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Type Sem conductor Epitaxial Substrate, Nitride Type J, Sem conductpygy 2995
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of the Invention The present invention relates to a GaN single-crystal
substrate, a nitride type seniconductor epitaxial substrate, a nitride type
sem conduct or devi ce, and nethods of making 10 them for use in
light-emtting devices and the |ike. Related Background Art Attention has
recently been given to light-emtting devices using nitride type conpound

sem conduct or §,71§igN¢e TEeVeaNEedN | ight having a short wavelength in a
region 15 fromuftraviotet to pbrue-green. These devices such as

light-emtting di od%%Nand sigzale-diQdas 1ar e sHIRTRGGH Ve ag tdilddm ngidon and
di spl ay apparatus, | i ght Sources for next generatl on DVD. As a substrate

for use in th%%ﬁlladn% Horel LU s oyl gps.  SubBbk 3LO01 © Rixshiale Subsifale 20

having a lattice constant |dent| cal to that | ayer, which''s a

maj or nitride q?gf] f ]ﬁ%&:{l&y dowever, it
has conventi ona %Ogleélr?% consi der edyag{c%fbdcu t steé)eﬂrrra ]yla s?érjlagnlle crystal

substrate. Thenehore, I NElgs, Which have a lattice 25 constant
appr oxi'mating i mcally stable, have normally been

in use. OWPEG:S usyd I Useferd ion

The present inventicn relates to a GaN single-crystal

substrate, anitride type semiconductor epitaxial substrate,
a nitride type semiconductor device, and methods of making
10 them for use in light-emitting devices and the like.

"~ Related Background Art

Attention has recently been given to light-emitting
devices using nitride type compound semiconductors, since
they can emit light having a short wavelength in a region

15 from ultravieclet to blue-green. These devices such as
light-emitting diodes and laser diodes are prospective as
illumination and display apparatus, or light sources for
next-generation DVD. As a substrate for use in these
light-emitting devices, a GaN single-crystal substrate

20 having a lattice constant identical to that of a GalN layer,
which is a major nitride type semiconductor layer, 1is
preferably employed. However, it has conventionally been
considereddifficult tomake a GaNsingle-crystal substrate.

Therefore, sapphire substrates, which have a lattice

25 constant approximating that of GaN while being chemically

stable, have normally been in use. OMVPE is usually used



1 3 NOV 2006 as a nmethod of epitaxially growing a GaN substrate on such a
sapphire substrate. In the OWPE, after the surface of the sapphire 3 NOy 2006
substrate is cleaned while the substrate tenperature is held at about 1050C
in an HZ gas atnosphere, 5 a buffer layer of GaN or AINis grown at a
substrate tenperature of about 450 to 600C, and then a GaN | ayer is grown
at a high tenperature of at |east 1000C. However, the use of a sapphire
substrate is problematic in the following points: First, the lattice
constant of the 10 sapphire substrate is close but not identical to that of

{he, Gall | ayer . uhegabiod JuTier, ol S8 e AeN 360 el 1005, Sapd by
substrate and, ANLERIEL: sIhSseadel octs uexiad n ddie.0na hudiaesllan. 0
i Ght o 11 nBPReviEas i GBoPEAEF di baseear So B AT be p S0pderate
o eat Ty di 11 oFeRPEARHeR bomSTs 30 FHRTbatar &7 19 0 Bt SLBLEPAEESEY warp
P verd nard PEURAEE DTabT GRS ROt MR T A IPate e AR B g
Ui table for PhrAPABCAIAPLFPaR Type. SafpbiY S BN ASVRICor SR Haé been
realized (I ”tr‘?ﬂﬁ‘t Eglrtllglera%u]r'% NVa2998 a5t 1000°c.
However, theuseof a sapphire substrate isproblematic
in the following points: First, the lattice constant of the
10 sapphire substrate is close but not identical to that of
the GaN layer, wherebyanumber of defectssuchasdislocations
causedby latticemismatching are introduced at the interface
between the sapphire substrate and GaN layer. These defects
extend in the growth direction, so as to appear as a number
15 of through defects on the epitaxial layer surface, and
remarkably deteriorate characteristics and lives of
light-emitting devices such as laser dicdes. Also, since
i the thermal expansion.coefficient.of the sapphire substrate
and that of the GaN layer greatly differ from each other,
20 the eptaxially grown substrate may warp greatly. Further,
since the sapphire substrate has no cleavage property, it
is very hard to make a laser diode using a cleavage plane
as a reflecting surface.
In view of such circumstances, a single-crystal GaN

