |ight output of at

| east58 mwvdstiermdie theilapphileg hatwdem bfinofl Gh& pubstaate ithwéknteissranwhen
the LED has a |ight emi ssion surface of 300 micronso (a square with 300

m cron Sioggéén a@&lée%%réﬂi&@tfo?”hsﬁié&tbﬁagt?ﬁea Sli g0 éﬂ)ﬁ%%?oareﬁni&tﬁ%g’ipr ds,

for an L of the present invention t I's a 300 mcron square, n
fo the SBITORE: b gt DEMBeRITEIE SRy o hSqubie CHAN RUBSHAE ruLes P

stdes). ae?lgitting surface. Since, as described above, in p-down mounting, the light-

emission surface i1s the GaN substrate, oxygen concentration, which is a major

10  factor in spectfic resistance and hght transmittance, 1s especially important.

Fig. 14 shows the effect of oxygen concentration on the specific

resistance of the GaN substrate. Based on Fig. 14, a specific resistance of no

more than 0.5 Qcm can be achieved with an oxygen concentration of at least

1E17/cm3. Also, Fig. 156 shows the effect of oxygen concentration on the

15 transmittance of hight at a wavelength of 450 nm when the thickness of the

GaN substrate 1s 400 microns. If the oxygen concentration exceeds 2K19/cm?,

it can be seen that the transmittance of the light with wavelength 450 nm

decreases suddenly. Fig. 14 and Fig. 15 show that increasing oxygen

concentration reduces the specific resistance of the GalN substrate and

20  enlarges the light-emission surface but reduces the transmittance of the light.

Thus, in GaN substrates used in light-emitting devices that are p-down

mounted, the oxygen concentration, the thickness of the GaN substrate, and

the plane size of light emission 1s extremely important.



uniformlight output can be obtained with a [ight output of at least 1.4 W
(2.3 W proportional to the applied current of 3.6 A (5.6 A). 23 For the
sanme target performance as the 200 m cron thickness exanple, in a 400 mcron
t hi ckness GaN substrate, an oxygen concentration of at |least 3E18/cnB for a
square with 4 mm sides can be used (an2@xygen concentration of at |east
4E18/cnB for a square with 5 nm sides). However, at 400 m cron 5 thickness,
optical output corresponding to at least 8 mMVwhen 20 nAis applied to the
LED of the present_.inventi.on w he si ri bed a 9 e oht ai ned
only when. t he Toky SeiTPRRckodt BT geudieate IR Ro e pete Vet b REYB i 1
GaN substrate with a thickness of 600 m crons, the Iimt| ng val ue for the
oxygen cdhgeht that resmltsheft mpaouridesight degstt Snditieplawakizelthroushuwhichr 20
M\ with the LED of the present invention wth the size described above is a

val ue only,gltgfbivg B?l%?ﬂh& h@BeR- %‘ﬂ'&é G MULId GRAN eh¥8ERes with

concentration for uniftormcurrent in a square with 4 nm si des. Thus,
t he oxygen.concentration range that neets the ab conditions is
narr ow rg engof laﬁewgﬁea%? tFY§eAmficaBE atians. ﬁ%w@oﬁ'@é BRI 15
uni form current flowis at |east approxi mtely 2E18/cnB, so the oxygen
concent r atapen ese@dridibe ehe agigae i & shoghtolf ythgr ﬁmteinmtixm egdniget Gedcrdfedt he
square with 4 nmsides. Al so, according to Fig. 16, when the thickness of
the GaN gyhstrate is 200 microns - 400 microns, it can be seen that for
allowing current to flow 20 uniforn1y in a square with 10 rrmsides and
obtain the equi val ent of at st 8 mWof output &&n 20 pplied with
t he LED of thé*sp?%@ﬁtseieﬁ\fé?flﬂll - 1§ am t?ﬁé‘ssqutéed r 9@yt BWet & 12 Bxygen
concentration range is adequatel y

light output tends to decrease as the thickness increases or the oxygen content

mcreases. Also, in terms of the maximum plane size through which current

10 flows uniformly, the value tends to increase as the thickness increases or the
oxygen concentration 1ncreases.

Referring to Fig. 16, if the plane size through which current uniformly

flows is a square with 4 mm sides (5 mm sides), for a GaN substrate with a

thickness of 200 microns, an oxygen concentration of at least 6E18/cm3 (at

15 least 8E18/cm3 for a square with 5 mm sides) will provide light output of at

least 8 mW when 20 mA is applied to the LED of the present invention when

the LED has a light emission surface of 300 micronsc (a square with 300

micron sides) and the light emission layer is 300 micronsoc. In other words, for

an LED of the present invention that 1s a 300 micron square, when current

20  density is adjusted to the application of 20 mA, this corresponds to the

application of 3.6 A (5.6 A) for a square with 4 mm sides (5 mm sides}, and

uniform light output can be obtained with a light output of at least 1.4 W (2.3

W) proportional to the applied current of 3.6 A (5.6 A).



