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LI GHT-EM TTI NG DEVI CE 5 BACKGROUND OF THE | NVENTI ON Fi el d of on
This invention relates to an epitaxialy substrate for a conmpound «ggo2»

sem conductor light-emtting device conposed of stacked | ayers of
nitride-systemlIll-V Goup conpound sem conductor thin film a net hod for
produci ng the sane, and a 10 light-emtting device. Background Art |11]-V

Group conpound semi conduct or s r?ﬁm@ptﬁ%wvglmlgﬁ\ner al fmwmlmﬁlmmum”m
I n, ~GayAl ZN (where x +y +z =1 <x <1 0 <_ are
known as nmaterials for purple, bI ue and green |ight- emtt| ng dhedes and
bl ue and green laser 15 diodes. In the followi ng, the synbols x, y and z

appearing in this gerangl fSUB'S’TRA?E@@E@(‘EW@HND‘S@MI@GWDU@dK‘N m xed

crystal ratio, GaN m xed crystal ratio and AIN m xed crystal ratio,

respectively. |jdpY EMPMINCGDROYCE, SETHODHOR PRODYEING GHIBSANE ARES

containing InN at a mxed crystal ratio of 10% or greater, are especially

i mportant for display applicatippsgbPaoavseNdeEvieR ssi on wavel ength in the
visible region can be 2 0 regulated by adjusting the InN m xed crystal
ratio. It is known that the physical properties of conpound sem conductors
are strongly affected by their m xed crystal ratios For exanple, a

GaAl N-sytsstem mi xed cryst al gk &ROTNIDTF TAERSVENERINENt t her nal

stability and can therefore be grown at a
Field of the Invention

This invention relates to an epitaxial substrate for a compound semiconductor
light-emitting device composed of stacked layers of nitride-system III-V Group
compound semiconductor thin film, a method for producing the same, and a

10 light-emitting device.

Background Art
III-V Group compound semiconductors represented by the general formula
InyGayAlLN (where x+ y+z=1 0<x <1, 05y <1, 0< z £1) are known as
materials for purple, blue and green light-emitting diodes and blue and green laser
15 diodes. In the following, the symbols x, y and z appearing in this general formula are
sometimes used to denote InN mixed crystal ratio, GaN mixed crystal ratio and AIN
mixed crystal ratio, respectively. III-V Group compound semiconductors, particularly
those containing InN at a mixed crystal ratio of 10% or greater, are especially important
for display applications because their emission wavelength in the visible region can be
20 regulated by adjusting the InN mixed crystal ratio.
It is known that the physical properties of compound semiconductors are
strongly affected by their mixed crystal ratios For example, a GaAlIN-sytstem mixed

crystal containing no In has excellent thermal stability and can therefore be grown at a



2 tenperature of 1,000 C or higher to obtain good crystallinity. In
contrast, the thermal stability of an InGAI N-system m xed crystal

. (containing In), though differing with the InN m xed crystal ratio, is not
so good, so this conpound sem conductey is generally grown at a relatively
| ow tenperature of around 800 C. As a result, the 5 I nGAI N-system m xed
crystal growth |ayer constituting an inportant growth | ayer of the
light-emtting |ayer structure of a visible-light-region light-emtting
device has to be grown_at a | ow.tenperature and is therefore frequentl

i nadequat e ittmperatupmet §088°Ciarhighen to abtain gead grysiallingy da qoRbrast; &jlnttb@mail ting
| ayer structure has been grown, it  is overlaid wwth a p-type |ayer that has
to be grown SEPIKY Bf anln gyfstany mixed q%élr(cwalmao%ttgewgh ¢i8ering pigh)thy
unstable light-emtting |ayer structure fromthis high growth tenperature,

t he convent 1M dnixgd &atsgaé datip ds PRLIGENd spdhis comppynd feryicengugtqs iy gerarale

| ayer havi ng hi gh heat resistance on the Iiﬁght-en‘itti ng | ayer structure and
then grow t BEOWA t §tped |T8lativelyn [aw o tammpsratuse; peoped 800 2Chi 4% grissrln the
tenperature. This protective layer is an inportant |ayer that not only

wor kst 05 pr deGeAIN-pysters mixemherysidl growih lavsy epnsiitutingran iepogtangrowth layep of
strong effect on the em ssion characteristics of the light-emtting device.
Speci fi cal | yhe lightiemitgingdaxer stiy@ureed ajvisibledight-srgienslighteanatting| deyice hagtastks on

i s caused by reconbi nati on of holes effecti vel%/ injected into the .

| i ght - em t t SRR ahadewstempenatire apd isitherplorg frequeatly inadequate inddersral sigbility.

protective layer with electrons injected into the light-emtting |ayer
structure from it Onthaetheshand, opge @F@Gh"?'@'@“&ﬁﬁ&hﬁ,‘@qﬁé has been gTawy, ibis hol e
injection into the light-em tting |ayer structure fromthe p-type |ayer
side, it isoperkae Mgt 8 priype dayer ;sgastf@éttpxb@ grayBratijohigh temperaiyse ]g‘d?fé%tq vity
or n-type conductivity of low carrjer density. However, when a protective
| ayer cbht aPratery the tharmally,wnstable hightemisting (3ysr Sryewre drom ghis highygrewth he
light-emtting |ayer structure was %romn, the 5 crystallinity of the,
protective femperatiee, the comationslinsactics hassherefose been de firsingromaa tpretective
defects, therefore, it exhibits high n-type conductivity of ordinary
carrier dendyeyhavieg high heayj issistangs @ the étigggerylttwg lageresirucire andhthen grow the
light-emtting | ayer structure is therefore |owered and it becones

di fficult ta-tiphlapercomthgprategiivelavier alsa bigh grgwibitempgratuthie prot ective | ayer
and p-type layer growth conditions therefore have to be optim zed fromthe
two aspects of i nmbhisviraigcibyeotagen is\aa igwortgniianercthainaotreninmerks typrotest the
injection efficiency. The protective layer is required to protect the