25 substrate suitable for forming & nitride type compound

semiconductor layer has been realized (Internaticnal



Application Laid-Open No. W99/23693) In this nethod, a nmask having a
striped or circular formis fornmed on a GaAs substrate, a GaN layer‘%@ﬂVZ%ﬁ
grown thereon in a vapor phase, and then the GaAs substrate is renoVv
therefrom whereby 5 a GaN substrate can be obtained. Also, this nethod can
mass- produce GaN substrates by further growing a GaN | ayer on the GN
substrate so as to prepare an ingot and then cutting out GaN substrates
fromthe ingot. Nanely, this new nethod has nmade it possible to

mass- produce GaN single-crystal 10 substrates. SUMVARY OF THE | NVENTI ON
However, the g Pi‘é%lﬁlfﬁﬁ Gy sebst nad © Wi i onerh) abeye pay hecppabl gmatic

as follows: Na Y, eIt I1s necessary for the surface of the prepared

GaN si ngl e-cr ; r-at j ishetd &t a der to
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roughness) of about 1.0 nm en an epitaxial layer 'is forned on a

substrate havijig. such, &, Loudll ZReaULACE, phhreeol IS0l RGN o popur s

due to the random ‘nucleus generation in uheven part’s,

difficult 3 13NON2086; stBsyigtd & £4ab Sl anAlsR e Y8R r-OuRL PLGL €

gener at ed
out GaN substrates from the ingot. Namely, this new method

has made it possible to mass-produce GaN single-crystal

10 substrates.

SUMMARY OF THE INVENTION

However, the conventional GaN substrate mentioned
above may be problematic as follows: Namely, while it is
necessary for the surface of the prepared GaN single-crystal

15 substrate to be mechanically pclished flat in order to form
anepitaxial layer thereon, the GaNsingle-crystal substrate
is chemicallysounstable that it ishard topolishbychemical

i mechanical polishing (CMP) which is used for other
semiconductor substrates. Therefore, it is difficult for

20 the mechanically polished substrate to attain a flatness
suitable for epitaxial growth, whereby the substrate surface
after typical mechanical polishing Thas an  Rms
(root-mean-square roughness) of about 1.0 nm. When an
epitaxial layer is formed cn a substrate having such a rough

25 surface, three-dimensional growth cccurs due to the random

nucleus generation in uneven parts, which makes it difficult



are conbi ned together in such a gromh node, crystal defects such as
dislocations are likely to occur due to directional shifts existing4%mmwﬂm5
the nuclei, which deteriorates 5 crystallinity. Nanely, for making a'

sem conductor apparatus having a better quality on a GaN singl e-crystal
substrate, it is necessary to elimnate the defects (e.g., danages and
distortions) occurring due to the surface processing. 10 For solving the
probl ens nentioned above, it is an object of the present invention to
provide a GaN single-crystal substrate, a nitride type sem conduct-or

epi t axi al Sub%r?i@maalctlaatnghwg@et.msw@mmﬁg%% Hevi £8 gerfRcd having a

flattened surface, and nethods of making them 15 The present” i nvention

provides a Gal gl a%ﬁiﬁéa%@et@p%aw& hayl 5oL’ mpRld, shegs s4i face dd at t ened

by heat treatnent tor at | east 10 mnutes at a substrate tenperature of at

| east 1020C i u@h@é%&?&c?&ﬂ%%@%%?ﬁﬂewE‘&QQ:&& gheags A S gas. 20 In

this GaN single-crys , a predetermned heat treatnent process iIs carried

out for at Tegnt 1l MRULESneAlafomi DAL BuLERROT Al & Olucilen 9%t JH20C T

an NH3 gas atnnsphere,_so as to effect an atomc rearrangement in a
substrate surfacetin 1uhijh a Iaﬁaﬁemgvbeﬂfoqf Ha® def eGles iz Rk du med by

polishing, thereby flattening the substrate surface. Therefore, the surface

ot SPLb ek 340’ Rased £ BECHOY 008y comud e PSS e
substrate, 1t is necessary to eliminate the defects (e.g.,
damages and distortions) occurring due to the surface
processing.