wi de for practical use. It can be seen that at a thickness of 200 m crons,
this is 24 possible for an oxygen content wwth a lower |imt that is |ess
than 2E19/cnB. Also, at a thickness of 400 microns, this is possible with
an oxygen content of at |east 8E18/cnB. Next, although there may be overl ap
wi th the exanpl es descri bed above, 5 ©Be exanples of the present invention
wll be summarized below. As shown in Fig. 1 and Fig. 6, alight-emtting
devi ce according to the present invention is equipped with a ni tride

sem conduct or trate t e & strate, 1),
seni conduct or F%éi 2’19 TGHhe ﬁrg%,t r&?“&—gfw?Rlsetgﬁ?e%()@gjl%%ﬁleﬁm@ Xﬁglprte’
surface side of the nitride sem conductor substrate; a p 10 ty

sem condutrof00 ayeroy tthecknasy fealNisubstraR, hayerysn stieﬂ‘ttﬂffe@l fotjrattHeast away
fromthe nitride sem conductor substrate relative to the n-type nitride

sem condgBu®/crhaYS a tdrd withhd noml S8k vahayelisédubhi oxggant ddMchBt da tioMAV
4)) positioned between the n-type nitride sem conductor [ayer and the p-type

i ri do SEekanrCnAIBL Ty 8 miate YRR R o gh LR e

fromthe second main surface la, which is the mai n surface opposite from
the f3 rsthickiess,saptiaak ogtpuheoniaspoddingetocahdaasto8 suWstwlare.20 mA is
Hem spherical projections 82 are forned on the second main surface la of

the nitrihgdglis@oGMRAUETPbS tl§é’B§é§e@fthv89t1‘é\ﬁt\blﬂhhﬂ}% Sizb UWkdskFiBed SIHM@ can
hem spherical projections 82 are formed on the second nmain surface |a,

Wmchlsth xit. surface of e.nitride sem ond substrate, the
lens ef f BEC B‘T“"tg%e ‘feJlP’ ofher |t%ﬁ§’X§§e'ﬁ%E’é’§nF?S b%%l%‘?re@ gﬁ#ﬁ@iﬂeﬁt ly extract
light in the direction perpendicular to the second main
Furthermore, with a GaN substrate with a thickness of 600 microns, the
Limiting value for the oxygen concentration that provides at least 8 mW optical
10 output for 20 mA with the LED of the present invention with the size
described above is a value only slightly higher than 2.5E18/cm3, which is the
oxygen concentration for uniform current flow in a square with 4 mm sides.
Thus, the oxygen concentration range that meets the above two conditions is a
narrow range. For a square with 3 mm sides, the oxygen concentration for
15  uniform current flow is at least approximately 2E18/cm?3, so the oxygen
concentration tolerance range is slightly greater compared to that of the
square with 4 mm sides.
Also, according to Fig. 16, when the thickness of the GaN substrate is
200 microns - 400 microns, it can be seen that for allowing current to flow
20  uniformly in a square with 10 mm sides and obtain the equivalent of at least 8
mW of output when 20 mA 1s applied with the LED of the present invention

with the size described above, the oxygen concentration range is adequately

wide for practical use. It can be seen that at a thickness of 200 microns, this is



25 surface la. As a result, the Iight usage efficiency of the
light-emtting device can be inproved conpared to when no projections 82
are formed, when a non- specular finish is sinply applied to the second main
surface la using a KOH solution or the like, or when dicing or the like is
perfornmed to forma groove on 5 the sédond main surface la. Also, in the
structure descri bed above, the n-electrode 11 is disposed on the back
surface (the second main surface) of the nitride sem conductor substrate

(the GaN;suRghy 802ah)oeMBhChL BN BubOY FEG! il HaeSL ShaDTRyn CHE{ @R 1S

able to ow t hr oughou e nitride semconductor su e even en the 10
cover ratiois low, i.e., the opening ratio is _high for the n-electrode 11.
As a reddpe. at ﬁéwmlﬁw@ﬁtqfcﬁp%mlpr% thissisr pedible VHE ahioxyren @uterice can
be reduced and the light em ssion efficiency can be increased. O course,

t he em saitdeagf8E1%/ghis. can take place not only fromthe second nmain surface
but also fromthe side surface. The sane applies to the light emtting

devi ces descri . j type . ni.tride 9 or
ayer oi do. whrer ALY dett By Bt BEErPaefl R RIAHSEMERIIOTEY
em ssion surface, the p-type electrode |ayer (the p-electrode 12) can be
formed oVke expmmns pf thenrdsead 1pventien willlkpeumimariged belavw.onduct or | ayer,

thus providing a structure that is advantageous for using high currents
while limtinAdehéwaeneFat.i DandsField, a3ighQ-drhabiafedévias Qesrliabed firat .
Thus, restrictions inposed by heat-related factors are significantly

