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

SEM CONDUCTOR SUBSTRATE BACKGROUND OF THE INVENTION 5 Field of the

I nvention The present invention relates to a light-emtting device, a nethod
for making the same, and a nitride sem conductor substrate. Mre
specifically, the present invention relates to a light-emtting device
formed froma nitride sem conductor, & nethod for neking the sanme, and a
nitride sem conductor 10 substrate. In the present invention, a
"light-emtting device" may refer to a sem conductor el enent forned

essenti al | f@ﬂ?ﬁl b Qﬁbﬁﬁ,‘:" ' tor
| ayer | am %%(ft"e e?iégﬁ?églr)ﬁznay r’g\ﬂ gﬁ{}gQPeFWo %ﬁ‘% actor I;b?:%hlﬁp or
may refer solely to a _device sealed in resin with a semnm conductor chip

| ed
mounted in a nounting WRIDELﬁEWQQﬁBU@'ﬁ@R eBYERATE al so be used with

bot h neanings at the sane tine. Al so, a sem conductor chip nay be referred
to solely as a "chip". Also, in a chip, a substrate and an epitaxial |ayer
formed thereon may be referred to sinply as a "substrate". Description of

t he Back r 3, | (\ght-em tting diodes (LED) are
frequent %%gﬁgﬁggﬁlﬁg%%m#daﬁd conpact el ectronic devices such as

portable information termnals. However, there is the potential that they
may be ufeeldfafrthejInvgntignti on in | arge spaces or over large areas in the
future. To make it possible to use LEDs for illumnation of |arge spaces

and | arge are@he phgsenitdRveRtion relates to a light-emitting device, a method for

making the same, and a nitride semiconductor substrate. More specifically, the

present invention relates to a light-emitting device formed from a nitride

semiconductor, a method for making the same, and a nitride semiconductor

10  substrate. In the present invention, 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 is the potential that they may be used for

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

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



out put of LEDs nust be increased. One nethod for increasing the |ight output
of an LED is to efficiently output the |ight generated inside the LED to
the outside, i.e., to inprove the 1light extraction efficiency. Exanples of
conventional technologies for 5 inproving Iight extraction efficiency
include: a light-emtting device with & substrate forned from sapphire or
the like wherein a light-reflecting surface wth a convexo-concave shape is
formed using blasting on a back surface opposite froma surface on which a

nitride sem con or layer .is forged (e.g., see Japanese Lai d-Open Patent
Publ i cat ioyﬁpmﬁgﬂ}%bgo@mggegmljeaae ight 10 enitting device wherein a curved

shape that, conbined with groove formati on and abrasion, can act like a

| ens i s fornedwn idtholadok inurdaaing dhe dightecuigphnvef anfLBDsidsd effidentdyned
from sapphire or the like; and a galliumnitride (GaN) device |am nated on
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n- GaN | ayer surface, by e{ﬁ;:hi ng the n-GN | ayer surface _(e.qg., . the

non- pat emghdocaxteagtionp elficieney. Jhpmplase of heymyentigngl| weg’hnol@g@ﬁ for
vertical laser-liftoff GaN-based light-emtting di odes formed by

opt i nb zatimproving light cxithudivrs efficibnee inclddpt iaelighibeahtingetéeice wih 852108
(2005)). In the light-emtting device disclosed in Japanese Lai d- Open Pat ent
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shape when this nethod is used is difficult. Al sq, in Japanese Lai d-Open
Pat ent PYHER catGomverpispreaveoshape ogsiormedusing hlasengppnceshadky surfacal so 3

opposite from a surface on which a nitride semiconductor layer is formed (e.g.,
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



given as exanples for nmethods formng a. reflective surface, but formng
shapes such as hem spherical surfaces is difficult with these nethods.

Al so, in the specification of Japanese Patent Nunber 3362836, a curved-
surface shape is formed by form ng a groove using a dicer or |laser and then
5 applyi ng abrasion, but since this netdhod conbines a dicer step and an
abrasion step, the nunber of production steps is increased conpared to
sinply wusing a dicer by itself. As a result, the production cost of the
light-emttin re In th n- pat neni descri bed
above.  aENLSH apREERLFs 5k o R Erming o RRleRBe BDHERE, PRE MimRne iiRDEE of a
GaN | ayer (n GaN | ayer) lamnated on a sapphire substrate so that the

di anet er suthaishemispbarisabpefatemisi diffi¢ult wath these methodskness of the

| am nated GaN | ayer. More specifically, the GaN | ayer nust be | am nated

W th adequat e A1 Gin@@Sspelifiaifin épJEhPJr{Esé PAtehe MhiaRe3882886! 2LAffed-
di aneter, but the | am nat i ng step f a thicker GaN layer requires 15 nor e
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provide a light- emttlng device, nethod for naking the sane, andanltrlde

seni condappliringubbrasion, thhdt sumwe bhisuseethiodr combines tshedisemrestepeand nah| ght
extraction efficiency can be inproved w thout increasing production costs.
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substrat esn?gn a kP eoynitts{effd%s a result, the production cost of the light-emitting
device is 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 GaN layer
must be laminated with adequate thickness in order to form a projection with
a larger diameter, but the laminating step for a thicker GaN 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 nitride
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



sem conductor |ayer disposed on a first main surface side of the nitride

sem conduct or substrate; a p-type nitride sem conductor |ayer positioned
further anay fromthe nitride sem conductor substrate conpared to the n-type
nitride sem conductor |layer; and a light-emtting |ayer positioned between
the 5 n-type nitride sem conductor |ayed4 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 serd conductor bstr.ate ich.is the
o sur PaRCRbRERT clapbpotheted oy 5T HiRh "Bih crelage i Hhe PieriRe
projections are forned on the second main 10 surface of the nitride

sem condsemieondiesor aswhstrate; hit spgypecnitrile rremisphdnitoal layesj positomedar e
formed on the second main surface la, which is the light-emtting surface

of the niffihde awe oI dHE ffridd Remieiuctdr siBstraftechnphisd tOBBe Actypds
|l enses to allow efficient extraction of |ight perpendicular to the Second
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formed, when only a non-specular finish is applied to the second nain
surf ate ustypg mitkidd ssphigondnctor layier Anddheqrtypegnioide semidondwetbrtlayerigh
dicing or the like on the second main surface. A nethod for naking a
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according to the present invention includes: a step for preparing a nitride
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projections are formed through the renoval of sections of the 5
semiconductor substrate, which is the main surface opposite 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 la, which is 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

hemispherical projections. In the step for forming hemispherical projections,

hemispherical projections are formed through the removal of sections of the



second main surface by performng reactive ion etching on a second nmain
surface of the nitride sem conductor substrate, which is opposite froma
first main surface on which a light-emtting layer is formed. As a result,
the projections can be formed using reactive ion etching 5 w thout
requiring dicing or abrasion or the likg. 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 jnvention,to ﬁe magde at Iow&ost . In tge nitride send conduct or
substr at 6%8?“4 HRap} suzface; RY RREIAIMING) Feachiye dpm 4tehing, ogy acss 1HE0s or red
on one main surface. Wien this nitride sem conductor substrate is used to
make a | isgirfacendft thengitatele semnicamducte shatfatee vamchhiscéprdsétepfropeat firsts ar e
formed is used as the light-extraction surface of the light-emtting

devi ce, ihairSsPdac Qh%iehraahgh@eiﬂiamgmietrtiwarmg&.v! ce with high Iight
extraction efficiency conpared to when a substrate wwth 15 no projections

obj oot wi 1 SHbgFEACHHCBEOEEIaRS GHA AAERABnRoE: FoA et FAcing.

di stinguished from"filns" and "layers" that do not keep their own shapes
i ndepéndevithgut gequirgng alicipigngr addavionhor Hbeplikeethis muekes ah,pdseitile tioer i cal
projections are formed on a second nmain surface of a nitride sem conductor
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ight-emtting device that uses this nitride sem conductor substrate. 6
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 light-extraction
surface of the light-emitting device, it is 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 enough 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 nitride semiconductor substrate so that light

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

nitride semiconductor substrate.