10 For solving the problems menticoned above, it is an
object of the present invention to provide a GaN
single-crystal substrate, a nitride type semiconductor
epitaxial substrate, andanitride type semiconductor device,
each having a flattened surface, and methods of making them.

15 The present invention provides a Ga¥ single-crystal
substrate having a polished surface flattened by heat
treatment for at least 10 minutes at a substrate temperature
of at least 1020°C in a mixed gas atmosphere containing at
least an NHiz gas.

20 In this GaN single-crystal, a predetermined heat
treatment process is carried out for at least 10 minutes
at a substrate temperature of at least 1020°C in an NH; gas
atmosphere, so as to effect an ateomic rearrangement in a
substrate surface in which a large number of minute defects

25 are formed by polishing, thereby flattening the substrate

surface. Therefore, thesurfaceofanepitaxial layer formed



r oot - nean-square roughness of 0.2 nmor |ess. Wen the substrate surface
has a root-nean-square roughness of 0.2 5 nmor less, it becones a sapﬁéq bf
sufficiently flat for forming an epitaxial |layer with a favorable dua @.
The present invention provides a nitride type sem conductor epitaxial
substrate conprising the above-nentioned GaN single-crystal substrate and a
nitride 10 type conpound sem conductor |ayer epitaxially grown on the &GN
single-crystal substrate. In the nitride type sem conductor epitaxial
substrate, the nitride type conmpound sem conductor |ayer is formed.- on the

GaN singl e-cryst aly @%}Srtaztaecésqpinqg efq%&g 2 predeternmned 15 heat t r eat nent
1 su

process for at '|leas m nutes at a strate tenperature of at |east

1020C in an NH3 gas ,3tJrospher &, dat e Hinddi{de Eﬂ&%\ﬁé’%@%’;}@as a

sem conductor layer I's ‘epitaxially grown on a substrate

sufficiently flaf ﬂr[eodrn_}‘sg{/dg P@u@g’%é?%;?lf ba?(e;]m \g%erleéy% a rﬂmeﬁ g@né ype 20

conpound sem conduct or er havin surface and a Tfavora
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cés such as tt1ansi st ors using t'ype conpound

epitaxial substrale £an alaig hl her oo d Ny 2006 e farrcps and

yi el ds. Pref er abi Y, nrtride onpound 'sem con T conprises
Al tGaylnl _x_YN (0 The® fnfe%EnQ <'in¥e§t1ronx ﬁré’vides a nitride type

semiconductor epitaxial substrate comprising the
above-mentioned GaN single-crystal substrate and a nitride

i0 type compound semiconductor layer epitaxially grown on the
GaN single-crystal substrate.

Inthenitride type semiconductorepitaxial substrate,
the nitride type compound semiconductor layer is formed on
theGaNsingle-crystal substratesubjectedtoapredetermined

15 heat treatment process for at least 10 minutes at a substrate
temperature of at least 1020°C in an NH; gas atmosphere.

Namely, the nitride type compound semiconductor layer is

i epitaxially grown on a substrate which is sufficiently flat
for forming an epitaxial layer, whereby a nitride type

20‘ compound semiconductor layer having a flat surface and a
favorable crystallinity can be obtained. Also, the surface

of & semiconducter layer laminated on the nitride type
compound semiconductor layer becomes flat with a favorable
crystallinity, whereby light-emitting devices and

25 semiconductor devices such as transistors using the nitride

type compound epitaxial substrate can attain higher



< 1) . 5 Preferably, the nitride type conpound sem conductor | ayer

conprises GaN. In this case, it has no msmatch with respect to the
substrate, whereby defects can be restrained fromoccurring in the

1 3 NOV 2006

interface between the substrate and epitaxial layer. 10 Preferably, the
nitride type conpound sem conductor |ayer epitaxially grown on the GaN
single-crystal substrate has a surface with a root-nean-square roughness of
sem conduct or

| ayer can be obtained with a flat surface and 15 a favorable crystallinity.