I d. . t:R ] . : -sh ' i d
oot oot r Sge B Hbbio R Fhhuted SiflE R iba Repfo Bt R thh LN ol

resi stance. 26 o )
substrate 1); an n-type nitride semiconductor layer (the n-type AlyGaixN layer

3) on the first main surface side of the nitride semiconductor substrate; a p-

10  type semiconductor layer (the p-type AliGaixN layer 5) positioned further
away from the nitride semiconductor substrate relative to the n-type nitride
semiconductor layer; and a light-emission layer (multi-quantum well (MQW
4)) positioned between the n-type nitride semiconductor layer and the p-type
nitride semiconductor layer. In this light-emitting device, the p-type nitride

15 semiconductor layer side is down-mounted, and light 1s emitted from the
second main surface 1la, which is the main surface opposite from the first main
surface of the nitride semiconductor substrate. Hemaspherical projections 82
are formed on the second main surface la of the nitride semiconductor
substrate.

20 With this structure, since hemispherical projections 82 are formed on
the second main surface 1a, which is the light exit surface of the nitride
semiconductor substrate, the lens effect of the projections 82 makes it possible

to efficiently extract light in the direction perpendicular to the second main



Furthernore, since the GaN substrate 1 has superior conductivity, there is
no need to provide a special protection circuit for surge voltages, while
superior high-voltage resistance is provided. Al so, since conplex processing
steps are not necessary, production costs can be easily reduced. 5 In the
light-enitting device described above, Z6he nitride sem conductor substrate
can be forned from GaN or Al.Gai-. N (0O<=x<=1). If the GaN substrate 1 is
used as the nitride sem conductor substrate, a high current density can be

applied bgt r.,a NG o [ ' I G - I: - (.hi gh
i nous TG T o ne T Gricanpht Ra8E cfibichey RT che B el BRR R
(0<=x<=1) iiﬁused to formthe nitride sem conductor supstrate, an LED

| i ght - enf 31 DS TRRAVCE CIRPBECT b} HAWBTURP REOICHPDS i8ed e TRAERGR @ Bt v at e
wi th good heat conductivity, i.e., superior heat dissipation. As a result,

adequat esheatladifaskhati 9mpls quedsidotce tles sacoe mdinghudace aatudensa §OHs
applied, thus making it possible to reduce damage to the LED caused by heat.

15 Thi ' bl ' b 9l Rk bge th t put
stabl e MRS by PRE R, Er W ArHIENE of cht i B A G o locR R P

descri bed above, the nitride sem conductor substrate can be the GaN

subst at the seqd i sERGeat® 1 s n-typed through oxygen doping and the
oxygen concentration can be at least 1E17 (1 x 20 1017)/cn8, and no nore
than 2E19 (2 WI3QL9) flonBtructutchidsscefinel, abaowe, eht ri-blosrodenl T o¢ disposbd @mgh t he
GaN substrate 1 so that adequate light can be emtted fromroughly the

SIL1 e SPEETCE Ryt 08, bl Sl RGO o pnd e LGBKGARATY.
proj ect | (sjlrllﬁst?'gitec ?tnhebéai} shﬁgﬁgteo'l , %ﬁ:rhoirl]ass g gwngleg‘gcealtrggigtance, current
is able to flow throughout the nitride semiconductor substrate even when the

10  cover ratio 1s low, 1.e., the opening ratio 1s high for the n-electrode 11. As a
result, the proportion of light absorbed at the emission surface can be reduced
and the light emission efficiency can be increased. Of course, the emission of
light can take place not only from the second main surface but also from the
side surface. The same applies to the light emitting devices described below.

15 Also, since the p-type nitride semiconductor layer side, which has a high
electrical resistance, is not used as a light emission 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 providing a structure that 1is
advantageous for using high currents while limiting heat generation as well as

20 transferring generated heat. Thus, restrictions imposed by heat-related factors
are significantly relaxed. As a result, there 1s no need to use a comb-shape

with interleaved p-electrodes and n-electrodes or the like in order to reduce the

electrical resistance.



100 mcrons, and the thickness T2 (see Fig. 4) of the sections not forned
with the projections 82 along the thickness axis of the nitride

sem conductor substrate (the GaN substrate 1) can be at |east 100 m crons
and no nore than 5 600 mcrons. Also, the wdth (W (see Fig. 4) of the

proj ections 82 can be approximately d&@aéble the height T3 of the projections
82, and nore specifically at least 0.4 mcrons and no nore than 200

m crons. Also, the height T2 and the w dth Wof the projections 82 can be

t he average hei nd. t V, i of rojecti . ge

hei ght and avg{ru ggﬁee%n%%gg%% gaggpg%‘?nggéé%ﬁe }E)lrg %fgl p%k%nﬁoglaﬁﬁﬁ%ﬁéﬁg}ﬁérli%ng t he
hei ght and wi dth_of a predeterm ned nunber of projections and cal cul ating