BRI EF DESCRI PTION OF THE DRAWNGS Fig. | is a drawing showng a first
enbodi nent of an LED serving as a light-emtting device according to the
present invention. Fig. 2 is a drawing showing a | ayered structure
containing a light- 5 emtting layer fromthe LED fromFig. 1. Fig. 3 is a
fl owchart showi ng a nethod for making aschip 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

havi ng t he

structure shown in Fig. 2 is to be taken fromthe wafer. 10 Fig.

s a dr vl OE B LGy T AR DR NGSST (e 7ot embodi fent. of an

LED according to the present invention as shown in Fitg. 1
a'igl dniscr ArRWEng Rbowirg anerstEmbedimentgof an IHEP. se@ving asdr awi ng

15 Fig. 7 1is

t hrough Fig. 5.

showi ng the state of a wafer when a chip having a |ayered structure used in

the LED g

hetPe it thi@de BicaAdcdiding To the peedeatahva@ition. from the wafer. Fig. 9

is asinplified drawing show ng a second enbodi nent of a GaN 20 substrate
according to t esent, invention Jincludin l,tiple reqgions. that.. Wil
Form chi ps uscd 12 anen GRS RPN o bivee g bhEriec CHATINEC A Pt i g
10 is a sinplified detail_ plan drawng of a region X shown in Fig. 9. Fig.
11 i sda smyting layer frope thed B3 framAignd. al ong the XI-XI line 7

Fig. 3 is 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. 5 is a drawing showing the arrangement of electrodes shown in Fig.

Fig. 6 is 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 is 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 is 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



segnent in Fig. 10. Fig. 12 is a sinplified draw ng show ng a second
conparative sanple of an LED. Fig. 13 is a graph showing the results
determned froma simulation of 5 the relationship between hem spheri cal
projection height and Iight output. Fig. 14 is a drawing show ng the effect
of oxygen concentration to the specifit resistance of a GaN substrate. Fig.
15 is a draw ng showi ng the effect of oxygen concentration on transmttance
of light having a wavel ength of 450 nm when the thickness of a 10 GaN
substrate ise?]%O '.crgﬁs. Fig. 16 is a drawing showi ng, for the LED

accor di n§°&® én;rjﬂflgs t invention as shown in Fig. 1, the results of
measurenents of lanp |ight output and plane size through which current

f1 ows uni f or MiEigwh@ns laasyppléiel dealeing showize\a sebend abapasative diaff e erft

t hi cknesses and oxygen concentrations. 15 DETAILED DESCRI PTI ON OF THE

| NVENTI ON Negp. using the figures, enbodinents and exanpl es of the present
invention wll be described. In the figures below, |ike or associated

clerents  3re SEeLg1Et L ATSLAL i LAl SESEL P 808 SR ot o
serving as a light emtting device according to the present invention. Fig.
2 shobws @héaghteshsdtip betwieen heorisphexica) @rojéogiom keeiight iamg liglyteoutipuem t he LED
in Fig. 1. The first enbodi nent 8
Fig. 14 1s 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 is 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



of an LED according to the present invention will be described, with
references to Fig. 1 and Fig. 2. As shown in Fig. 1, a p-electrode 12 and a
| ayered structure containing a light-emtting layer, which will be
described in detail later, and the like are 5 fornmed on a first main
surface side of a GaN substrate 1. In t&i s enbodi ment, the p-electrode 12 is
down-nounted on a | ead-frane nount 2la using a conductive adhesive 14. A
second main surface la of the GaN substrate 1 is a surface that emts [|ight

f t he l.i POV LT I d_a.n-el.ect 11 is..di d t hi 10
SL?P ac e.e %l?&%%ﬂga%cé’k{q%%@?ﬁ%ﬁ%%?é’fr}"{‘fe’ﬁ‘gn rg’gﬂi}ee&?%?%:ﬁ E‘glfﬁﬁe 38’&?‘115\8/e i on
etching (RLE) on the second main surface la. The n-electrode 11 is di sposed

at  roughPyFight andnfe 2of the second main surface la so that it does not
cover the entire second nmain surface. The n-electrode 11 is disposed so

that it cover Ad figowARBFigl 1009-8lectroge ﬂ%rﬁphilﬁﬂ&e%zst_rﬁhﬁﬁe doheafigL @ct r ode
11 can be disposed so 15 that it covers one of the projections 82 entirely,

or it can. he disposed so that,it.;eaovers .ult.iple jections,,82,., However,
s | R TnRe, Wiith i BR Sl oeDRERLIAEE RERCHS TR he
n-electrode 11. If the opening ratio is high, the light that is blocked due
to the nfermedosda first maj 2¢e side aftre GalY substrateflf njthis gmblodiment,i ght
emtted outside is increased. 20 The n-electrode 11 is electrically

connect edhkOpidiectr6@s PLHs blownhbaindell onlR€ 1¥hd-Fralmbe atbulnte 21 aYRERE a
structure described above are sealed with an epoxy-based resin 15 serving

as a seal ing nenbery ot structure descri bed above, Fig. 2 shows a
det ai | ofcoPﬁ‘éCﬁlgﬁé‘ﬁgﬁﬂs"Frﬂgture fromthe GaN substrate | 9

A second main surface 1a of the GaN substrate 1 is 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 it 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 it

covers multiple projections 82. However, it is important that there is 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 is 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



to the p-electrode 12. In Fig. 2, the layered structure in Fig. 1is
vertically inverted. As shown in Fig. 2, an n-type GaN epitaxial layer 2 is
formed on the GaN substrate 1 and an n-type Al xGai-xN layer 3 is forned
thereon. On this is 5 fornmed a nmulti-quantumwell (MQN 4 fornmed from an

Al xGal-xN | ayer and an Al xInyGal -x-yN lgyer. A p-type Al xGai-xN |ayer 5 is
di sposed so that the nulti- quantumwell 4 is interposed between it and the
n-type AIxGal-xN | ayer 3. Al so, a type GaN layer 6 is dlsposed on the

p-type AI XN .| [ ture descrj bed. a i ght
emitted af epne(}?f 0@]%.3';% L}E’t §§£$ | 2y fig §%erei105t5slct gFl,lgIS gertt%ily
p-electrode 12 is formed and down-nounted on the p- type &GN | ayer 6 so that

it coversnvertedntire upper surface of the p-type GaN |ayer 6. Next, a
met hod for making the LED shown in Fig. 1 and Fig. 2 will be described

briefly, wth sefa6RRCaS Hif. B Gn A-tyPe WIN %ﬂaxél 15}2& 23id forfndd GHCRIL 15
showi ng a nethod for naki ng a Chlp used |n t own in Fig. 1 and Fig.
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arrangenment of the el ectrodes shown in Fig. 4. F| rst, a substrate
pr epapat i formetdepmdtioquaitown weil MQW3 4 formedf fomean AlE@aWéamleand aoal |y,
a GaN substrate is prepared first. Then, a filmformng nethod such as

MOCVD ( MeABIIn$GaaAt-§NChseE CAlp tsq&omx@%qqma Pb s QissaRAYd tHaRehbimhalkti-nai n

surface of the GaN substrate to formthe fo:y@ovm ng Iayered structure: (an
Si - doped n LA ntREn we'i‘l ‘ia'rrxte/rpgs?edsi)et%) e%dlt T fi%e ﬁ‘l t?fpg xGal xILIquer 9‘! Also,

a p-type GaN layer 6 is disposed on the p-type AliGaixN 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 is 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 (S10) 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



being a clad layer / an MW (nulti-quantumwell) fornmed fromnultiple two-

| ayer structures consisting of a GaN | ayer and an | no.15GaQ 85N | ayer / an
My- doped p-type Al o.2Gao. 8N | ayer being a clad |ayer / an My-doped p-type
GaN layer). Next, the wafer can be activated to | ower the resistance of the
My 5 doped p-type layer. The wafer is a0ched wth a Cl-based gas fromthe
My- doped p-type layer side to the Si-doped n-type | ayer using

phot ol ithography and RIE (reactive ion etching). Elenent separation grooves

25 are fqrmed f thIS shown.in 4, a nts are
separ at ed- "Ne&t© da BY & { ?HJ@W@W&H&P“&%&W@ ?Fm%‘ﬂgrqqlfmuh)tﬁ%a‘i‘%o
perforrred on 10 the back N surface, which is the second nain surface (min
sur f ace) layen slguctmins sopsistineof ad3abrlavehand andopimssNlayehi/cn Mge a
square shape when seen from above, at the chip centers at a predeterm ned

pitch (addpstianeepd AlyGagN Aager edilfl aFtlad Rlyer Then 'Mﬁl(ﬁﬁfeﬂoﬁ*% é GaN be

formed as a | ayered structure forne starting fromt e bottom ayer I n
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order_to have the contact resistance  between the n- eI ectrode 11 and the
back 8ur depedartyneclagen Ehestafer is elshad withdeChbased gag frame thrdWe:doped

conductor layer is formed in contact with the p-type GaN layer 20 and with

a pr edet ¢rtyipeckhyehisidd1 65 $hé Sifdopet trireype Blyretudide pHoRbliehcpFabBy dtERIE

conduct or Iayer can be forned by formng an N layer with a predeterm ned

(i cknessy aduhiolod bidinkf) BRORAGE MOLILANP RN LOYS o ANG LOLHT AGLORAY

Iayer a predeterm over t SUI’ ace t

Fig. 4 and 11
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 GaN 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