| i ght - ek t t lighf-¢mijting layersrugiuse butalsorhagta stiong effpstian the emissioni oharaktegibtics
crystal quality, to control conductivity for ensuring effjcient hole

i nj ection fpbthetlightymitfing desiger Spagifisallydt kS daeplycinvelveddn theypriocess wherehye.
The prior art provides two nethods for enabling this optimzation: (a) the
10 net hod ofighti emissipnois sausad phorecombieationy ef helesaelleatvelynénjedtechtintagthene
protective | ayer to the growmh tenperature of a p-type GaN | ayer (contact

| ayer), andlightremittingglayey stgectuse frpoy the @-tzanlayay Ermed og the pratecsivedayien withf
formng a protective |ayer as_an Al-free GaN | ayer growable at a | ow

t enper at ur egle¢trensdpigciediiniadhe §shtrrmittingslagen stryctuge From itclopres sidet Inerdertper
and meki ng the background-type carrier density sonewhat | ow. 15 However,

when nethodeghancs thezdtigiensy of hple pestiontiptpethe &ébtrelmgrs‘@g Baergstaitire from the
p-type layer side, it is preferable for the protective layer to have p-type conductivity or
n-type conductivity of low carrier density.
However, when a protective layer containing Al is grown at the same
temperature as that at which the light-emitting layer structure was grown, the
)5 crystallinity of the protective layer is not good. Owing to the presence of many lattice

defects, therefore, it exhibits high n-type conductivity of ordinary carrier density The



| east a given thickness to prevent degradation of the p-type GaN | ayer
(contact layer) in the course of growth. Since the resulting increase in

. layer thickness separates the pn junction interface fromthe light-emtting
| ayer structure, the efficiency of holg injection into the light-emtting

| ayer structure decreases. Mreover, owng to the fact that the 2 0
performance of the AlGaN | ayer as a protective |ayer declines with
decreasing Al content, the GaN protective | ayer of the prior art nethod (b)
al so has to jpedifrERRRAGy bPhblel ligRQnliftAlk 1R '

l'i ght-em ssiloj‘r?céf ficienc ca% Eg{ig?(%zg%%% lgugl\/%%\rﬁ@é@@gﬁ%ﬁﬁ% B\VIVC %d

obj ect of th&dR KERiks NG {oOsRhicde high BV bAHRsRA cBRlidpRy! al substrate for 2
5 conmpound sem conductor [i1ght-emtting device, a nmethod for producing the
sane and a 4 |i ofe@icbid Ay eHIdCR 19l 1hi k| RwiES Rititl e

t he above-nenti oned pﬁr?ol:?l ens ?'n prﬁgrwgrt%. g,ibl\not er 6%&&&8%??&%%&%@%;
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protective |c@¥&[cti@'ﬁ? fopeengﬁrgiﬂé)%ﬂi&é’rﬁr h&lE inficBOAEFAL fhe! gltff;\ffe? efSinfcC S Ur €

excel l ent 10 protective performnce even en the prote ayer i s made

thin and to),,BCEQRA] Q%lesth;&&gt ion efficiency and enhance |ight-em ssi oh
ef ficiency b)$ bri nglﬁ%g the p-type layer close to the light-emtting |ayer
structure. A feat t i i ' hata i n SRkt axi

The hfor 41 pRIVRS tyo et 2o leEabth hls o hiERdE g(lhﬁghe

substrate for conpotrtd sem conduct or f-emttin i ce conpr a
doubl e- pgt eQerhd DB ik hidwiRg a |pdtELtive layer of AlGaN, then heating the protective layer

to the growth temperature of a p-type GaN layer (contact layer), and finally growing
the p-type GaN layer, and (b) the method of forming a protective layer as an Al-free
GaN layer growable at a low temperature, thereby enhancing the crystallinity of the
protective layer and making the background-type carrier density somewhat low.

15 However, when method (a) is adopted, the protective layer must be grown to at
least a given thickness to prevent degradation of the p-type GaN layer (contact layer) in
the course of growth. Since the resulting increase in layer thickness separates the pn
junction interface from the light-emitting layer structure, the efficiency of hole injection
into the light-emitting layer structure decreases. Moreover, owing to the fact that the

20  performance of the AlGaN layer as a protective layer declines with decreasing Al
content, the GaN protective layer of the prior art method (b) also has to be increased in

thickness, so that no improvement in light-emission efficiency can be expected.

SUMMARY OF THE INVENTION
An object of the present invention is to provide an epitaxial substrate for

25  compound semiconductor light-emitting device, a method for producing the same and a



15 structure, it includes a pn junction and a p-type |ayer side |ayer
structure fornmed in contact with the light-emtting |ayer structure
.including in order fromthe layer in contact with the light-emtting |ayer
structure an n-type first layer repregented by InXAlYGZN (x +y +z =1, 0
< x<_ 1, 0< y< 1 0<_ z < 1), ap-type second |layer represented by

In"Al"GaWN (u + v + w=1 0O0<a<_ 1, 0< v< 1,  0< w< 1) anda 2 0
p-type third | ayer represented by InPAIgGa, N(p +qg+r =1, 0 <_ p < 1,