Al'so, when epideaXi Al sh HOWAY ¢ PAepgsirabl e sem conductor on the nitride
type conpound” sem conductor |ayer, the epitaxial growh can be carried out

0.2 nm or less. In this case, the nitride type conmpound

in a state where the am@mals, SHCHURe iRRS {B¥OrGRbSung!
crystallinity. This can form™a sem conductor™ 20 | ayer w

th

r
a flat surface.
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100 "seconds r less. Wiile the X-ray diffraction

hal f wi dth ingiqgtes the fluctuation (nosaic property) of the crystal
of 25 the epitaxial layer, a nitride type conpound seni conductor |ayer
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, the nitride type conpound sem conduct or
respect to the substrate, whereby defects can be restrained

from occurring in the interface between the substrate and
epitaxial laver.

Preferably, the nitride type compoﬁnd semiconductor
layer epitaxially grown on the GaN single—-crystal substrate
has a surface with a root-mean-square roughness of 0.2 nm
or less. In this case, the nitride type compound
semiconductor layer can be obtained with a flat surface and
a favorable crystallinity. Also, when epitaxially growing
a desirable semiconductor on the nitride type compound
semiconductor laver, the epitaxial growth can be carried
out in a state where the laminate structure has favorable
steepness and crystallinity. This can form a semiconductor
layer with a flat surface.

Preferably, the nitride type compound semiconductor
layer exhibits an x-raydiffractionhalfwidth of 100 seconds
or less. While the x-ray diffraction half width indicates
the fluctuation (mosaic property) of the crystal axis of
the epitaxial layer, a nitride type compound semiconductor

layer having a flat surface and a favorable crystallinity

axi s

e sem conduct or



5 layer has a threading dislocation density of 1 x 106 CM-2 or |ess.
Nanmely, the nitride type conpound sem conductor |ayer having a threag %

di sl ocation density of 1 x 106 CM-2 or |ess can suppress the t hr ead 1006
di sl ocation density within a sem conductor |ayer further |am nated on thls
nitride type 10 conpound sem conductor |ayer (epitaxial |layer). The present
invention provides a nitride type sem conductor device, wherein an n-type
cl adding layer conmprising Al Gal xN (0 < x < 1) is lam nated on the

above- nentioned GaN single-crystal substrate having an 15 n-type

conductivity, @R @@téwﬁaiﬁa§rlf5tﬁé”ﬂéﬁﬁ<ﬁhdﬂhtﬂ3310©|@@@bﬁ@s'@feﬁesé p-type
cl addi ng | ayer conprising Al,Gal xN (0 < x < 1) is lam nated on the active

layer, and a g1typetneaNdmy@indsctm payed anrithe rp-lamie laddimgchayer. In
this nitride type sem conductor device, cladding 20 and active |ayers are

l'am nated on ihe: AN, $i mgy@rcax%@hs ﬁubg%@gglea&wgtaﬁhﬁat§urface whi ch
yields a favorable crystallinity, whereby a | aser di ode device having a

high light-emtting eflighepcyrRdd A Jong tydee ceapohadobtal B8HaudREPr esent
invention provides a nitride type 25 sem conductor device conprising the

above-dgrent i oned, AN, 5 §1 ROLRrEEY$HE! d%H@%Eé@E@n é@ﬂs@tg yeakity;ef gieride
type 7 13 NOV 006 sem conductor layers |am nated thereon and represented

by Al Gaylnl 5y yd40 faely, 1,tr£é it iBel t yhet chupSuml seﬂni‘céﬂﬂﬁc@bi‘“ de
type sem conductor device, collector, base; and emtter |ayers nmade of

nitride type seleauGiPnh thrkanehy 4ePIosePt 68 IhAIRLREN f ahsexaapl e,

are successively
or less can suppress the threadingdislocationdensitywithin

a semiconductor layer further laminated on this nitride type
10 compound semiconductor layer (epitaxial layer).