t he aver Hg®¢. nEpd etos peevitlecal $pecidlepydtectnn cirenlh foraputge welegesdwihale five

random y sel ected projections in the fields of view for three random points

on the Nogpuifige chigh-ddieageubsditahReWiteproAgdes Vv adsat sitice ERAlple)! prdt@dsing
magni fi cation. Heirght and wdth data are neasured for these 3 15 x 5 = 15

proj ections and the average_height and w dth can_.be deterym ned by

cal cul at g StHSE Ié?r}el?%cﬁgsvg’l’ Qggdgfghlolg ﬁ%Stﬁé"la?j‘D?e %%%PW%‘ﬁhcegat a. Regarding
fresnel reflections of light, the advantages of the structure of the

ni tride semni céndbet bghkanstting depidredamitntbabeen, ethk) ndpistease mmenidugtir
extraction efficiency inproves generally when the size of the structure is

at 20 | eagbstRREE drTBcelfyrhvav elogh 9GANOfor! iANGaf AN bEexit-a0t a¢: ¢y /C4Ndex of
refraction of the nitride sem conductor substrate: n). Assum ng the

e Ol o Al 0 00 BRSO A P s

substrate 1, the index of refraction 28 of the GaN substrate 1 is 2.5.

Based ondensidydeam, bevaipddicdr o nthe lsabbinate, making of noseibde e emit heigh
structure at which light extraction efficiency inproves. As a

luminance (high luminous flux) from the light-emitting device. Also, if GaN or

10 AlGajsN (0<=x<=1) is used to form the nitride semiconductor substrate, an

LED light-emitting device can be formed using a nitride semiconductor

substrate with good heat conductivity, i.e., superior heat dissipation. As a

result, adequate heat dissipation is possible even when high current density is

applied, thus making it possible to reduce damage to the LED caused by heat.

15  This makes it possible to achieve a light-ematting device that can output stable

light over a long period of time.

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

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

oxygen doping and the oxygen concentration can be at least 1E17 (1 x

20  10%)/cm3, and no more than 2E19 (2 x 1019/cm3. In this case, current flows

uniformly through the GalN substrate 1 so that adequate light can be emitted

from roughly the entire second main surface of the GaN substrate 1.

In the light-emitting device described above, the height T3 (see Fig. 4) of



result, it is believed that if the size of the structure is at least 0.2
mcrons (200 nn), the advantages of the structure cone into effect, and the
light extraction 5 efficiency fromthe second nain surface la, which is the
light extraction surface, inproves. Al so, while |larger structures show
greater optical extraction efficiency27if the size (e.g., the height T3) of
the structure (the projections 82) becone too |arge, formation of the
projections 82 becomes tine-consuning. Wen the formation of the

proj ect ' h%%n g@@ﬂﬁél éfd}&ct?&?é S’g‘c@&l] l%é he 1&%@ SqHELLRD att‘af (9%(%

l'i ght - enl |ng Ice 1S I'ncrease I mat Increasing t e produ ctlon
costs of the |[ight-emtti ngé&iew ce,. As a_res a val ue of approxi matel y
100 mi cr dAY wigroBe apAdhadhicknessalgisee ¥ ’fﬁ’el"étﬂf)thﬁoﬁecflﬁéls rmtoﬁ%éwdow

that can be forned within a practical processing period. Al so, since the

w dt h W ohe t ijpetdrectdondodg wid [thbekmappr axismaf ethe tnitdet bemb@inghictor 15
the wwdth Wwill be at least 0.4 mcrons and no m)re than 200 m crons. Al so,

regar di ngube L BNASK ol el LLEDCRTEONIHOLAISHOSHALS sy (DS, |

secti ons ere roj ections are no ornre

t hi nnest sections of the GaN subsé gt@ 1 bet en adj acent projections 82),
it is? nbEBsBULRPNEe Alspyithe Wikdu LY, ﬁeclr?tge pb the | ARl ethtareEnB2seapIBe t o
the light 20 emtting layer (the MQW4) to flow (i.e., if the thickness T|

of the Gabprsxibsitedy dolblesitR: Féight4)3 bStHoprdjbdtiond BE £nid heste SididaD; from
the n-electrode 11 installed on the second main surface |a side does not

fl ow ade Y u ent i r f.th i

thus pr eobatiiie o ahiiuRgra A EERIarb B IS 18Tl TRHR .
surface of the light-emtting Iayerl) Thus, in _order to 1r])row de adequate
fl ow of wHdtlY rfé?thewﬁmctlemt%z tave bedhe savssagaheighttandbbe @veeags wididab e

for the thickness Ti of the nitride sem conductor substrate
of the projections 82. Average height and average width can be determined, for

10  example, by measuring the height and width of a predetermined number of
projections and calculating the averages. More specifically, height and width
can be measured for five randomly selected projections in the fields of view for
three random points on the N surface of the substrate when observed at a
predetermined magnification. Height and width data are measured for these 3

15 x5 = 15 projections and the average height and width can be determined by
calculating the average values for the height and width data.