Fig. 5. In this case, in order to have the contact resistance between the
p- electrode and the p-type GaN | ayer be a predeterm ned val ue, the GaN
substrate can be heated in an inert gas atnosphere. Next, a step for formng
hem spherical projections using RIE (S20) 5 shown in Fig. 3 is perforned.
More specifically, RIE is perfornmed onjthe back surface (N surface) of the
GaN substrate to form hem spherical projections 82. The reactive gas to be
used in the RIE can be chlorine gas (Cl gas) or the like. Since the outer

perimeter,.sectipn of the regiopn o he N,surfgce on which {he n- ectrode
D £t oiga o1 sThafts 596, FeURIi PaF bR EOTIBEE SPFOMCE e Gyen Th P10 w th
a flat top surface is forned bel ow the n-electrode 11. The n-electrode 11 is

di sposedetactrite tagpl $hef pdgpef Gae lpyer dmt iaopredeterminkd RuFeppeheatGaN f or ns
hem spherical projections 82 in the regions of the N surface other than the

regi ons %hb@ﬂja%‘c%ﬁ%e%@dt@&tiﬁ%qﬁﬁlle}tlgéé SthBEPRere. The Wi dth W(see Fig. 4) of

the projections 82 is approxinmately tw ce the height of the projections 82.
The 15 height .of the projgctons 82 is.at, | east 0..2 m crons an o] e than
100 “ri crons. Nitto, i 90eflon olgnpgs b YO hRCAIn B b eoions e, TR (B
projection step (S20) to be perfornmed before the step for form ng the

n- el et r shewnlin Fesc3 ihpdrioamede MdteespecificadhoIRIE ns pegformeanan Eheg . bask
scribing is performed so that chip 20 boundaries 50 appear as side surfaces

and the Lasflchi(NIsGHaRS) $OIHE Ghlhiulsitriid RPfIRY hefSspRah& hrdgedtforls &2. 1,
the chip is nmounted so that the p-type GN layer side of the chip is in

I
com ot G L S8R S 16 BB T 485 M SAL °

Since 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 is

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, it would be possible for the RIE hemispherical projection step

(S20) to be performed before the step for forming the n-electrodes 11 described
above.

Then, as shown in Fig. 4 and Fig. 5, scribing is 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



applied to the nmounting section secures the light-emtting device and the
nmount and provides continuity. Then, after the n-electrode 11 and a | ead
section of the lead frane are connected by wire bonding, the epoxy-based
resin 15 seals the structure inresin so that a lanp is forned fromthe
light-emtting 5 device. Also, in order to inprove dissipation of heat from
the light-enitting device, nmounting ca® be perfornmed so that the entire
surface of the p-type GaN layer of the light-emtting device conmes into
contact with the nmounting section. Also, an Ag-based material, which has

good heaty LARAUES | tHet ﬁlo&ﬁﬁlé’ese‘d gﬁ fs&fureg N eC @ ‘ﬂfetnhi‘fﬁnﬁdﬁgﬂc)éeaﬁé tifend a

CuW based material, which has good heat 10 con uctivity, can be used for
the lead fra shows an alternativ npl e.of the first, e | ment
of Can' LEEROSRE s Bgoviseerinsnuie Thigerfem BROWE PGS 11 %P6 BRI o

5. Fig. 7 is a draw ng show ng the shape of the LED from Flg 6 when seen

f r om abowsectign of dht dead frame exanpheeciedtbjewite bondimyy dherepvxypbaaed kEfin
according to the 15 present invention will be described, with references to

Fig. 6 ang &g tKe sﬂ_ﬁﬁ:tﬁ@&E&éﬁﬂ éonth'i'tgi laanJmQ f(ﬁ‘nged rtﬂﬁ“ﬁﬁe qﬁﬁ%ﬁkﬁ the

sanme structure he LED s and Fig. except™ t hat

n-el egctrodes 11 edlnthe V|C|n|ty f the, four ers of t he GaN
subst éi%VKf% prin 1sOBY B SHRRYS disgimgtiost ghdiept grom. the i t@ecup 37

is di sposed sur r ounding the 20 nounted sem conductor chip. The rret hod f or
maki ng t eviceD nsérominng cakibg. pedfamdedisg thit tlse ertisestirfack pf the pstype GaNt he
nmet hod for making the LED shown in Fig. 1 and Fig. 2. Fig. 8 shows the
state of j1gy¥RbeIheRERt-8nGhiRe WeliteRohMESNES coh{d4e LR the mounting section.
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. Fig. 7Tis 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 Fig. 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 GaN 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 1s

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



used in the LED shown in Fig. 6 and Fig. 7 is to be taken. In this case,
since each chip has a greater nunber of the n-electrodes 11, it would be
preferable for the area of each n-electrode 11 to be smaller than the area
of the n- electrode 11 of the LED shown in Fig. 1 and Fig. 2. 5 (Second
enbodiment) In the first enbodi mrent deg@ri bed above, chi ps obtained by
scribing the GaN substrate 1 are nounted in lead franes to form
light-emtting devices. However, instead of separating the GaN substrate 1

into chi Q. faQr FHoht - em tti ng. deviges,» 1t here nmay be; cases when. handl i ng
o ade. Saelde BT R o i % ABHSE 756 Be Rk S TRt Rer | cal
projection formation step (S20) has been perfornmed to formthe

heni sphereaehlchip djasca igspategonwmbenof chr n-glassradesel 1. it preuldobe prefesalpl i fi ed
drawi ng show ng a second enbodi mrent of a GaN substrate according to the

present iféw &hti fFbaC 0Ntichi RelBrbd®! Bl 8 IbOaller thAhPehd Raba Wil thd GI-m
light-emtting devices. Fig. 10 is a sinplified detail 15 drawing of a

region X i 0, Fi — 11 is. a.Si i figed cross-section draw ng
along a Ie?ér}cg@eeg?r%ﬂ%“gl}& i%ﬁfsfﬂ?)%nlﬂin _1g16_arg£f‘§g1 in Fig. 9 through Fig.
11, nultigle hem spherical projections 82 are formed on the second main

surfage I(Gecansl embodimept)of the main surfaces of the GaN substrate 1. The

handling of nmultiple chips is made easier by handling themin the form where

20 the nultiplia e ftstadBbodinh&ier GedriBHasabRiee chiRebPiantady &diinbade
separated. [First exanple] In order to study the advantages of the

L\/ie?gt b??%érlgn, b%gfé;;t%ﬁjggrfa} g pn é{f %ﬁq%ah%gﬂfeisot%’ fotrrllﬁa lisg’c}lr{pelnglsctl%egsa{a\iziggsg bel ow
However, instead of separating the GaN substrate 1 into chips to form light-
emitting devices, there may be cases when handling is 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 la, which is 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



out put val ues were neasured for predetermned currents. First, the prepared
sanples will be described. (First invention sanple): The LED of the first
invention sanple is equipped with essentially the sane structure as the LED
shown in Fig. 1 and 5 Fig. 2. The method for nmaking the LED of the first
invention sanple is essentially simlarl4o the nethod for naking the
light-emtting device described with reference to Fig. 3 through Fig. 5.
Mor e speci fi cally, the follow ng operations are perforned. (51.1) A GaN

of f - substr Wi of f,set framthe c ane O,used. Th
oxygen concgﬁf &ﬁ‘il%snwgfetrﬂee tfgﬁtpéea&?rglé%?i%re?%e%d}”sitt BE%PFSHare nsity
was 1E7/cn2, and the thi ckness was 400 mcrons. (S1-2) MOCVD (netal organic
cheni cal spapiles waibloes desovjbegas used to formthe |ayered structure on the Ga
surface, which is the first main surface, of the GaN substrate: (Si-doped

n-type GaN | ay@irdt ivedRad sAniplpl Bhe. LEAY. SNtAS fisteinkitith dasipld {sayer /

an MQW (nul ti-quantumwel|) fornmed by stacking three two-|ayer structures

A 0. 200 BPRGL R RS A 48P soBie %3%93\7%5%%'5@%%1?’ BV By L A 51

The light_em ssion wavel ength was 450 nm_20 (S1-4) The wafer was activated
to reducdighe.r €besmetbed ofort maknpg ddise d-ER- o phe | ayssr inventidre sagenlei is es
were determ ned by Hall neasurenent and was 5E17/cnB for the My-doped

p-type Als2fBgli$Nsimilar dtheELBethdd fRfr hhgkiMy tHepekhR-dnyReingaNelvayer . 15
described with reference to Fig. 3 through Fig. 5. More specifically, the
following operations are performed.

(S1-1) 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/cm2, and the thickness was 400 microns.

(S1-2) 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 Alo.2GagsN

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 Ino 15GaossN layer
/ an Mg-doped p-type Alo2GaosN 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.