0 <_ g <_ 1,0 s I < ..each. . t l.aye ' o, | L e act
wWthits neihéﬁ 8‘?“?‘{‘1‘% (lleswc}:?r ZJ?IQ%@ dh'[%g%t %ﬁﬁhicg%n%\%é%@%% 5045%? ﬁ‘jéé)’f'?’?s

| ayer is in . Of < dl < 200 and a thickness d2 (A) of the second
| ayer is inp%ibéex@? 1c§far§. < d2 <_ 30,000. Another feature of the present

for conpound som ASREE B DS Pl hPaER 19 Fhhotids Al s iR

( evice, a g era
of Lhe 11 Stk ieia QRS BERNIN ERRRIAIAS, R O HIRERENI Y 210
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conmpound sem conduc emtting i ce-conprisin e-hetero

light-em tti P&gértaéﬁg%&t Jnﬁcehg;pgﬁggtlf,}]e?Qa'n%?e?madila& ia§8csd 0 18 0kufe RiderREe

| ayer side Ipay cture
10 protective performance even when the protective layer is made thin and to increase hole

injection efficiency and enhance light-emission efficiency by bringing the p-type layer
close to the light-emitting layer structure.
A feature of the present invention is that in an epitaxial substrate for compound
semiconductor light-emitting device comprising a double-hetero light-emitting layer
15 structure, it includes a pn junction and a p-type layer side layer structure formed in
contact with the light-emitting layer structure including in order from the layer in
contact with the light-emitting layer structure an n-type first layer represented by
IncAlyGa,N (x+ y+2z=1,0<x £1,0<y <1, 0< z <1), a p-type second layer
represented by In,AlLGayN (u+ v+ w=1,0<u <1, 0<v<1],0<w<1l)and a
20 p-type third layer represented by In,Al;GaN (p+q+r=1,0<p £1,0<q <1,0<
r <1), each of the three layers being formed in contact with its neighbor. It is
preferred that a thickness d, (A) of the first layer is in the range of 5 < d; <200 and a
thickness d; (A) of the second layer is in the range of 5 < d; < 30,000.
Another feature of the present invention is that, in the method for producing an
25 epitaxial substrate for compound semiconductor light-emitting device, a growth

temperature T of the first layer and a growth temperature of T, of the second layer are



contact with the light-emtting |layer structure including in order fromthe
| ayer in 15 contact with the light-emtting |ayer structure an n-type first
. layer represented by InXAlyGZN (x +y +z =1, 0 < x < 1, 0< y< 1, 0
< z <_ 1), an n-type second | ayer re%resented by In"TAl"GaWN (u + v + w =
1, 0< a<_ 1, 0< v <1, 0< w<_1) and a p-type third | ayer
represented by Ir~ AlgG~N (p + g +r =1, 0<p< 1, 0<g<_1 0<r <

1), each of the three layers being formed in contact with its neighbor, 2 0

Here, it is preferre h . -+ype dopant density of the second layer is
not less th ad%t‘gsﬁﬁﬁyEhgraf%lfi&gﬂesg%df%n?’gr eater than 1 x 10z1 cm 3, and the

Gt 37 v cover , 1+ Coobiep epdid s R RhuloR 48 8oy o6 B 1R o gl 0,

isinthera f < dl.< 200 and a thickness dz (A) of the second | ayer
is in the rg#%gyg}erglagoﬁszhlpg.— 6 500, Another feature of the present

invention is that a gowh tenperature Tl of the first layer and a gowh
tenperature of TZ of the second |ayer are nmade to satisfy the relationship

Tl < Tz. Here, itds p red th se | ayer is grown to satisfy
the 5 rel ationshi t8§§21=z§@ &z 3{993%6{25 g?ﬂgz < S00) 1,150 > T2 >

700, Wne%e TZ (O Ti §,¢£825_gr788vth tee@:g{)%tofl{rﬁgm) the second | ayer and d2 (-~)

is the thickness of =t econd | ay e hvention will be better
under st ood and ot her objects and advantages thereof will be nore apparent
fromthe follow ng detail ed description of preferred enbodi nents with

Lefer ence Qaer CESPARK AL AT: B SR A S R
I nvention. of the second layer.

Light-emitting device with excellent emission characteristics is produced by
fabricating the light-emitting device using the epitaxial substrate produced in the
10 foregoing manner.

A feature of the present invention is that in an epitaxial substrate for compound
semiconductor light-emitting device comprising a double-hetero light-emitting layer
structure, it includes a pn junction and a p-type layer side layer structure formed in
contact with the light-emitting layer structure including in order from the layer in

15 contact with the light-emitting layer structure an n-type first layer represented by
IncAl,Ga,N (x+y+z=10<x <1,0<y <1, 0<z <1), an n-type second layer
represented by In,AlGau,N (u+ v+ w=1,0<u <1,0<v <1,0<w<1)and a
p-type third layer represented by In,Al;GaN (p+q+r=1,0<p <1,0<q £1,0<
r <1), each of the three layers being formed in contact with its neighbor.

20 Here, it is preferred that the p-type dopant density of the second layer is not
less than 1 x 10"7 cm™ and not greater than 1 x 10%! cm™, and the n-type carrier density

of the second layer is not greater than 1 x 10" cm™.

Moreover, it is preferred that a thickness d, (A) of the first layer is in the range

of 5 < d; <200 and a thickness d; (A) of the second layer is in the range of 5 < d; <



15 Fig. 2 is a table summarizing data related to first to eighth working
exanpl es of the present invention and first to third conparative exanpl es.
,Fig. 3 is a graph created using data fromFig. 2 to illustrate how | um nous
intensity varies as a function of secqnd |ayer thickness and growh
tenperature in a light-emtting device structured in the manner of Fig. 1.
2 0Fig. 4is atable summarizing data related to ninth to sixteenth
wor ki ng exanpl es of the present invention. DETAI LED DESCRI PTI ON OF THE
PREFERRED EMﬁ@DINENT 7 Fig. 1 shows the |ayer structure of a

light-emtti device that is an enbodi nent of the present invention. The

I i ght - emttlng dev abri ed usi n.e

substrate for d*ﬁ?gli'ﬁﬁgo %&ﬁ%ﬁ%ﬂr@fw urvea{wn gﬁﬁ&q ﬂ&“ﬁ‘é%@éﬁ’é‘é@o lcﬂ)}lﬁg to

t he present nventr 0 | ayer str ttin ce
20 w11 o AR Bt Bt RRE iR oL T Of fher et ey r'é%épéeﬂ#g%