Regarding fresnel reflections of ight, the advantages of the structure of
the nitride semiconductor substrate (the GaN substrate 1) appear and light
extraction efficiency improves generally when the size of the structure is at

20 least approximately (wavelength of light to be extracted’ A)/(index of refraction
of the nitride semiconductor substrate: n). Assuming the wavelength of the
hight to be extracted from the light-emitting device 1s 420 nm - 480 nm and the

nitride semiconductor substrate 1s the GaN substrate 1, the index of refraction



at the sections on which the projections 82 are not fornmed to be at |east
100 5 mcrons. In order to formthe projections 82 as |large as possible, a
greater thickness Ti for the GaN substrate 1 would be effective. However

if the thickness T1 of the GaN substrate 1 is too great, the transmttance
of the GaN substrate 1 for the light £Bansnitted through the GaN substrate
1 and emtted 10 fromthe second nain surface |a becones too |low. Also, as
the GaN substrate 1 becones thicker, the material costs for the GaN
substr at 8{ ﬂhe Eﬂag\'r UBh Sl ‘kt.eé‘ﬂ.;%.' Qséd‘?ﬁrtﬁ?é §hedWOHYELd %tn%%teslo&%"r g

ing de aking 't ac Nt,” an upper

i
i ght-em Vi Ce. ese or S Into accou Imt of

approxi mately 600 m crons for the thickness T2 of the GaN substrate 1 at
the sect Phike gtrenpd Bie shaichnesg athial lhtiextapetionelfogensn innrpyekedh at he
problens relating to light transmttance and production costs within an

accept abkesulangds belietd@ thagiftthendité ohehélemheeuseicat hedt adwdcrdds (800l d be
preferable for the height T3 of the hem spherical projections 82 to be at

tor the Rrgthe FaantRids LR ERakR MUtk InR efdland ot Hrll, B8 Fefons. ©

If the | igt_ht. to be extracted fromthe light-emtting device is blue |ight,
t he preseHicienerdron bbe seppdninsed swdaca lmi ghnchfisathe dught exttastion f or
the projections 82 significantly inproves |ight extraction efficiency. As a

resul t, khrfa@e, MephtdleBeANE METBDIH gbPEtteuR&l SHdw @red 2@ dptRiadektiRsio82 tO

be at least 1 micron. Aso, if the height of the projections 82 is at |east
2 Bt RS B2 qBELHARLY TABICHS, e e
become too large, formation of the projections 82 becomes time-consuming.
When the formation of the projections 82 becomes time-consuming, the
10 production period of the light-emitting device is increased, ultimately
increasing the production costs of the light-emitting device. As a result, a
value of approximately 100 microns can be considered as a size (height) for the
projections 82 that can be formed within a practical processing period. Also,
since the width W of the projections 82 will be approximately twice the height,
15 the width W will be at least 0.4 microns and no more than 200 microns.
Also, regarding the thickness of the mitride semiconductor substrate at
the sections where the projections 82 are not formed (the thickness T2 at the
thinnest sections of the GaN substrate 1 between adjacent projections 82), it is
necessary to provide adequate thickness to allow current supply to the light-
20  emitting layer (the MQW 4) to flow (i.e., if the thickness T1 of the GaN
substrate 1 (see Fig. 4) is too thin, the current supplied from the n-electrode 11

installed on the second main surface la side does not flow adequately through

the entire surface of the light-emitting layer, thus preventing light from being



5 formed on the second main surface |la using reactive ion etching. Thus, the
projections 82 can be forned using reactive ion etching wi thout requiring
dicing or abrasion. As a result, the production steps for the light-emtting
device can be sinplified conpared to when dicing or the like is perforned.
This nakes it possible to reduce prod&tion costs for the light-emtting
device. 10 A nethod for making a light-emtting device equipped with a
nitride sem conductor substrate according to the present invention

| ncl udes,, G}ttsetde@ffifc?éﬁ%%ﬁe&ﬁ h@%n%%r’é' §1{ e SF{HeCBEﬁHShH‘é%ﬁg‘?%%({ﬁt Ppbgufstrate
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pr oj ect i 6Fd¢okmRreUde EBlegrate fgpoyl thﬂneurremwp\m@hedaﬂo thedirabt swhrir@e, i e
formed by renoving sections of the second main surface |la by performng

react i vewold ¥cChidieralile fbet s fIoEne BTN Fuhbaferiie semiédRIuitbf kdBstrate
sem conduct or substrate (the GaN substrate 1) opposite fromthe first main