(51-5) Photolithography and RIE (reactive ion etching) were perforned on
the wafer using a O -based gas to etch fromthe M-doped p-type | ayer side
to the Si-doped n-type layer. As a result of this etching, elenent
separation grooves 25 were forned 5 as shown in Fig. 4, and the el enents
were separated. The width L3 of the elldnent separation grooves was 100

m crons. (51-6) Photolithography, vapor deposition, and lift-off were
performed on the back N surface, which is the second main surface of the

&GN bstrat e/qq] or.m:-M- el ectrode k.n are es when n from
abovzuwist h eachl %8 ésl?o&gllﬁéwwhg %‘gﬁﬁ% B)egéﬁi gdﬁnrﬁ%gﬁ%ré "(%Opéﬁ%ﬁ,’?%ﬁgo) at
the center of the chips at_a pitch of a distance L2 = 2 mm (see Fig. 4 and
Fig. 5).oRrdherwafer-usnga Chhesed gap 49 etel fram theYlg-depedf oitipel layercaide act

with the GaN substrate 1 wth the followi ng structure, starting fromthe

bottom {Jdthé 8ydbped nAtpe 1Aher! ayer 100 nm/ Ti layer 20 nm/ Au layer 200
nm. This was heated in a 15 nitrogen (N2) atnobsphere to obtain a contact

resi stance of ,no than.1E; .59 -cpP. (S1-7) For the p- ctro apn Ni
| ayer was for #gdagggl?gnqqgt@f&\ﬁt‘f}ﬁnghgmﬂ -er&/ﬁ%p qna%qo"\%fﬁf ¥ettii 3’%8@3 of 4
nm and on top of this an Au |ayer was formed over the entire surface with
a t hitknassshowny innf'ig Sbeamd gheselgmprts gves) separatpis Thes wadth d ofithe i nert
gas atnosphere to obtain a contact resistance of 5E-4S2 cn2. (51-8) Then,
react i veelediewt SdpargtioRtl deboves waerfoor siekons. t he N surface of the substrate.

As a result, multiple hem spherical projections were forned 16

(S1-6) Photolithography, 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 micronso) 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-
5Q cm?2.

(S1-7) For the p-electrode, an Ni layer was formed in contact with the p-
type GaN layer with a thickness of 4 nm, and 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?2,

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

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



on the N surface by renoving sections of the surface |ayer of the N |ayer.
On top of this, grooves 80 with V-shaped cross-sections were fornmed. As
shown in Fig. 4, the average val ue of the height T3 of the dome-shaped
projections 82 was 30 mcrons and the width of the projections 82 was 60

m crons. The 5 specific conditions for 16he reactive ion etching process were
as follows. First, the GaN substrate 1 was nounted in the processing
container of the RIRE device with the N surface facing up. Then, R E

pr ocessi S i t fal |l eu e onditi .20 orr
of pr essg)(ri’l eﬂ?engfg{éit?hg%g'pﬁegﬁ:%@gfgn%%ggﬁ §?\rl¥lg? ?Slgﬁg%&\/\?a}ﬁglé}gt& epfce)[v\nl/eSé ;e r'l(ag}%
chlorine (012) gas as the 10 reaction_gas; 50 sccm (standard cc/mn) (i.e.,
0.05 |it dPR/Okth)s, gFoovRs 89 svithiV-shaped kresssestigns weve, forgeds Ahshewadni on
gas; and 120 m nutes as the processing time. As aresult, multiple

henm spherligali, phejseragnsali vEtke hrigiRdTGoft tiee HompusKfeal phojebidoseiigat r at e.
(S1-9) Then, as shown in Fig. 4 and Fig. 5, scribing was perforned so 15

that the j _ i 5 e i f aggs ngl t ukhing
chips. 1t orabg) RRFH BRd-th BRGRACH 8o Sfecitner 83 wal R b EE Thene
the light emssion surface was 1.9 mmo (a square with 1.9 nm sides), and
the |9 ghtSPegidict ¢ansditipng dpr fhe reactipemon gbekingpprqcess averg, as dolipws. Birst,| =
1.9 Mmand L2 = 2 mm Also, the elenent separation groove width L3 = 100
m crons ahd Ga&N 3Qbsirdté Dvwds escinteiddin ahet procassingc towiéner 30Qhei RIBNs

(the n-electrode is 200 mcronso). (51-10) Referring to Fig. 1, the chip

bas, MOUNESAOMIHENR BakHe el kYTl IRIE! pHIRsEhie W BorfoRhRa

contact wt ane noun

using the following process conditions: 20 mtorr of pressure inside the
processing container; 300 W applied power; 100% chlorine (Cl2) gas as the
10  reaction gas; 50 sccm (standard cc/min) (i.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 hght-
emitting layer was 1.9 mmuo. More specifically, in Fig. 5, L1 = 1.9 mm and L2 =
2 mm. Also, the element separation groove width L3 = 100 microns and the
20 width D of each side of the n-electrode = 200 microns (the n-electrode is 200
micronsn).
(S1-10) 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



section 2l1la, resulting in the light-emtting device. The conductive adhesive
14 applied to the nmounting section secures the light-emtting device and
the nount and provides continuity. (51-11) In order to provi de good

di ssipation of heat fromthe light- 5 emitting device, the chip was nounted
so that the entire surface of the p-tyg§d§ GaN layer of the light-emtting
devi ce cones into contact with the nounting section. Al so, an Ag-based

mat erial, which has good heat conductivity, was wused for the adhesive, and

a CuWbased.materi al i ch has,.gpod heat onduGt,i vi t was used .for, the
Pead 11 apgeriog 2o, Sespfime IR pERR SR Rhe d585 S bontae iR 85 GRHE e
(51-12) Furthernore, the n-electrode and the | ead section of the lead frane
were condplied teithg wouwmtbuhdeagonasrtvans dbexlighteaittiogi devige amddhet o
seal the structure so that the light-emtting device forned a | anp. (First

conpar at inewsttaRd rovilies cbiEbneityt he first conparative sanple 15 was
equi pped with essentially the sane structure as the LED fromthe first

i nvention sa .1 QUi _the size of the hem spherj.cal pnrojections,for.ned on
the N surf acsS5i Dl otfel e pPayiterefil GRNPRIGR, of PBAtt ol IpbrHERE e
fromthe first invention sanple. Mre specifically, in the LED of the first
conpa¥P at iewmeittingrgsivace, tthe chip e mivainghd softhatdhiecsnitarshenifaed obthe ectyipens
formed on the N 20 surface of the GaN substrate 1 was 20 nm (0. 02 m crons),
and the &£ Nagtr tofiehe Qi ghteshitng: \#esicdeonted tatRdcdtitacORsth theembahtiag for

maki ng the LED of the first conparative sanple was as follows. 18
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 an(i 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
invention 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.



(S2.1) - (S2-7): Essentially the same as (51-1) - (51-7) of the first

I nvention sanple. (S2-8): Essentially simlar to (S1-8) of the first

i nvention sanple, but the RIE process conditions are different. More
specifically, the RIE processing 5 tine was 5 seconds. As a result, the
aver age height of the hem spherical prq@gections 82 was 20 nm (0.02 m crons)
and the width of the projections 82 was 40 nm (0.04 mcrons). (52-9) -
(S2-12): Essentially the sane as (S1-9) - (S1-12) of the first invention

sanple. In ot _Wor thennet hod, f maki ng th of ot he first .1
conpar ati ve SSS% ]gpi S{s@sﬁénﬁs%@f q%y Fa{nc? f’ﬁe@tﬁ? @ihﬁn‘éitﬁﬁ {EFR% first
i nvention sanple, but the RIE processing tine is different at the step

(52-8), lwmnﬂi\omsﬂmdponds to the step (51-8) of the first invention sanple
(the RIE processing tine is shorter in the first conparative sanple). As a

result, the Hghoi)t FaBENMAIY Riflat 6 (S0/gyRA tRE ErSE ARG sam$lé, ang thidan t he
hei ght and 15 width of the first inventi on sarrpl e. (Second corrpar at Ive

I d
casent 2l oo eoniae R APRet MPe PRBIRRIS, SRERTE nitdrisiog ) o

except that hem spherical projections are not formed on the N surface of
the GAN dubstwased Iseggndpos anresudt, the aperpgel heighty of ates haplisphexdcalr awi ng
of the LED of the second conparative sanple. The nmethod for meking the LED

of the se¢reEtieARTEY HdsvR0 SRAPOOYASicrdss)f sd eHE -widkB- dD) the pRHedtions 82
Essentially the sane as (51-1) - (S1-7) of the first 19

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 is 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.