buf fer Iayer n-type (a ayer

| ayer 5 forrfﬁét‘?‘i‘?h&;r/ﬁbrqg gegeabtdﬁ Feéerg%@g}%tgée?naba%eﬁﬂ tgsrag%j'ﬁﬁa sing
t he net al or glnr.c Ylalﬁpr phase epitaxial (MOWPE) process. An AI GaN | ayer 6 is
formed om t yer 5 and a light-emtting |layer 10 structure 7 is
formed on the AlGaN | ayer 6. The AlGaN layer 6 and light-emtting |ayer
structure 7 are forrred successively by MOVPE epitaxial growh. It should be
noted that the in se of a sapphire substrate as
in this enbodi nent'?25 %8'}6?_37\9 ri ous%ﬁgt go trates are al so usabl e,
including a Si C %@O ig [&r e reduced in dislocation density by enbedded
growt h, 15 GaN-on- subk e, free-standing GaN substrate, ALN substrate
and the |ike. Mreover, the buffer |ayer need not necessarily be fornmed of
a lowtenperature GaN Iayer but can instead be made of any of various other

mat eri als, inclugdi l.o rature AN er at

| ow t enper at";}?eé ?h@/l %teWR@turTﬁgtqe s&mn%gﬁyetrta]nﬁ K% h‘éf‘r‘ﬂw&? e 7,
which is a d bl e- Qﬂﬁt ro structure having 2 0 a pn junction, is conposed of
a multilayer® E:ltfasﬁt’ structure constituted of |InGaN Iayers 7A and GaN

| ayers grown aI ernately i 0 sets, and.an.ln a own on the
upper nost set . r‘BWF’WOPveqe&’S&Fr“@f &Pd?rﬁ@ogn’@ﬂl\f’tﬁ%y@{’le aptages
p-type Iayer Si de ee-| ayer struyctur osed, of, fi seco nd third
yore i o”f dhereet wil % P S wttﬁ wrpgrﬂetaéwt‘iqswgptroayef pestiried ur o
7. Inthis e glrrent E PE{E si,de .structure formed in
contact wit (fMPREImMents Wit ﬁ?thePFFg qt %/l qcog{p,a%lp&déa“;t 2% conposed of, in order

fromthe layer in contact with the light-emtting |ayer structure 8

BRRIEF EXPLANATION OF THE DRAWING
Fig. 1 is a structural diagram showing an embodiment of the present invention.
15 Fig. 2 is a table summarizing data related to first to eighth working examples
of the present invention and first to third comparative examples.
Fig. 3 is a graph created using data from Fig. 2 to illustrate how luminous
intensity varies as a function of second layer thickness and growth temperature in a
light-emitting device structured in the manner of Fig. 1.
20 Fig. 4 is a table summarizing data related to ninth to sixteenth working

examples of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT



7, an n-type AlGN layer (first layer) 9, AlGaN : My | ayer (second |ayer)
10°and GaN My layer (third layer) 11. The three layers are forned each in
.contact with its neighbor. The first layer, i.e., the n-type AlGN | ayer 9,
is formed by crystal growth using MOVRE at the sane tenperature of 780 C as
used for the InGN |layer 8. The 5 second layer, i.e., the AlGaN : My | ayer
10, is fornmed by crystal growth using MOVPE at a higher tenperature of
1,000 C than that used for the n type AlGN layer 9. The third | ayer, i.e
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It should be noted that the invention is not limited to use of a sapphire
substrate as in this embodiment. Any of various other substrates are also usable,
including a SiC, GaN substrate reduced in dislocation density by embedded growth,

15 GaN-on-Si substrate, free-standing GaN substrate, AIN substrate and the like.
Moreover, the buffer layer need not necessarily be formed of a low-temperature GaN
layer but can instead be made of any of various other materials, including
low-temperature AIN, low-temperature AlGaN, low-temperature InGaAIN and the like.

The light-emitting layer structure 7, which is a double-hetero-structure having

20  apn junction, is composed of a multilayer quantum well structure constituted of InGaN
layers 7A and GaN layers 7B grown alternately in four sets, and an InGaN layer 8
grown on the uppermost set. The growth temperature of the InGaN layer 8 is 780 °C. A
p-type layer side three-layer structure composed of first, second and third layers is
formed on and in contact with the light-emitting layer structure 7. In this embodiment,

25  the p-type layer side structure formed in contact with the light-emitting layer structure 7

is composed of, in order from the layer in contact with the light-emitting layer structure



9 device 20 can be enhanced. Although the AlGaN : My (second) layer 10 in
the enbodi nent of Fig. 1 has p-type conductivity, it is not limted to this
. conductivity type and can have n-type conductivity instead. Formation of
the second | ayer as an n-type conpound, 5 sem conductor can be achi eved by

changing the growth conditions. Even it the second layer is formed as an
n-type AlGaN : My | ayer instead of the p-type AlGaN : My | ayer 10, the
InGaN | ayers 7A and 8 can still be effectively protected from heat during
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11 range of |ayer thickness depends on the Al content of the first |ayer
and the growth tenperature of the second | ayer. The thickness of the first
. layer nust be increased in proportion as its Al content is |lower in order
to achi eve adequate protective perforrmgance. The thickness of the second

| ayer must be increased in proportionas its 5 growh tenperature is higher
in order to prevent high-tenperature degradation of the light-emtting

| ayer structure. The second layer will now be explained. Fromthe viewpoint

of enhancing, the,light-em tting characteristics by effective carrier
conf i nenent %leyll‘fgzhfg%g%ﬁﬂﬁfl&%? the second layer is preferably set high so
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13 higher. An increase in carrier density lowers the hole injection
efficiency to the light-emitting |ayer structure and, by this, nmay decrease
. the light-em ssion efficiency. This nmust be prevented by naking the

t hi ckness of the layer small. Represefging the thickness dz and grow h
tenperature Tz of the second |ayer on the x-axis and y-axis, the 5
preferable ranges of the thickness and growh tenperature of an n-type
second | ayer can be defined as: S <dz< 500 Tz>_0.4dz+700 |,150 > Tz >_ 700.
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| ayer may be eit p-type or n-type. en the conducti vi t he “second
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The preferable range of the Al content of the first layer is defined with
consideration to the fact that excessive Al degrades surface flatness and other
crystalline properties, while insufficient Al degrades protective performance, which

15 makes it necessary to increase the layer thickness and it leads to degrade the
light-emission efficiency. In light of these factors, the Al content is preferably in the
approximate range of 0— 0.5. The preferable range of Al content depends on the
thickness of the first layer and the growth temperature of the second layer. The Al
content must be increased to strengthen protective performance in proportion as the

20 first layer is thinner and the growth temperature of the second layer is higher.