The present invention provides a nitride type
semiconductor device, wherein an n-type cladding layer
comprising AliGa;-xN (0 < x < 1) 1is laminated on <the
above-mentioned GaN single-crystal substrate having an

15 n-type conductivity, an active layer is laminated on the
cladding layer, a p—type cladding layer comprising Al,Ga N
(0 < x < 1) is laminated on the active layer, and a p-type

GaN layer is laminated on the p-type cladding layer.
In this nitride type semiconductor device, cladding
20 and active layers are laminated on the GaN single-crystal
substrate having a flat surface, which yields a favorable
crystallinity, whereby a laser diode device having a high
light~emitting efficiency and a long life can be obtained.

The present invention provides a nitride type

25 semiconductor device comprising the above-menticned GaN

single-crystal substrate, and a plurality of nitride type



formed on the GaN single-crystal substrate having a flat surface, which
yields a favorable crystallinity, whereby a transistor having a high
current anplification factor can be obtained. 10 Preferably, the Ch%ﬁNUVZMB
single-crystal substrate in accordance with the present invention has a
surface with a root-nean-square roughness of 0.2 nm Wen the substrate
surface has a root-nean-square roughness of 0.2 nmor less, it becones a
substrate 15 sufficiently flat for formng an epitaxial layer with a
favorabl e quality. The present invention provides a method of neking a GaN
Single-cryst al pubshiate otOMBkiNah R BLEP: REr o SHDLRE LG AiNd by
single-crysta aving a polished surface 20 to heat treatnent for at °| east
10 m nutes at r at hempegrat yresok gt <l east 1020€ in a m xed gas
at nosphere c%%f§#§$ﬁ9*5$ (2ast ~an %HB gas? so fhat the su?face of the GaN
singl e-crystal subs : s 5 = r r . or

R R R e R R

less. 25 |n this ne singl'e-crysta €,” the GaN
i ngl e- t b te . ' 13 i.ned
heat &7 oat monP Broches S PR St de Br it MO AR RenPESRRRERELTEN of
t | t 1020C._| i ff LG 3 e
Fearr aggenent TR BT AT S P ana v s B AR s O ey
ofaRd

defects 5 areg Y B 3 005 1RRLEDK hhald ehd N Ut bl S at

surface. There%ore, ?Ee surtace of “an epirtaxial Tayer
surface, wnich yields a favorable crystallinity, whereby

a tranSistor having a high current amplification factor can
be oktained.
10 Preferably, the GaN single-crystal substrate in
accordance with the present invention has a surface with
a root-mean-square roughness of 0.2 nm.
When the substrate surface has a root-mean-square
roughness of 0.2 nm or less, 1t becomes a substrate
15 sufficiently flat for forming an epitaxial layer with a
favorable quality.
The present invention provides a method of making a
GaN single-crystal substrate comprising the step of
subjecting a GaN single-crystal having a polished surface
20 to heat treatment for at least 10 minutes at a substrate
temperature of at least 1020°C in a mixed gas atmosphere
containing at least an NHi3; gas, so that the surface of the
GaN single-crystal substrate has a root-mean-square
roughness of 0.2 nm or less.
25 InthismethodofmakingaGaNsingle~crystal substrate,

the GaN single-crystal substrate is subjected to a



on the substrate can be made flat. Wien a single-crystal |ayer of a kind
different fromthat of such a flat epitaxial surface is grown thereohNG$®06
as to forma heterojunction, 10 the interface of junction becones flat,
whereby a device formed by such a junction yields characteristics higher
than those of a device having no flat interface junction. Preferably, the
m xed gas contains an H2 gas. In this case, when the H2 gas occurring upon
t he deconposition of 15 the NH3 gas is in short, the |lacking H2 gas is
repl eni shed. The present invention provides a nmethod of making a nitride