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



i nvention sanple. (53-8) - (53-11): Essentially the sane as (S1-9) - (51-12)
of the first invention sanple. (Tests and results) 5 The first invention
sanple and the first and second conparative sanples were nounted in
integrating spheres, a predetermned current (2 A) was applied and the
resulting light was focused and |ight qgtput froma detector were conpared.
As a result, the first invention sanple provided an output of 1.1 W The
output fromthe first conparative sanple was 0.8 W The 10 output fromthe
second conﬁarati ve s?rrpl e was 0.8 W Thus, the first invention sanple, in
whi ch t h& KM FBMPST proj ections 82 having a predeternined size were
formed by performng RIE on the light exit side (the second main surface
side) of the E8BHub4$B3dflY, HssemtidHy thieghame aghiSlodk puS1-t2nphrthd fixstt he
first and second conparative sanples because of reasons such 15 as

rel ativekyyvbige saRple@ct boundary surface area between the GaN substrate 1
and the epoxy-based resin 15, the tendency for total internal reflection at
the boundary iurface touﬁ)e)prevent ed due to the boundary surface having
vari ous anglé estsiand ¥esW) i he 1ight-enitting surfaces, and the like. The
first invention sanple and the first conparative sanple described 20 above
diffed only i Thehefusst zenventidie deenpleplard dhle ffirsf eand osscodd, cantpdarhtive

rel ati onshi p between the size (height) of the hem spherical projections 82
and  the shingllbs QerRUhoWRBed §h ShIAREHink GRS 2a @Hbéetriuaﬂegmﬁrémé g are
shown in Fig. 13. Fig. 13 is a dgraph showng the results froma sinulation
for 20

was applied and the resulting light was focused and light output from a

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

invention 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



determ ning the relationship between hem spherical projection height and

| i ght output. The horizontal axis of Fig. 13 indicates hem spherical
projection height (unit: mcrons). The horizontal axis has a logarithmc
scale. Also, the wvertical axis of Fig. 13 indicates light output (unit: W.
In Fig. 13, the test 5 results for the first invention sanple and the first
conparative sanple described above ar20i ndi cated by bl ack squares and the
rel ati onshi p between the hem spherical projection height and |ight out put
as determned fromthe sinmulation is indicated by a solid line. As shown in

Fig. 13, | t - fr t RN E(oT2 when e
hei ght 09 H{Iﬁéﬂ 1%’2‘2% stg%e?%ﬁtgglofm%@ pﬂrbgr}gc i ghgﬂ éé?%%ale £ J%P%g}é‘ra%%l\.%is%%%pt i ons
made i n ihg si mul ate,fon were that the essential structure. of the LED was the
sane as HEHt oytruhelhe herlzpﬁwn@mérpfsﬁiwpﬂé inqicatpgthesnisphpricelprojection

hem spherical projections (done structures) fornmed together were

henm spheherghit (umishaperonsheTheihghizoatal heishieas sphgmirithimier wiadst Aos thas 15
defined as the average height of the projections. The average hei ght (and

i dth) i ] j £ i - \Whog t . i ned
hunber of TSNS Pl (RS THAIARS Henp e (@RS 100 I R 23, BRETRLEL T T
t hree random positions_on the N surface of the substrate are studied_at a

pr edét er RESHEES agntha dimst olvemdion vammplej andi dhe Bred sepmarativeasammly from

20 the fields of view Then, height and width data is neasured for the 3

posi ti ondescribedabpec tiroifdicated byoplack i sofusireanthdathayelasphshiy) betwsen
calcul ated for the height and width data. An average height and width for

the proj ggs ih%%sﬁﬂ&i@fl pﬂﬂ&@ﬂl&f%eﬁéhtt Bhd lwgﬁtpll?tlas determined from the

simulation is 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.



[ Second exanple] In the second exanple of the present invention, the

rel ati onship between oxygen concentration of the GaN substrate and specific
resistance and light transmttance was determ ned. Based on this
relationship, it is possible 5 to determ ne the relationship between opti nal
GaN substrate thickness and oxygen corlentration for a predetermned |ight
em ssion area in p-dowm nounting, i.e., alight-emtting device in which
the GaN substrate is the light- emtting surface. Since, as described above,
in p-down rmur‘[g nﬁgla t he ”lﬁﬂt' em ssion surface is the GaN substrate, oxygen
concentrati on, “\Wh %efigmf jor 10 factor in specific resistance and |ight
transmttance, is especially inportant. Fig. 14 shows the effect of oxygen
concentrati on lan thee sepend f ¢xamplesiodt she eprisenheirGemtings thet relaBaselipon
Fig. 14, a specific resistance of no nore than 0.5 12cm can be achi eved

W th an GergesnxyeitdatéMratondf theTBAN s/ ABGndpRififtehisthnce hs the
ef fect of oxygen concentration on the 15 transmttance of light at a

wavel ength .Qf, 450 _nm when th hi ckngss, of ;the,, GaN.substrate, is 400
i or ons. et traRspEANE Srac Attt Beded ot e, ralRtions R, 3h 1 pOSERl ¢ ha
the transmttance of the light with wavel ength 450 nm decreases suddenly.

Fig. 34 derdletegming thigorelatianshipchetasdemyoptimanGadbsuvbstrate ithickmedsi@ad t he
specific resistance of the GaN substrate and 20 enlarges the |ight-em ssion

surface hykygeRdueRcerithLtibh afoxat E?é@e&e%iﬁ&t? liglthtemistons arkf RN -AUkat rat es
used in light-emtting devices that are p-down nounted, the oxygen
o b fBtinel Tey 4 BB aRyiRint MR o RRH B Gl SunbGef 18 e RERE: ©
emitting surface. Since, as described above, in p-down mounting, the light-
emission surface is the GaN substrate, oxygen concentration, which is a major
10 factor in specific resistance and light transmittance, is 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. 15 shows the effect of oxygen concentration on the

15 transmittance of light at a wavelength of 450 nm when the thickness of the
GaN substrate 1s 400 microns. If the oxygen concentration exceeds 2E19/cm3,
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 GaN 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 i1s extremely important.



Fig. '16 shows, for the LED according to the present invention shown in Fig.
1, the results of neasuring light output and the plane size through which
current flows uniformy when | anps are made from GaN substrates with

di fferent thicknesses and oxygen concentrations. The LED was made using 5
steps essentially the sanme as those of gphe first invention sanple descri bed
above. As can be seen fromFig. 16, in terns of the |ight output fromthe

| anp, light output tends to decrease as the thickness increases or the
oxygen content_. ingreases. Also._jn ter of the maxi mum pl ane sjze through
Wy oh cur rent g 1B SROvmEeOMA ;«,ﬂ?ﬁécv 0 to CRAFTEEET T, Shee in

t hi ckness i ncreases or the oxygen concentration increases. Referring to
Fig. 16, Hif. 1htherendtsofmenburinghigit chtpatrarmhthe pldos sizg thirbagh wisich
square with 4 nmsides (5 mmsides), for a GaN substrate with a thickness

of 200 m.grAng, ﬂﬂarsoﬁﬁ%?xﬁﬁngﬁQﬁ.r%tgg}?@ vﬁ}F’I ﬁfadee?xgatm Gééﬁ\{ B stAlted withast

8E18/cnB for a square w nm si provide |i out put of ‘a

| east 8 when 20 is applied to the LED of t pr, nt invention when
the LED expnt Pﬁgﬁ%"& sqyyggeecoaqceg@@t}ﬁr@rgﬁg%l(eﬁissﬂagr@a t #51860

m cron sides) and the light em ssion layer is 300 mcronso. |In other words,
for an lsEpoestdgigllyshatsdameedd ithosd bétthesfigst3iitremtivrogasplardescrihed
current 20 density is adjusted to the application of 20 mA, this corresponds
to the gppl,kcation of 3.6 A (5.6 A) for a square with 4 nmsides (5 nm

sides), an uni formlight output can be obtained with a |ight output of at
least 1.4 W (2 3 V\}bpro to.the 5.6 A.
As can be

23 seegofict)rin iagl 16, in tern%g %lfitﬁg l{:gtflrtro%r]t%)u(t)ffro?)mGthé lgmp,
light output tends to decrease as the thickness increases or the oxygen content
increases. 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 increases.

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 micronso (a square with 300

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

an LED of the present invention that is 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).