The preferable range of the thickness of the first layer is defined with
consideration to the fact that when it is too great, the layer becomes poor in crystallinity
and the hole injection efficiency decreases to lower the light-emission efficiency, while
when it is too small, the protective performance of the layer declines, which leads to

25 degradation of the light-emitting layer structure. In light of these factors, the thickness

of the first layer is preferably in the approximate range of 5 A — 200 A. The preferable



preferably made as snmall as possible so as not to degrade hole injection

efficiency. The range of carrier density is therefore preferably

. approximately 1 X 1014 Cn3 - 1 x 1019 Cn 3, nore preferably 1 X 1014 Cn 3
- 1 x 101%$ cm 3. 15 The carrier densi ? can be controlled by controlling

the gromh tenperature, I1/11I ratio 2 eed ratio of p-type dopant to Il

G oup source material; the p-type dopant flowrate if the supply of 11

G oup source material is constant), and the VIII ratio (ratio of V Goup
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the prefer a%h?ci&{é}% %r&foﬂ?&{ £ e %r@»(rthttgﬁlperature is lower. To prevent degradation by

this mechanism, the Al content has to be reduced to maintain good crystallinity. The

20 tendency toward n-type conductivity also increases to degrade hole injection efficiency
in proportion as the p-type dopant flow rate is smaller. To prevent this type of
degradation by this mechanism, the Al content has to be reduced to suppress the
tendency toward n-type conductivity. In addition, decline in crystallinity owing to
increase in strain caused by lattice mismatching is liable to become more pronounced

25  with increasing layer thickness. The Al content must be made small to prevent this.

Explanation will now be made regarding the thickness of the second layer. The



2 5 second | ayer has to be increased to obtain p-type or lowdensity n-type
conductivity. In the case of fabricating a light-emtting device using a
_111-V Goup 16 conpound sem conductor, a step of doping with a p-type
dopant is indispensable. However, the p-type dopant source material remains
in the reaction furnace, where it adversely affects the next growth process
by giving rise to a nenory effect. Mre specifically, when a new substrate
is set in the reaction furnace and the next epitaxial 5 gromh process is
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temperature is lower, the p-type dopant flow rate of is smaller and the Al content is



18 The substrate was next set in another MOVPE growt h furnace and the Al GaN
My | ayer 10 was grown as the second |ayer with an Al content of 0.05 using
. NH3 and MO as sources gases and NZ a carrier gas. Here, the flow rate of
the EtCp 2My supplied as the My naterjgl was set at 600 sccm growh was
continued to 250 t1 at 1,000 C, 5 the reaction furnace tenperature was
raised to 1,040 C, and the GaN : My layer 11 was grown. The result was
taken out of the growmh furnace as an epitaxial substrate for a conpound
sem conduct %gﬂe}rgﬁtﬁf gmé%&é 9 ?rYérC@ensiH”go@Qﬁt el Role SfRelioR eFridilhcy? t& pPound

sem conduct or mtting device produced In the foregoi ng nmanner was
heat treated; i i 8 s N4 GLIRSRO BB -afis@sn kEidiBlcS t he
)| t :
AlGaN : M ?@E%ﬁﬁﬁnﬂﬁ/gﬁ @%dtg}ﬁ?ﬁ&ﬁf:% ?}%ﬁ?rdﬁml ayeé 11 Fovd-ltrgelm stance
ptype | ayergye Moyt ethiTRHesdl dfné 133 maf REPrednhl
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formed by p bieNQHEAPYY 1heMHickAess Ghg Hroth Ripe AR Tron 4-8iR*RESRI 18 N
| ayer. Al te?’?%rtgl?ye?%n%vaw a plgtte?n for an n el ectrode wagyp?or med on the
dry-etched Yk Laass qhotolithography, Al was deposited by vacuum vapor
deposition, and an el ectrode pattern was forned by liftoff to serve as the
n electrode 12. The el ectrode area of the p eledctrode 13 was 3 .14 x 10'i
cn2. 2 0 An epitaxial substrate for a conpound sem conductor light-emtting
devi ce produced i@g@e<§6{5 egoi ng manner was used to fabricate a
sem conductor light=emfting device. The light-emtting device was applied
wth voltage to exan i $§ogM ssion characteristic in the wafer state. The
light-emtting deﬁc‘:‘ed?ﬁ/gzs ?8und to exhibit excellent em ssion
characteristics off {x,S0p Bo@gat 20 mA forward current and leak 2 5 current
of 0.25 nA at 5 Viéevérse hias. In order to assess the conductivity of the
second | ayer grown under the 19 foregoing conditions, undoped GaN was
grown to a thickness of 3 pmon a sapphire substrate and an AlGaN : My
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tenperature, Fayer thickness, | ow rate.