PUr120¢, G0 0S4 IRAE RS B G5 BT el R RS

requiring dicing or abrasion or the like. This nmakes it possible to
Si rrplfvfyntllltteolpﬂoductron steps for the light-emtting device conpared to
performng dicing or the like, thus making it possible to make the |ight 31

emtting deviqg @fdéNeoPfRsenthel PYSRELIOAs 382 shd PO Sl pbssibRe Al Srciader
sem conductor substrate (the GaN substrate 1) accordrng to the present

et o e DO RRCTAS Y RGNS B LIARENED ot

S O Xness T of the &ta?\les%sl\tlzrzgeb s 300 great, the transmittance of the GaN
gY

substrate 1 for the light transmitted through the GaN substrate 1 and emitted

10  from the second main surface 1a becomes too low. Also, as the GaN substrate 1

becomes thicker, the material costs for the GaN substrate 1, ultimately

resulting in greater production costs for the light-emitting device. Taking

these factors into account, an upper limit of approximately 600 microns for the

thickness T2 of the GaN substrate 1 at the sections on which the projections 82

15 are not formed would keep the problems relating to light transmittance and
production costs within an acceptable range.

In the light-emitting device described above, 1t would be preferable for
the height T3 of the hemispherical projections 82 to be at least 1 micron and
more preferably 2 microns. Also, it would be preferable for the height T3 of the

20  projections 82 to be no more than 80 microns.
If the light to be extracted from the light-emitting device 1s blue light,

the present inventor has determined that a height of at least 1 micron for the

projections 82 significantly improves light extraction efficiency. As a result, 1t



emtting device and using the surface on which the projections 82 are forned
as the light-extraction surface of the light-emtting device, it is possible
to make a light-emtting device with higher Iight extraction efficiency
conpared to using a substrate on which the projections 82 are not forned.
10 The nitride sem conductor substrate30an be the GaN substrate 1. The &GN
substrate 1 is n-typed through oxygen doping, and it would be preferable

for the oxygen concentration to be at |east 1E17 oxygen atons/cnB and no
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roughly the entire second main surface of the GaN substrate 1 in the |ight-
eni t t i ngAdenyil€ dhaderaghtioh ghe myomekionsb82 nawré leasRégatdipng tthis pogsida to
concentration in the GaN substrate 1 serving as the nitride sem conduct or

subst r at gelidBlytiBEpeRR AR Sl ARG EARISNAELY atons/cnB, the transmttance
for light (especially blue light) of the GaN 20 substrate 1 is reduced,

ultimately regulting jn a.low ljght transmi{tance for the .GaN substrate 1.
Ao it the WydindebfeRibdheidsis tRETEAABARS, 1 etiRpuSt LR Tery
atons/cnB, the specific resistance of the GaN substrate 1 is |owered so
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not supplied with adequate uniformty to the light-emtting layer 4. As a
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thickness T2 (see Fig. 4) at the sections at which the projections 82 are

not f or mddvarcamebe simplified compared to when dicing or the like is performed. This
makes 1t possible to reduce production costs for the light-emitting device.

10 A method for making a light-emitting device equipped with a nmtride
semiconductor substrate according to the present invention includes: a step for
preparing a nitride semiconductor substrate (substrate preparation step
(S10)%; and a step for forming hemispherical projections (RIE hemispherical
projection formation step (S20)). In the hemispherical projection formation

15 step (S20), the hemispherical projections 82 are formed by removing sections of
the second main surface la by performing reactive ion etching on the second
main surface 1a of the nitride semiconductor substrate (the GaN substrate 1)
opposite from the first main surface on the side where the light-emitting layer
1s formed.

20 This makes it possible to form the projections 82 with reactive ion
etching without requiring dicing or abrasion or the like. This makes it possible

to simplify the production steps for the light-emitting device compared to

performing dicing or the like, thus making it possible to make the light-



at least 100 mcrons and no nore than 600 mcrons. Also, the width W(see
Fig. 4) of the projections 82 can be approxinately tw ce the height T3 (see
Fig. 4) of the projections 82, and, nore specifically, can be at |least 0.4
m crons and no 10 nore than 200 microns. In this case, the advantages of
the structure of the projections 82 cone into effect and the |ight
extraction efficiency can be inproved BA the light- enmitting device that
uses the surface on which the projections 82 are formed as the |ight-
extraction surface. If the height of the projections is at least 0.2 15
mcrons. gsifeagie0Rd ARAKGTeLAG: AINARIA0SS, Ayidigrstructure of the

proj ections can come into effect. Also, If the height T3 of the

proj ections Si Elﬁ . re t.han 100 m ¢rons, (theﬂgalg S|n rre for. the
reactive ion ePdfenytit ECFQPHC?B@H?WH?@ F‘b’it%cfli‘% SIt]fa EH:CST tical
range. Also, if, when the thickness T2 of the nitride sem conduct or

subst r at €o ahe ﬁfhmhe inechiions thhehenidphepicall gutojanH2 8dr eradormied med ai s at

| east 100 microns, the light-emtting device is made using a nitride
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make a light-emitting device with higher light extraction efficiency compared

to using a substrate on which the projections 82 are not formed.