For the same target performance as the 200 mcron thickness exanple, in a
400 m cron thickness GaN substrate, an oxygen concentration of at |east
3E18/cnB for a square with 4 mm sides can be used (an oxygen concentration
of at least 4E18/cnB for a square with 5 nm sides). However, at 400 micron 5
t hi ckness, optical output correspondi n@3to at |east 8 mMiWwhen 20 mA is
applied to the LED of the present invention with the size described above
can be obtained only when the oxygen thickness is no nore than 2E19/ cn8.

be obtain en thickness is no mre |
[ g val udioF o Ens ARG Bbflbblief o b b AR BiBlart e Rpeh Rl

optical .10 output for_ 20 mA with the LED of the present invention with the
si ze deséRidd00 apisyen jthickness (sal¥rgupsératghanpyodyiggresoncratrati@EBAL dBstwhi ch
is the oxygen concentration for uniformcurrent flowin a square with 4 mm

sides. BEIB/crhh€or0¥ gRiare Witk kihi sifled 880 %hd 18dd (Belokykoe coheyetrhiion
conditions is a narrow range. For a square with 3 mm sides, the oxygen

et/ ons O &4 S 475 st SRR withE e, RlaesF SRR CH DT blerpa s o

conmpared to_ that of the square with 4 nmsides. Al so, according to Fig. 16,
when @ he thigkarasssptieak patraiN comsspeading do godeatc SomsWV. vy #0c muhsis | t
can be seen that for allowing current to flow 20 uniformly in a square with

10 mm si dgplieddooidical.BI) bftiadpraseng ihvehtiah withtheSsigd\debcbédubowbean20 mA
is applied with the LED of the present invention wth the size described

above, "t g ByGEn GAYGTALE Bhi B EANBICkR AIRMIALELY i A gFfar act i cal use.

It can be 'seen a hi ekn mcrons, this TS

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/cm3, 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 is 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



possible for an oxygen content with a lower Iimt that is |ess than
2E19/cnB8. Also, at a thickness of 400 mcrons, 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 the exanples of the present invention
wi |l be sunmarized below. As shown in Byg. 1 and Fig. 6, a light-emtting
devi ce according to the present invention is equipped with a nitride

sem conductor substrate (the GaN substrate 1); an n-type nitride

ur f ace EobRRl M en 0 ReRcoblen oAl e b Gt 4Rht et a2 18R

sem conduct or | ayer (the p-type Al XGai-XN | ayer 5) positioned further away
from t he Adbe,ratda thnkiness @f ct06r mserons; thie is glossible with tare oxygerp eomtient iofle

sem conductor |l ayer; and a |light-em ssion layer (multi-quantumwell (MW

4)) posi ki 6t SEtsesn the n-type nitride sem conductor |ayer and the p-type
nitride semconductor layer. In this light-emtting device, the p-type

itride 15 i dyct I i i - t ed, d L,i ght, i itted
from the secolartnaltholkh tREE may G pleriet ik the exaniiles deStmtabde r om
the first main surface of the nitride sem conductor substrate.

Herm sphethe gkammd¢eef thensregent imeerftiomwill e suremsgizadobetaivn surface | a of
the nitride sem conductor substrate. 20 Wth this structure, since

hem spheri cal Ay gh@whiianPig8A ah8 Figl TG H?ht-bhﬁtﬁﬁﬁ%ié@h@co’iﬁiﬁ %6 tha.
which is the light exit surface of the nitride sem conductor substrate, the

RS HE N AR TNt XN TR SRR IR

substrate 1); an n-type nitride semiconductor layer (the n-type Al,GaixN layer
3) on the first main surface side of the nitride semiconductor substrate; a p-

10 type semiconductor layer (the p-type AlyGa;4N 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 is emitted from the
second main surface 1a, which is the main surface opposite from the first main
surface of the nitride semiconductor substrate. Hemispherical 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 1la, 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



surface la. As a result, the light usage efficiency of the light-emtting
device can be inproved conpared to when no projections 82 are fornmed, when
a non- specular finishis sinply applied to the second main surface |a using
a KOH solution or the like, or when dicing or the like is perforned to form
a groove on 5 the second nain surface2ba. Also, in the structure descri bed
above, the n-electrode 11 is disposed on the back surface (the second nmain
surface) of the nitride sem conductor substrate (the GaN substrate 1),

whi ch hag, s koW el 26t L&l T@3) ALANGSaef WHAGRhey L (ARNIEM Colthd B pughout

the n|tr|%e sentconduc

i.e., the o&enl ng ratlo |s high for the n-electrode 11, As a result the
propor t i 60 oF IMBFRVeshsnpatedato WeneRs BE0JeetIeRT Bacredormed, MRt 8dnomingd t he
i ght em ssion efficiency can be increased. O course, the em ssion of

| i ght caspé@alarfirmieR i8atimply yapplied tohthe econd NRiiA tficeCta MdinglassKOHom t he
side surface. The sane applies to the light emtting devices described

bel ow. 1§ fo‘h oP Fl&‘& i*iktehﬁ;j1 R;ﬂe\ﬁp&lcﬂ&r%{)f Pe g&@‘lg g;%?fb(ih}%rd I ¥Fm 3'% dghch has

a high rical resrstance, Is em ssion Yae8, the
p-type electrode | ayer %the electrode 12) can be formed over the entire
surfae bpe ??Fé)ndpmta\}{ééuﬁ acei ke seni conductor |ayer, thus providing a

structure that is advantageous for using high currents while limting heat

gener ati on as Ales,| inathe? ftructunef degeribg dothaeatke nielattrodbus), is @isposed bans
i nposed by heat-rel ated factors are significantly relaxed. As a result,

here i | | d
there isg es e t%&f € (thd WLhs dx? a)?;%ln%ﬁﬁaéé)t &f t%fé Ha& &‘iﬁchﬂgﬁct%?

n- eIectro ke i n or reduce rical resistance

substrate (the GaN substrate 1), which has a low electrical resistance, current
is able to flow throughout the nitride semiconductor substrate even when the

10 cover ratio is low, i.e., the opening ratio is 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 is
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 is no need to use a comb-shape
with interleaved p-electrodes and n-electrodes or the like in order to reduce the

electrical resistance.



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

| ight-em tting device descri bed above, 26he 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

i nous 11 uxr r e R iR AR ARG, b8 bbriot Sndpd T ires, 7

(0<=x<=1) is used to formthe nitri de sem conductor substrate, an LED
i ght - emi% Miongeed\iocprewdde e Spsciddpinspetiom qirquit der sageoveltagess Whilbst r at e
with good heat conductivity, i.e., superior heat dissipation. As a result,

adequat estipatiotlilighpaliage résiPanse bisepiededhalsd)i Ghce WohfPlex dRdSedding S
applied, thus maki ng it possible to reduce damage to the LED caused by heat .

15 This E&éﬁsalje 95 Q§ae\ryp§r8&@ an i’&rffécg eefrt#estlt); ISGE’IUCE% ce that can out put

stabl e t2oVer & ong rio tting device
descri bed above, the nitride senlconductor substrate can be the &N
substtate 1. Tndhedighiiomitting device descyibed abpvsudhe nifxide emigpnducta t he

oxygen concentration can be at least 1E17 (1 x 20 1017)/cn8, and no nore

t han 2E18ub&tritel b9 /benforrhed t frvf (@SN, o UALEHM, N olgsc=xutril) offrithet Faigh t he
GaN substrate 1 so that adequate | i ght can be emtted fromroughly the

SIL1 eSSBS YLk, Shel B S HIBbAR o A1 S "0
density can be applied to the substrate, making it possible to emit high
luminance (high luminous flux) from the light-emitting device. Also, if GaN or

10  Al,Ga;xN (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-emitting device that can output stable
light over a long period of time.

In the light-emitting device described above, the nitride semiconductor
substrate can be the GaN substrate 1. The GaN substrate 1 is n-typed through
oxygen doping and the oxygen concentration can be at least 1E17 (1 X

20 10'7)/cm3, and no more than 2E19 (2 x 1019)/cm3. In this case, current flows
uniformly through the GaN 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



t he hem spherical projections 82 can be at least 0.2 mcrons and no nore
than 100 mcrons, and the thickness T2 (see Fig. 4) of the sections not
formed 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. Al so, ghe wwdth (W (see Fig. 4) of the
projections 82 can be approximately double the height T3 of the projections
82, and nore specifically at least 0.4 mcrons and no nore than 200

m crons. 0, L he height .T2. an he ,w dt f, the projegtions 82 can be
The aver it Bmitpiferli HHoie et op LAY Badt Rz BBl hF nogB0rafafige

hei ght and average w dth can be determ ned, for 10 exanple, by nmeasuring the
hei ght ahB0wnisrensfand phethicknesndi (peadie. 41 of phejsectivnn votfermed wutht i ng
the averages. More specifically, height and width can be nmeasured for five

randon ytse! pefadiodsojsechldns the thRkhlest dexisf of ithw hitridd he@fichAdE@BY Poi Nt s
on the N surface of the substrate when observed at a predeterm ned

or o ect | Shesthne b Go SPAeilee R0 B B RRRCLOP uBtnats R mdgnpy? v ™2

cal cul ati ng t he average val ues fO( the height and w dth data. Regarding
fresrel PO mieropas Adso,| thenwidthe( W aer ddes 4dfoft the prejectione 8% canhbe
nitride sem conductor substrate (the GaN substrate 1) appear and |ight

extract i gfpRffihGiteiCdoublp the dieigen F3aflthe WijectionsBZ andl mbbée spééificillye is
at 20 | east approximately (wavelength of light to be extracted: A)/(index of

vaver engbhioarShE BBt A BETEET S 2o RSRbR pgthe SRR bThe. | o

420 nm - 480 nmand the nitride sem conductor substrate is the GN
subst r at @1dth ¥ ef theipxolgetipns Bacandbe dlge average height and the average width