conditions 10 - I taﬁgip@' { sem ot gﬁm

sumari zed %ﬁaﬁaﬁ"gaﬁﬁh ah%fibéé)%ntggfot}{%&gwgﬁésgldtnﬁ%ﬁg tﬁgﬁ)segd?:%ﬁ(? fIaayer
f or med Al C : 1 -type dopant, it exhibited n-type
conduct?éit qg%seacgvg%- ?fﬂ)‘%ﬂ%&ﬁeﬂg&aénsity of not greater than 1 x 1019 cm
3, avalue falling within the scope of the ninth aspect of the present
invention. 15 In Conparative Exanple 1, the thickness of the second | ayer,

d was 750 ~, a vabgaedzquiy@qu%QQel%r e(seéapggod;)a_nge specified by the

invention. It will bé noted fhat the lTmnous intensity of the

light-emtting dePR@Q%I%bke{?bdad}@d@m)to that of Exanple 4, which was
< I7s : Sd2 S

fabricated under e Sah® tonditions “éxcépt “for the thickness of the second
| ayer. Specifically, the three-fold increase in the thickness of the second
2 0 layer from 250 ~ (Exanple 4) to 750 A (Conparative Exanple 1 ) reduced
the | um nous i ntegRgl 0, ngr i@ Yhicknd .
Conparative Exanpﬁ/gdr%%\f\é/atgrap %bl?ll}l%éa%t(g%F gngerntsﬁgjﬁsr r%&%ﬁ&iﬁ%éﬁﬁ %F?’sp ®as
Exanple 5 e t he second | ayer was again given a | arge thickness of
750 A It vm@‘lrbﬂgéwr%gt&rgd that the lumnous intensity fell to about
one-fourth. 2 5 Conparative Exanple 3 was fabricated under the sane growth
conditions as Exanple 6 except that the second | ayer was again given a

large tjy ckness of 4780 o £, <1,100 (5 <d; < 500)

900 <T,<1,100 (500 < d, < 30,000).




20 will be noted that the lum nous intensity fell to about one-fourth. Fig.
3 is a graph based on data contained in Fig. 2 for the exanples in which
.the My flow rate was 600 sccmand the Al content of the second | ayer was
0.05. The vertical axis is scaled forygecond | ayer thickness (A) and the
hori zontal axis for growmh 5 tenperature (C). The encircled figures

I ndi cate lum nous intensity (ncd). The |um nous intensity of the
light-emtting device of the Exanple 2 was 405 ntd and that of Exanple 6
was nearly the sane at 334 ntd. Light-emtting devices exhibiting | um nous
intensity values lying on and above a |ine segnent connecting these two
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expl ained. In E@g% to |ight-emtting deV| ces were fabricated
under the sa&ff {5 B iPiYB%anmpl e 1 except that an Al GaN | ayer 9

having an Al cont %\nst pgl];lteg S ear ?e%dthaescén%ﬁctuh{ys I)f h?eygéconéi lafer may be either

p-type or n-type. When the conductivity of the second layer is p-type, there is no
particular preferable range of carrier density and any value within the technically

10 feasible range can be adopted. This range extends from about 1 x 10" ¢m™ to about 1 x
102 em™. When the conductivity of the second layer is n-type, the carrier density is
preferably made as small as possible so as not to degrade hole injection efficiency. The
range of carrier density is therefore preferably approximately 1 x 10%em® - 1x
10" e¢m?, more preferably 1 x 10" em?® - 1x10% cm™.

15 The carrier density can be controlled by controlling the growth temperature,
II/IIT ratio (feed ratio of p-type dopant to III Group source material; the p-type dopant
flow rate if the supply of III Group source material is constant), and the V/III ratio
(ratio of V Group source material to III group source material).

Regardless of whether the second layer has p-type or n-type conductivity, the

20 control of carrier density becomes easier as crystal quality improves with increasing
growth temperature. Particularly in the case of an n-type second layer, the p-type
dopant flow rate required for conductivity control decreases with increasing growth
temperature.

The preferable ranges of the II/III ratio and the V/III ratio vary so greatly with

25 the configuration, size, source gas flow pattern, growth temperature, pressure and other



21 the first layer was fornmed as an n-type GaN | ayer of 180 A thickness,
and the AlGaN My (second) layer 10 was forned under growh conditions

. differing variously in growh tenperature, Al content and My flow rate.

Fig. 4 shows growth conditions and chagacteristics of each of the 5
light-emtting devices fabricated in Exanples 9 to 16, specifically second
| ayer growth conditions (growth tenperature (C, thickness (t1), Al content
and My flow rate (sccm)), characteristics of the second |ayer (conductivity
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15 flow rate of the second layer. Since the ability of the first layer to protect the
light-emitting layer structure improves with increasing layer thickness and Al content,
the crystal quality of the second layer can be enhanced by shifting the preferable
growth temperature range of the second layer toward the high temperature side. On the
other hand, since conductivity control becomes increasingly difficult with higher Al

20 content of the second layer, the preferable growth temperature range of the second layer
has to be shified increasingly toward the growth temperature side that facilitates
conductivity control as the Al content of the second layer increases. Owing to the fact
that p-type conductivity becomes more difficult to establish in proportion as the p-type
dopant flow rate of the second layer decreases, the preferable growth temperature of the

25 second layer has to be increased to obtain p-type or low-density n-type conductivity.

In the case of fabricating a light-emitting device using a III-V Group



| ayer structure including in order fromthe layer in contact with the
light-emtting | ayer structure an n- type first | ayer represented by
.InxAlyGzN (x +y +z =1, 0 < x <_ 1, y<10<z<1)aptype
second | ayer represented by In" AI,,Gat/gl (u +v+w=1 0O<ac<l 0c<

< 1, 0 < w<_1) and a p-type third | ayer represented by I nPAl antN (p +
q+r =1, 0<p<_ 1, 0<qg<_1, 0<r < 1), each of the three |layers
being formed in contact W|th its neighbor. 2. An epltaX|aI substrate for
conpound sem conduct or . ht-emt evr ce .as 1 erein
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terrperature_sfﬁ the second | ayer and dz (f| r) is the thickness of the second
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second 10

employing two reaction furnaces, one that uses and one that does not use p-type dopant

source material, to grow a light-emitting device structure epitaxial substrate as shown

in Fig. 1. That is, the so-called regrowth method can be adopted.

This will be explained more concretely. When an epitaxial substrate for a
compound semiconductor light-emitting device of the layer structure shown in Fig. 1 is
15  produced, the substrate is once removed from the reaction furnace after the n-type

AlGaN (first) layer 9 has been grown and the AlGaN : Mg (second) layer 10 and
ensuing layers are grown in a separate reaction furnace that uses p-type dopant source
material. By this, it is possible to avoid the memory effect and fabricate an epitaxial
substrate exhibiting stable characteristics.