10 The nitride semiconductor substrate can be the GaN substrate 1. The
GaN substrate 1 1s n-typed through oxygen doping, and it would be preferable
for the oxygen concentration to be at least 1E17 oxygen atoms/cm?® and no
more than 2E19 atoms/cm3. In this case, since current can flow uniformly
through the entire GalN substrate 1, adequate light can be emitted from

15  roughly the entire second main surface of the GaN substrate 1 in the hght-
emitting device made using the GaN substrate 1.

Regarding the oxygen concentration in the GaN substrate 1 serving as
the nitride semiconductor substrate, 1if the concentration exceeds 2E19
atoms/cm3, the transmittance for light (especially blue Light) of the GaN

20  substrate 1 1s reduced, ultimately resulting in a low light transmittance for the
GaN substrate 1. Also, if the oxygen concentration of the GaN substrate 1 1s
less than 1E17 atoms/cm3, the specific resistance of the GaN substrate 1 is

lowered so that the current supplied from the GaN substrate 1 to the



Wien the light-emtting device is made using the GaN substrate 1, if the
hei ght T3 of the projections 82 is at least 1 mcron, the light extraction
10 efficiency of the surface (the second main surface la) on which the
projections 82 are fornmed can be significantly inproved conpared to when the
projections 82 are not forned. Al so, 32 the height T3 of the projections 82
is at least 2 mcrons, the inprovenent in the light extraction efficiency

will be provided reliably. 15 In the nitride sem conductor substrate
descri be QVE,. t.he. proj ecti or 2 can be..for on the second i
surface ?%%Flhorc%ﬁgl nroéasé;[ﬂlp\?/lewi ‘%?r@e?@‘r‘ﬁ‘h"’g?e urﬂltgoﬁrﬂfr{gfdté)at ée, ﬂglﬁég%lrl j%@%‘%ﬁs 82

can be fornmed through reactive ion etchin wi t hout requiring dicing or
abr asi on4ofsteheedulikghe dight qwputiromibedighfremitdmg dewss 13 rwehe nitri de
sem conductor substrate is sinplified conpared to when 20 dicing or the

li ke is perfoffathe dfgidabaeicdadatictdubstRites ené ei S oflt e MesnispHeRxANP! es
of the present invention but the above enbodi nents and exanpl es of the

present _inventio re_sjmply,ex es .and the.,scope of .the sent

Prvent | oRFECHERE IR EnchiTay 1 e Ral s Brnanigot b RRTeRRrens: The
scope of the invention is indicated by the scope of the clainms and al so
encorfpas Hegarthmes thop thisknesyof the entrede wemhcanrbuatbrisnbstrate,tthe thickness
light-emtting device of the present invention, a nitride 5 sem conductor
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formed on the |light-em ssion surface, and p-down nounting is perforned. As
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4) of the projections 82 can be approximately twice the height T3 (see Fig. 4) of
the projections 82, and, more specifically, can be at least 0.4 microns and no

10 more than 200 microns.

In this case, the advantages of the structure of the projections 82 come
into effect and the light extraction efficiency can be improved in the hght-
emitting device that uses the surface on which the projections 82 are formed as
the light-extraction surface. If the height of the projections is at least 0.2

15 microns as described above, the advantages of the structure of the projections
82 can come into effect. Also, if the height T3 of the projections 82 i1s no more
than 100 microns, the processing time for the reactive ion etching used to form
the projections 82 will be in a practical range.

Also, if, when the thickness T2 of the nitride semiconductor substrate at

20  the sections where the projections 82 are not formed is at least 100 microns,
the light-emitting device 1s made using a nitride semiconductor substrate,
current can be supplied through the substrate so that it flows through the

entire light-emitting layer (the MQW 4) of the light-emitting device. Also, if



requiring conplex electrode structures; (3) superior conductivity is
provided 10 and | arge-area |light em ssion and superior static voltage
resistance is provided wthout requiring a protection circuit for
protecting the light-emtting element fromtransient voltages and static
di scharge; (4) since there are no signidi cant discontinuities from high
i ndex of refraction to |low index of refraction going fromthe
light-emtting layer to the substrate, total internal reflection tends 15

. Cemitting. el _ h O 1
Thus. pr CHoRREReRE R 88 chp ROEAERL O H P B PhPlahy Rest o B Ao
surface resulting fromtotal internal_ reflection; (5£pSi nce light is

enitted & Pwe than U5 michens the pyohleay Fedatinggin dhpardductisoner lighdpl i es,

maki ng the structure especially suited for autonotive illum nation devices;