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 x 5 = 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 light, 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
light to be extracted from the light-emitting device is 420 nm - 480 nm and the

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



of the GaN substrate 1 is 2.5. Based on this data, we determ ne the |ower
limt of the size of the structure at which Iight extraction efficiency

i nproves. As a result, it is believed that if the size of the structure is
at least 0.2 mcrons (200 nm, the advantages of the structure cone into
effect, and the light extraction 5 effpgiency fromthe second main surface
la, which is the light extraction surface, inproves. Also, while |arger
structures show greater optical extraction efficiency, if the size (e.qg.,

t he hei ght,,J3 the struyct t he, projections 8 beco oo | arge,

f or mat i 08% &he pﬁ‘% SPEFE@%‘? (L)irfg L%é %@%‘ﬁingg %}%‘i@t@o Pi‘é%ﬁ%tﬁﬁmm&ggﬁtl??@r ?%&ﬁat i on
of the projections 82 beconmes tinme-consunmng, the 10 production period of

t he |i ghef &he sizengl tha/sbaictere at mdrickedightl extractadry efficienesasinpyovdse As a
production costs of the light-emtting device. As a result, a value of
appr oxi mag&lly, itQ9 believeEhaR1T the S99 6f thed 8EhuRbur B #€lea b0 P Hnkicrlodls (ng

projections 82 that can be formed within a practical processing peri
Al so, since.,the widith Wof..the projections 82 mill b roxi nmatel y twce
the-hei ght: the Bdlanliens, Shita FrobBuE orde dotttelibch g ERIER SRirartioR han
200 mcrons. Also, regarding the thickness of the nitride _sem conductor
substd at effagieneshdremcthe rgecandr mainesyrfa¢e cha, owbi@p iar thendightoextgdctione
thickness T2 at the thinnest sections of the GaN substrate 1 between

adj acent sfrfaceCinmPrsve82Also, iwhike mg@ie@ﬁ@fcymté% dHoW epentad optidhPekirablipRSs to
allow current supply to the light 20 emtting |ayer (the 4) to flow

the” cur r SMIERpiF SHE RV R tHESHeSRRY T08 U7 i o, PrnistuaRe i o

surface | a side does not flow adequately through the entire surface of the
| i ght - enPEEQIRY togylarge; fermptiencof they Hrpigetions oB? tecagesgtime-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 nitride 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 (.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 1la side does not flow adequately through

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



emtted efficiently fromthe entire surface of the light-emtting |ayer).
Thus, in order to provide adequate flow of the current supplied to the GaN
substrate, it would be preferable for the thickness Ti of the nitride

sem conductor substrate at the sections on which the projections 82 are not
formed to be at least 100 5 mcrons. BO order to formthe projections 82 as
| arge as possible, a greater thickness Ti for the GaN substrate 1 woul d be
effective. However, if the thickness Ti of the GaN substrate 1 is too
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becones too I ow. Al so, as the GaN substrate 1 becones thicker, the materi al
costs foprderetacareyds adegnate floy efi thetairyent supphied do ithe gradtsmbspraseiuidt i on
costs for the light-emtting device. Taking these factors into account, an

upper | i mdul@beapriferabla el thesfHickhedsoNs of e hitgidd Seéridoadactor ffbsthe AN
substrate 1 at the sections on which the projections 82 15 are not forned
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above, it would be preferable for the height T3 of the hem spherical
pr oj e%ti@hlé}r@@-to be at least 1 mcron and nore preferably 2 mcrons. Al so,
it would be preferable for the height T3 of the 20 projections 82 to be no

nmore than 80 Fhcbed. tbfforfie the gptojectidies B maciagel A9Mddathlej ghigreatiet i ng
device is blue light, the present inventor has determ ned that a hei ght of
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thickness T1 of the GaN substrate 1 is too great, the transmittance of the GaN
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, it 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 is 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, it



woul d be preferable for the height of the projections 82 to be at least 1
mcron. Also, if the height of the projections 82 is at least 2 mcrons, it
is possible to reliably inprove |ight extraction efficiency. In the
light-emtting device described above, the projections 82 can be 5 forned
on the second main surface la using red0tive 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 c i L a | Gl i | rfqrmed.
Thi s e bR TR E (GRS B HE rOlcekids B2 e pl ifndin BERH Mg
devi ce. %3 Aige%hod_for making a light-emtting device equi pped with a
nitride 2489k dRackaisht ofibhe mroiechions 8f iy at deaste pricsens, it igaraspible to
includes: a step for preparing a nitride sem conductor substrate (substrate
pr epar at irelialsliyemproSé Yght extvcharicat efficiericyf or m ng hem spherical projections
(RIE hem spherical projection formation step (S20)). In the hem spheri cal

projection fo | O . ' igal .0 | @8s re
formed by r engg?ttr}lfge Isig%?f%lhg&%é %%?7 %cee Islgste:\c(gn rrglmr;:%sur a%ggjggﬁ%é ggr?aglrzpngng
reactjve ion(ftching on the second, main surface |la of the nitrijde

seni condiemeed omnthe seeond mraln,RnEaeR tlaaHaIng) reagsesiare etqhing: Adus the nain
surface on the side where the light-emitting layer is forned. 20 This nakes
It possi brejetidohor§t tcha pe ofoemieidonsif? reattive dant étching® nwithbabireguinihpout
requiring dicing or abrasion or the like. This nmakes it possible to
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device can be simplified compared to when dicing or the like is performed. This
makes it possible to reduce production costs for the light-emitting device.

10 A method for making a light-emitting device equipped with a nitride
semiconductor substrate according to the present invention includes: a step for
preparing a nitride semiconductor substrate (substrate preparation step
(510)); 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 1la 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
is 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-



emtting device of the present invention at a low cost. In the nitride

sem conduct or substrate (the GaN substrate 1) according to the present

i nvention, the hem spherical projections 82 are forned on a single main
surface (the second main surface la). In this case, using the 5 nitride

sem conductor substrate (the GaN substrate 1) to nmake the light- emtting
devi ce and using the surface on which 8he projections 82 are formed as the
| i ght-extraction surface of the light-emtting device, it is possible to
make a light-emtting device with higher |ight extraction efficiency

conpar ed endiftins dedice oT¥hs Pratenhtomvehtiol dtheldw epgctions 82 are not forned.
10 The nitride sem conductor substrate can be the GaN substrate 1. The GaN

bstrate 1 i 1t d.th h i ng, [ ld b f er abl
For the oxygel™ dBRABRTAS RO BINHOE Fopalare (U Caly sERtuPsna) BredoE no
nore than 2E19 atons/cnB. In this case, since current can flow uniformy

t hr ough t®hdéherpresentzinventienr the hemispbguigak nrojpetionan8darenformed bnom 15
roughly the entire second nmain surface of the GaN substrate 1 in the |ight-

em tti ngsHRNS GRaldRirifdenthiehSedotld TNt satficd - 14 9BT Thitd chBe Q¥ Bhe
concentration in the GaN substrate 1 serving as the nitride sem conduct or
substg ate
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ultimately resulting in a lowlight transm ttance for the GN substrate 1.
Al so, ifemttingdesicecont asingthesusfacen wdnck dbstnrejectibniss82 pes fonmed 1E17
atons/cnB, the specific resistance of the GaN substrate 1 is |owered so
that t heagWheelight6Rfalctdnf s@fath&f G Hghslehatéing 86vicdeit3s%s possible to
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 is n-typed through oxygen doping, and it would be preferable
for the oxygen concentration to be at least 1E17 oxygen atoms/cm3 and no
more than 2E19 atoms/cm3. In this case, since current can flow uniformly
through the entire GaN substrate 1, adequate light can be emitted from
15 roughly the entire second main surface of the GaN substrate 1 in the light-
emitting device made using the GaN substrate 1.
Regarding the oxygen concentration in the GaN substrate 1 serving as
the nitride semiconductor substrate, if the concentration exceeds 2E19
atoms/cm3, the transmittance for light (especially blue light) of the GaN
20 substrate 1 is reduced, ultimately resulting in a low light transmittance for the
GaN substrate 1. Also, if the oxygen concentration of the GaN substrate 1 is