20 The GaN : Mg layer 11 formed as the third layer is a p-type layer for
establishing ohmic contact with the n-type GaN layer 13. In the present invention, the
purpose of forming the three p-type layer structure on the InGaN layer 8 is, as
explained in the foregoing, to define the structure and growth conditions of the n-type
AlGaN layer 9 and AlGaN : Mg layer 10 constituting the first and second layers, the

25  structures of the third and ensuing layers can be defined arbitrarily. Therefore, the

GaN : Mg layer 11, for example, can be a single layer structure or otherwise can be a



| ayer and the third | ayer are grown by a regrowth nmethod after growth of
the first layer. 7. A method for producing an epitaxial substrate for

. compound sem conductor light-emtting device as clainmed in claimb5, wherein
the second | ayer and the third layer ffe grown by a regrowth nethod after
gromh of the first layer. 8 A light-emtting device utilizing an

epi taxi al substrate for conpound sem conductor light-emtting device of
claiml or claim2. 9. Alight-emtting device utilizing the production
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characterized ip that a ?@f{ﬂi"@ tenperature T1 of the first layer and a
growt h terrpé’?’aa?ttﬁer"egrBW"'Fﬁ ttie second | ayer are made to satisfy the
relationship Tl <

T hl-zs'apphire substrate 1 was then once removed from the MOVPE growth
15 furnace, subjected to a prescribed inspection, and returned to the MOVPE growth
furnace. The n-type GaN - Si layer 4 was then grown on the n-type GaN : Si layer 3 at a
growth temperature of 1040 °C using NH3, MO (TMG, TMA and TMI) and silane as
source gases and H, as carrier gas. The undoped GaN layer 5 was next grown on the
n-type GaN : Si layer 4. After formation of the undoped GaN layer 5, the reaction
20  furnace temperature was lowered to 780 °C and the AlGaN layer 6 was formed using
N; as carrier gas. Next, four layer sets each composed of an InGaN layer 7A and a GaN
layer 7B were grown and the InGaN layer 8 was grown on the uppermost GaN layer 7B,
thereby forming the light-emitting layer structure 7. After the InGaN layer 8 had been
grown, the n-type AlGaN layer 9 (undoped n-type layer) was grown to a thickness of
25 110 A as the first layer with an Al content of 0 15. The substrate was then removed

from the MOVPE growth furnace.



15. A method for producing an epitaxial substrate for conpound

sem conductor light-emtting device as clained in claim 14, wherein the

. second layer is grown to satisfy the relationships: T2 > 0.4 d2 + 700 (5 <
d2 < 500) 1,150 >_ TZ >_ 700, where (C is the growth tenperature of
the second layer and d2 (~) is the thickness of the second | ayer. 16. A

nmet hod for producing an epitaxial substrate for conpound sem conduct or
light-emtting device as clainmed in claim 14, wherein the second | ayer and
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20 An epitaxial substrate for a compound semiconductor light-emitting device

produced in the foregoing manner was used to fabricate a semiconductor light-emitting

device. The light-emitting device was applied with voltage to examine its emission

characteristic in the wafer state. The light-emitting device was found to exhibit

excellent emission characteristics of 1,505 mcd at 20 mA forward current and leak
25  current of 0.25 nA at 5 V reverse bias.

In order to assess the conductivity of the second layer grown under the
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substrate and an AlGaN : Mg layer was grown thereon to a thickness of 0.3 pm under
the same conditions as set out regarding the second layer 10 in the foregoing. By cyclic
voltammetry (CV) assessment using an electrolyte, the so-obtained specimen was

5 found to exhibit p-type conductivity type and a carrier density of 9 x 10" em™.
(Examples 2 -8 and Comparative Examples 1 - 3)

Light-emitting devices were fabricated by the method of Example 1 except
that the AlGaN : Mg layer was formed under growth conditions differing variously in
growth temperature, layer thickness, Al content and Mg flow rate. Growth conditions

10  and characteristics of the light-emitting devices are summarized in Fig. 2.

In Examples 4, 6, 7 and 8, although the second layer formed of AlGaN : Mg
was doped with p-type dopant, it exhibited n-type conductivity and an n-type carrier
density of not greater than 1 x 10'® cm™, a value falling within the scope of the ninth
aspect of the present invention.

15 In Comparative Example 1, the thickness of the second layer, d was 750 4, a
value outside the preferable range specified by the invention. It will be noted that the
luminous intensity of the light-emitting device was markedly inferior to that of
Example 4, which was fabricated under the same conditions except for the thickness of
the second layer. Specifically, the three-fold increase in the thickness of the second

20  layer from 250 A (Example 4) to 750 A (Comparative Example 1) reduced the
luminous intensity to about one-fourth the value of Example 4.

Comparative Example 2 was fabricated under the same growth conditions as
Example 5 except that the second layer was again given a large thickness of 750 A. It
will be noted that the luminous intensity fell to about one-fourth.

25 Comparative Example 3 was fabricated under the same growth conditions as

Example 6 except that the second layer was again given a large thickness of 750 A. It
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5 temperature (°C). The encircled figures indicate luminous intensity (mcd).
The luminous intensity of the light-emitting device of the Example 2 was
405 mcd and that of Example 6 was nearly the same at 334 mcd. Light-emitting devices
exhibiting luminous intensity values lying on and above a line segment connecting
these two measurement points are suitable for practical application while those with
10 luminous intensity values lying below the line segment are not. Therefore, where the
growth temperature is defined as T and the thickness of the second layer as d, this

empirically defined region above and including the line segment can be represented as:
T -8002=>2(d-250)/5.
The relationship between T and d can therefore be written as:
15 T>0.4d+700.

In other words, in order to ensure excellent luminous intensity, the second
layer must be grown at a growth temperature (°C) equal to or greater than the value
obtained by adding 700 to the product of the thickness d and 0.4.