type senmi condg:fg%t%eir&i%daﬁe§eb&terﬁrfe&@gpakéwgfort he 141 9b ﬁ?ﬁid@é%' ally

growng a nit e type conpound sem conductor |ayer on the Ga

singl e-crystal¢substyat £2 20 Qb Pedh Py dh@rabeysr et d aned, Rl mgltﬁs ghi ng

a GaN single-crystal substrate w thout oxidizing the surface of

singl e-cryst agtﬁﬁgﬁ{e%e- Iih i §£FRERQM o0f a’i‘i’sJﬁ}irEQ PedittihG8mENPein a

sem condugtor epitaxial substrate, the GaNsingle-crystal Substrate having

25 a flat Suréag‘;tir%t@%u%' dized wythel abya Pge h%ﬁxh%%é?%ﬁ‘ﬂu&ﬁ'@*ﬁ@&é&at

treatment is necessary for formng an epitaxial layer 9 13 NOV 2006 on the
The ni fr i de 1558 cOrmEundY chat SoRauat or T ayer 1 s sy EP e ™ Uhen
the epitaxial layards Phefot¥Pe, chsustble oR USRI L PLafebiR il make
alight-emtting device I n which'an n-type seniconductor, an“active layer,
and a p-type §amEANdUELPLaREe aHCEESALYE! Y14aM Nk d Bingle-crystal
layer of a kind different from that of such a flat epitaxial
surface is grown thereon, so as to form a heterojunction,
10 the interface of junction becomes flat, whereby a device
formed by such a junction yields characteristics higher than
those of a device having no flat interface junction.
Preferably, the mixed gas contains an H; gas. In this
case, when the H; gas occurring upen the decomposition of
15 the NH; gas is in short, the lacking H; gas is replenished.
The present invention provides a method of making a
nitride type semiconducteor epitaxial substrate comprising
the step of epitaxially grov;ring a nitride type compound
semiconductor layer on the GaN single-crystal substrate
20 obtained by the above-mentioned method of making a GalN
single-crystal substrate without oxidizing the surface of
the GaN single-crystal substrate.
In this method of making a nitride type semiconductor
epitaxial substrate, theGaNsingle-crystal substrate having

25 a flat surface is not oxidized, whereby no reprocessing such

as heat treatment is necessary for forming an epitaxial layer



this order, an npn-type bipolar transistor device, and the |Ilike. 10 The
nitride type conpound sem conductor |layer is preferably of p type.qg?ﬁﬁ E@E
epitaxial layer is of p type as such, a substrate of p type can nmak y
light-emtting device in which a p-type sem conductor, an active |ayer,

and an n-type sem conductor are successively lamnated in 15 this order, a
pnp-type bipolar transistor device, and the |I|ike. Preferably, the epitaxial
growh utilizes any of OWPE (organonetallic vapor phase epitaxy), HVPE
(hydri de vapor phase epitaxy) , and MBE (nol ecul ar beam epitaxy) ..This can

20 form a favoéﬁb&l'?sh%s@?aade.l ayeh sOBak Nei Sibst§ alre pRLRke-ABlrynakohf the

heat treatnment of the GAaN single-crystal substrate and the epitaxial "growth

are effected ypthin-2n;appapBkusater carrying out the epitaxial growth.
This can grow an epitaxial [ayer having a favorable 25 crystallinity while

[
keeping the Substrat@%ég%&%%%d%o e _J&@p&ﬂﬁ&e@em&eaﬁﬁahh%rprp%w.ﬁsié

nmet hod of ;yaking a 1 NOV nitride type sem conductor device, the

met hod conpri si o m ' - I ' I
conpri si ngp AISEBPG%E%%%%%?)? th“%? ogﬂ{téﬁgg}ég%%%%%lgrl%g@arrgﬁa%?%tﬁﬁen-type

conductd vity qgga%@gﬁpyatQﬁbé@?gﬁé”@ﬁtﬁoﬁg§$5%§$QR£k@B§iPg%ﬁtafggg?%aglayer

singl e-crystal substrate, [amnating an a ayer on the c

Lo a0, RdRe i Yo R oAt lR e (B Fafdran (e
layer. and a p-type semiconductor are successively laminated in
this order, an npn-type bipolar transistor device, and the
like.