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



el ectrodes is not supplied with adequate uniformty to the light-emtting
|layer 4. As a result, the light output fromthe light-emtting device is
lower. In the nitride sem conductor substrate, the height of the

hem spherical projections 82 can be at least 0.2 mcrons and no nore than
100 microns. 5 Regarding the thicknes82of the nitride sem conductor
substrate, the thickness T2 (see Fig. 4) at the sections at which the
projections 82 are not fornmed can be at |east 100 microns and no nore t han

appr oxi malapyAesits ol WekERSechlfe, uittorficy 15, RE YeBET clibiOGAP 20,

nor e speC|f|caII . can _be at least 0.4 mc¢rons and no 10 nore than 200
i crons. Ast%¥9§‘@h§be Light oty feare shedightemithmg davdcots lowerpr of ect i ons 82
cone into effect and the |light extraction efficiency can be inproved in the

light- enittibg thevhitadehimi¢saduitoe substrate, the hoight éfhthephOmesiliceial 82 are
formed as the light- extraction surface. |If the height of the projections

[ t t £
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T3 of _the projections 8% IS nﬁ nmore _than 100 mcrons, the processmg time
for the %@geﬁlm@ themthicknesgyof thri nitgide permiqomdustey sabstsate, sheihigknessi n a

practical range. Al so, if, when the thickness T2 of the nitride
sen condI@ @ee Fupstr @it theadectidh stdtenkizht thensrojdutionstd®aps apefdrnsdsca2bar e not
formed is at |least 100 mcrons, the |ight- em'tting device is nade using a
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substrate so that It ws through t ‘emtting

4) of the ht-emittin evi ce. Also i f
) 4) o% ghe prOJectlong 8% can be approx1mately 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 light-
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 is 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 is 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



the thickness T2 at the sections on which the projections 82 are not forned
IS no nore than 600 mcrons, the problemrelating to the reduction in |ight
transmttance in the substrate can be restricted. In the nitride

sem conductor substrate described above, it would be 5 preferable for the
hei ght T3 of the hem spherical projectB8dns 82 to be at least 1 mcron and

nore preferably 2 mcrons. Also, it would be preferable for the height T3
of the projections 82 to be nore preferably no nore than 80 m crons. Wen

the ligh ERT Vi ' [ . tr A he .hei ght
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efficiency of the surface (the second nmain surface la) on_which the

proj ect i BRsmeye fhar §0Remictanspdhei problemagelafingripothal redngtaeR dnt Hehken t he
projections 82 are not forned. Also, if the height T3 of the projections 82

I's at | easinstnittdredasthetubstigie @aarbntestrictdde | i ght extraction efficiency
will be provided reliably. 15 In the nitride sem conductor substrate

descri bed aboYﬁ’tlﬁhiiﬁﬁfé es%%igﬁd¥&ﬁr C&{bsfefatfe‘)ﬁ@?&i&éh Gy e GO W IR Be
surface |la through réeactive 1on etching. nthrs case, the projections 82
can be fornged throug{ll reactive ion etching wthout requiring dicing or

e

abr as? onPseferaile fpx he height, B3 of the hemipphenieal prpiedienss8? §¢ berad laast 1 de

sem conductor substrate is sinplified conpared to when 20 dicing or the
li ke is pdtfor amd more pdederabdesZ mijerows Alsesdntvesuldnbedinefntadlador ekanpl es
of the present invention but the above enbodi nents and exanpl es of the

present hb%ﬂr'}f‘o:% 813%‘?6 BrojblRbns 8% 2Bk G0 R PrefBfabi§ MPmBle tHEN BOSRERbns.

i nvention

When the light-emitting device is made using the GaN substrate 1, if
the height T3 of the projections 82 is 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 1a through reactive ion etching.
In this case, the projections 82 can be formed through reactive ion etching
without requiring dicing or abrasion or the like. As a result, the production
steps for the nitride semiconductor substrate is simplified compared to when
20  dicing or the like is 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



restricted to these enbodi ments of the invention. The scope of the invention
is indicated by the scope of the clains and al so enconpasses the scope of
equi val ences with the clainms. In the light-emtting device of the present
invention, a nitride 5 sem conductor substrate with high conductivity is
used, hem spherical projections are f@dned on the |ight-em ssion surface,
and p-down nounting is perfornmed. As a result: (1) light extraction

ef ficiency can be inproved; (2) high- output light em ssion is possible with
superi or R SSI i i LK onpl ex electr S
structur é'ga%{"éga zﬁégg%éogﬂlé’%g‘&?ﬁ%?ﬁyhﬁ s&ge&{&\il(%rggraﬁ ﬁgpoé)r?do th r g%l-vgg B 1|‘Sg ht

em ssion and superior static voltage resistance is provided wthout

requi ri ngngicabest vt itha seaneuiof ther chimeanthlsneendognassas t thengeepe mint
fromtransient voltages and static discharge; (4) since there are no

si gni fi ceguivalesesywithwte daihisom hi gh i ndex of refraction to | ow i ndex of
refraction going fromthe light-emtting |ayer to the substrate, total
internal reflggti t S -QCC t e.ld -em ttj: | ement
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degradation,of(ihe side surface, resulting fromtotal interpal reflection;
(5) s?ncéemigpdydonpubsigate vih high goaductivilye iss usgdnebamigpherical

hi gh-capacity power supplies, making the structure especially suited for
aut onot i \peojections katiformddwre else lighk-drhissinpurfacsd) sid pedown mekAasting is
production easy and inexpensive and easy to maintain as well. As a result,
it is ex { 4 | j ' f . {.ange
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output light emission is 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 light-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 is expected that the present invention will be used over a broad

range of illumination products, including automotive illumination devices.



1. Alight-emtting device equipped with: a nitride sem conductor substrate;
an n-type nitride sem conductor |ayer disposed on a first primary surface
side of 5 said nitride sem conductor substrate; a p-type nitride

sem conductor |ayer positioned further away fromsaid nitride sem conductor
substrate conpared to said n-type nitBbde senm conductor |ayer; and a
light-emtting | ayer positioned between said n-type nitride sem conduct or

| ayer and said p-type nitride sem conductor layer, 10 said light-emtting
device wherein: said p-type nitride ggRigapductor |ayer side is down-nounted
and light is emtted froma second main surface of said nitride

sem conduct or substrate, which is a nmain surface opposite fromsaid first
mai n surface; and hem spherical projections are formed on said second nain
surface of 15 said nitride sem conductor substrate. 2. Alight-emtting
devi ce ad. Anlightiemifiting deeice:eqappe dintith:denseidecssmiconhductartathsatate] ana GaN
substrate; and said GaN substrate is n-typed through oxygen doping, and

oxygen ﬁo%%nﬁft?itd'g\o i%ﬁgﬁ&ubﬁ?ﬁ%yéﬁﬂsxﬂs@ﬁxf:% @%rﬁ?x%agfrsar?mn%ia\%hjog Cein:

atons/cnB. 720 3. -emtting device as 1n clai alm

sai d hem spher.ical projections have a height of at .Least 0.2 mcropns and no
v 6 & haRAlhGuHIRs SAErlogRANGIOs SHBstE Rice K U LYRB AT SSarmCAPARFiRE. Ioyer

sem conduct or substrate, sections 36 on which said projections are not
formed havsitionddi fikmbes avfayafroneasid itriderisemicmndandonsubstrate kampeEod
m crons.
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,
10 said light-emitting device 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; and
hemispherical projections are formed on said second main surface of
15 said nitride semiconductor substrate.
2. A light-emitting device as in claim 1 wherein:
said nitride semiconductor substrate is a GaN substrate; and
saild GaN substrate i1s n-typed through oxygen doping, and oxygen
concentration is at least 1E17 atoms/cm3 and no more than 2E19 atoms/cm3.
20 3. A light-emitting device as in claim 1 or claim 2 wherein:
said henﬁspherical projections have 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



4. Alight-emtting device as in any one of claim1 through claim3 wherein
said projections are fornmed on said second nmain surface by performng
reactive 5 ion etching. 5. A nmethod for making a light-emtting device

equi pped with a nitride sem conductor substrate, said nethod for nmaking a
light-emitting device conprising: a sB&p for preparing a nitride

sem conduct or substrate; and 10 a step for form ng hem spherical projections
on a second nmain surface of said nitride sem conductor substrate, which is

a mi n of ' sa nduct or substrate
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substrate wherein_hem spherical projections are 15 formed on one main
sur f ace. microns and no more than 600 microns.

4. A light-emitting device as in any one of claim 1 through claim 3 wherein
said projections are formed on said second main surface by performing reactive
5 1on etching.
5. A method for making a light-emitting device equipped with a nitride
semiconductor substrate, said method for making a light-emitting device
comprising:
a step for preparing a nitride semiconductor substrate; and
10 a step for forming hemispherical projections on a second main surface of
said nitride semiconductor substrate, which is a side opposite from a first main
surface on which a light-emitting layer is formed, by performing reactive ion
etching.
6. A nitride semiconductor substrate wherein hemispherical projections are

15 formed on one main surface.