(Examples 9 - 16)
20 Examples 9 to 16 of the present invention will now be explained. In Examples
9 to 16, light-emitting devices were fabricated under the same conditions as in Example

1 except that an AlGaN layer 9 having an Al content of O was used as the first layer, i.e.,
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the first layer was formed as an n-type GaN layer of 180 A thickness, and the AlGaN :

Mg (second) layer 10 was formed under growth conditions differing variously in
growth temperature, Al content and Mg flow rate.

Fig. 4 shows growth conditions and characteristics of each of the

5 light-emitting devices fabricated in Examples 9 to 16, specifically second layer growth

conditions (growth temperature (°C), thickness (A), Al content and Mg flow rate

(sccm)), characteristics of the second layer (conductivity type and carrier density (ecm™),

and measured emission characteristic (luminous intensity (mcd)). In Examples 9 - 16,

the second layer was grown at a growth temperature (°C) equal to or higher than the

10  value obtained by adding 700 to the product of the thickness & and 0.4. In Examples

13 — 16, although the second layer formed of AlGaN : Mg was doped with p-type

dopant, it exhibited n-type conductivity and an n-type carrier density of not greater 1 x

10" cm™, a value falling within the scope of the ninth aspect of the present invention.

The light-emitting devices of Examples 9 to 16 were assessed for their emission

15 characteristics and, as can be seen from Fig. 4, all were found to exhibit luminous
intensity of a level adequate for practical application.

As explained in the foregoing, the present invention optimizes the structure of

a p-type layer structure formed in contact with the light-emitting layer structure, namely,

defines the p-type layer structure as a three p-type layer structure composed of a

20 protective layer (first layer), a p-type layer (third layer) and an intermediate layer

(second layer) interposed between the first and third layers, and also optimizes the

growth conditions of the three p-type layer structure. As such, the present invention

improves crystallinity in the vicinity of the pn junction, thereby facilitating hole

injection, without degrading the light-emitting layer structure protection performance

)5  of the three p-type layer structure. As a result, the protective layer (first layer) can

provide excellent protective performance even if formed to a small thickness and the
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device comprising:

a double-hetero light-emitting layer structure including a pn junction; and

a p-type layer side layer structure formed in contact with the light-emitting
layer structure including in order from the layer in contact with the light-emitting layer
structure an n-type first layer represented by In,Al,Ga,N (x+y+z=1,0<x £1,0Z
y <1, 0<z £1), ap-type second layer represented by In,AlyGa,N (u+v+w=1,0<
u<l,0<v <1 0<w <1)and a p-type third layer represented by In,Al,Ga,N (p +
q+r=1,0<p <1,0<q £1, 0<r £1), each of the three layers being formed in

contact with its neighbor.

2. An epitaxial substrate for compound semiconductor light-emitting
device as claimed in claim 1, wherein a thickness d; (A) of the first layer is in the range
of 5< d; <200 and a thickness d; (A) of the second layer is in the range of 5< d; <

30,000.

3. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device of claim 1, characterized in that a growth
temperature T, of the first layer and a growth temperature of T, of the second layer are

made to satisfy the relationship T <Ta.

4, A method for producing an epitaxial substrate for compound
semiconductor light-emitting device of claim 2, characterized in that a growth
temperature T, of the first layer and a growth temperature of T, of the second layer are

made to satisfy the relationship T; <T..
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layer is grown to satisfy the relationships:

5 <d; 30,000 (900 < T,<1,150)

T, > 0.4 dy + 700 (700 < T, < 900),

where T; (°C) is the growth temperature of the second layer and d; (A) is the thickness

of the second layer.

6. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 3 or 4, wherein the second

layer and the third layer are grown by a regrowth method after growth of the first layer.
7. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 5, wherein the second layer

and the third layer are grown by a regrowth method after growth of the first layer.

8. A light-emitting device utilizing an epitaxial substrate for compound

semiconductor light-emitting device of claim 1 or claim 2.

9. A light-emitting device utilizing the production method of claim 3, 4,

5oré6.

10. An epitaxial substrate for compound semiconductor light-emitting
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a p-type layer side layer structure formed in contact with the light-emitting layer
structure including in order from the layer in contact with the light-emitting layer
structure an n-type first layer represented by IngAlyGa,N (x+y+2z=1,0<x <1,0<
y <1, 0<z <1), an n-type second layer represented by In,Al;GawN (u+ v+ w= 1,
0<u <1,0£v <£1,0<w £1) and a p-type third layer represented by In,Al;GaN
(p+q+r=10<p <1,0<q £1,0=r £1), each of the three layers being formed in

contact with its neighbor.

11. An epitaxial substrate for compound semiconductor light-emitting
device as claimed in claim 10, wherein the p-type dopant density of the second layer is
not less than 1x 10" cm™ and not greater than 1 x 10*' cm™, and the n-type carrier

density of the second layer is not greater than 1 x 10" em?.

12. An epitaxial substrate for compound semiconductor light-emitting
device as claimed in claim 10, wherein a thickness d; (A) of the first layer is in the
range of 5 < d; <200 and a thickness d; (A) of the second layer is in the range of 5 <

dz £500.

13. An epitaxial substrate for compound semiconductor light-emitting
device as claimed in claim 11, wherein a thickness d; (A) of the first layer is in the
range of 5 < d; < 200 and a thickness d; (A) of the second layer is in the range of 5 <

dz <500.

14 A method for producing an epitaxial substrate for compound
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15. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 14, wherein the second layer is

grown to satisfy the relationships:

T;>0.4 d; +700 (5 < dz < 500)

1,150 2 T; =700,

where T (°C) is the growth temperature of the second layer and d; (A) is the thickness

of the second layer.

16. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 14, wherein the second layer

and the third layer are grown by a regrowth method after growth of the first layer.
17. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 15, wherein the second layer

and the third layer are grown by a regrowth method after growth of the first layer.

18. A light-emitting device utilizing an epitaxial substrate for compound

semiconductor light-emitting device of claim 10, 11, 12 or claim 13.

19. A light-emitting device utilizing the production method of claim 14,
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