(6) the sidmdmLitPhhdd inteidis€bdtakescal Pdueétriple@asy and inexpensive and easy
to mintain as well. As a result, it is expected that the present invention

will be used qver, a broad range of illum.,natio r.odyct i n¢l udi
automotive 11 i HarRBRadeviBReRdBgtor il WrePgRHT dove gLl be
conprising: a nitride sem conductor substrate; an n-type nitride

sem cdndweeisrableylor the dJpoght Torofahei hamisphenmmay projettions $2de lof at dedsd 1
nitride sem conductor substrate; a p-type nitride sem conductor |ayer

posi ti oneglickeu thHeY n_@mypme%mgi g Ridrohde AISEMCRRUUE T petesiblat RirceHaar ed
to said n-type nitride sem conductor layer; and a light-emtting |ayer
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side is down-nmounted and light is emtted
When the hight-emitting device i1s made using the GaN substrate 1, if
the height T3 of the projections 82 i1s at least 1 micron, the light extraction
10  efficiency of the surface (the second main surface 1a) on which the projections
82 are formed can be significantly improved compared to when the projections
82 are not formed. Also, if the height T3 of the projections 82 is at least 2
microns, the improvement in the light extraction efficiency will be provided
reliably.
15 In the nitride semiconductor substrate described above, the projections
82 can be formed on the second main surface la through reactive ion etching.
In this case, the projections 82 can be formed through reactive 1on etching
without requiring dicing or abrasion or the like. As a result, the production
steps for the nitride semiconductor substrate i1s simplified compared to when
20  dicing or the like 1s performed.
The above description presented embodiments and examples of the

present invention but the above embodiments and examples of the present

invention are simply examples and the scope of the present invention is not



froma second nmain surface of said nitride sem conductor substrate, which is
a main surface opposite fromsaid first main surface; a plurality of

hem spherical projections are forned on said second main surface of said
nitride sem conductor substrate, said hem spherical projections having a

hei ght of at least 0.2 microns and no dbre than 100 microns; and along a

t hi ckness axis of said nitride sem conductor substrate, sections on which
said projections are not formed have a thickness of at |east 100 m crons and

no nore : ' . ! .11 ' ' - Al rein
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substrate i.s n-typed._ through oxygen dopi ng, .and oxygen concentration | s at
| east | Erpdiabes/ Brdthengcore mir th HAALDE1D0d t dlse/ eRGmBasks| that @Rt o1 ng
device as in claiml wherein said projections are formed on said second

mai n sur fegoevdlgnpey Worhilgclagaet i ve ion etching. 4. Alight-emtting device
as in claiml wherein said hem spherical projections having an average

hei ght bet veen. 30, o Ans. 300 A004 6L 005 (ROYpPAKH AT RUEHERE ¥ Fidbide
5 semiconductor substrate with high conductivity 18 used, hemispherical
projections are formed on the light-emission surface, and p-down mounting 1s
performed. As a result: (1) light extraction efficiency can be improved; (2) high-
output light emission 1s possible with superior heat dissipation and without
requiring complex electrode structures; (3) superior conductivity is provided

10  and large-area light emission and superior static voltage resistance is provided
without requiring a protection circuit for protecting the light-emitting element

from transient voltages and static discharge; (4) since there are no significant
discontinuities from high index of refraction to low index of refraction going

from the hght-emitting layer to the substrate, total internal reflection tends

15 not to occur between the light-emitting element and the emission surface, thus
preventing reduced efficiency and resin degradation of the side surface
resulting from total internal reflection; (5) since light is emitted at low
voltages, there is no need for high-capacity power supplies, making the
structure especially suited for automotive illumination devices; (6) the simple

20  structure makes production easy and inexpensive and easy to maintain as well.

As a result, it 1s expected that the present invention will be used over a broad

range of illumination products, including automotive illumination devices.
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CLAIMS

1. A light-emitting device comprising:

a nitride semiconductor substrate;

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

a p-type nitride semiconductor layer positioned further away from said nitride
semiconductor substrate compared to said n-type nitride semiconductor layer; and

a light-emitting layer positioned between said n-type nitride semiconductor layer
and said p-type nitride semiconductor layer, wherein

said p-type nitride semiconductor layer side is down-mounted and light 1s emitted
from a second main surface of said nitride semiconductor substrate, which is a main surface
opposite from said first main surface;

a plurality of hemispherical projections are formed on said second main surface of
said nitride semiconductor substrate, said hemispherical projections having a height of at
least 0.2 microns and no more than 100 microns; and

along a thickness axis of said nitride semiconductor substrate, sections on which
said projections are not formed have a thickness of at least 100 microns and no more than

600 microns.

2. A light-emitting device as in claim | wherein said nitride semiconductor substrate is
a GaN substrate; and said GaN substrate is n-typed through oxygen doping, and oxygen

concentration is at least 1E17 atoms/cm’ and no more than 2E19 atoms/cm’.

3. A light-emitting device as in claim 1 wherein said projections are formed on said

second main surface by performing reactive ion etching.

4, A light-emitting device as in claim | wherein said hemispherical projections having
an average height between 30 microns and 100 microns, and have an average width

between 60 microns and 200 microns.