10 The nitride type compound semiconducteor layer is
preferably of p type. When the epitaxial layer is of p type
as such, a substrate of p type can make a light-emitting
device in which a p-type semiconductor, an active layer,
and an n-type semiconductor are successively laminated in

15 this order, a pnp-type bipolar transistor device, and the
like.

Preferably, the epitaxial growthutilizes any of OMVPE
(organometallic vapor phase epitaxy), HVPE (hydride vapor
phase epitaxy), and MBE (molecular beam epitaxy). This can

20 form a favorable epitaxial layer on the substrate.

Preferably, both the heat treatment of the GaN
single-crystal substrate and the epitaxial dgrowth are
effected within an apparatus for carrying out the epitaxial
growth. This can grow an epitaxial layer having a favorable

25 crystallinity while keeping the substrate surface clean.

The present invention preovides a method of making a

10



In this nmethod of making a nitride type sem conductor 10 device, the

cl addi ng and active layers are |am nated on the &GN single-crystaIT 3P9VZWE

substrate having a flat surface, which yields a favorable crystallini
whereby a | aser diode device having a high light-emtting efficiency and a
long I|ife can be obtained. 15 The present invention provides a nethod of
making a nitride type sem conductor device conprising the steps of formng
a plurality of nitride type sem conductor |ayers represented by A
Gaylnz_, yN (0 <- x <1, 0<-y <- 1, x +y <- 1) and lam nated on the GN

si ngl e-cryst a'nf&bf(gé aﬁsg%eb&@fnﬂegnaec%t@@ﬁ@gyem@%&eﬂ% esﬁlﬁggs%grmki ng

a GaN single-crysta strate. In this nethod of making a nitride type

sem conduct or tl‘flé"éitlcezvs 8?|i%fﬁti&%ﬁiﬁ}aﬁf}é{gHﬁir{@%%%ﬁg%%ﬁ5m’l&ri de

t ype sem conduct or yers represent nN, for e are

successi vel y fﬁﬁ%q an (bhey Gl Shngl eoaineltl Substd ke abaxl 0, A-Li 8L

surface, which ds a favorable crystallinity, “11 13 reas
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transi stor having a urrent a Ication

o ) PSP ShCETHR CRAVAGS Solkechegscrin Hveliqan fos ¢ Iige

readi |l y descri nce to t raw ngs, in

o nem "o VRS SRR R Pk s oL epunc gt g ko

of a GaN comprising AliGai;xN (0 < % < 1) on the active layer, and
laminating a p-type GaN layer on the p-type cladding layer.

In this method of making a nitride type semiconductor

10 device, the cladding and active layers are laminated on the
GaN single-crystal substrate having a flat surface, which
yields a favorable crystallinity, whereby a laser diode
device having a high light-emitting efficiency and a long
life can be obtained.

15 The present invention provides a method of making a
nitride type semiconductor device comprising the steps of
forming a plurality of nitride type semiconductor layers

| represented by Al,Ga,In., N (0 £ x <1, 0L y<1, x+y£=%

1) and laminated on the GaNsingle-crystal substrate obtained

20 by the above-mentioned method of making a GaN single-crystal
substrate.

In this method of making a nitride type semiconductor

device, collector, base, and emitter layers made of nitride

type semiconductor layersrepresentedbyAlGalnN, forexample,

25 are successively formed on the GaN single-crystal substrate

havinga flat surface, whichyields a favorable crystallinity,

11



10 single-crystal substrate surface after nechanical polishing; Figs. 3Ato
3C are views showing the process of flattening a substrate surface irg v 2006
surface heat treatnment step; 15 Fig. 4 is an atomc force mcrograph of a
GaN single-crystal substrate surface after heat treatnent; and Fig. 5is a
schematic view of a growh furnace in an OWPE apparatus used for an exanpl e
of the present invention. DESCRIPTION OF THE PREFERRED EMBODI MENTS 20 In
the follow ng, preferred enbodi ments of the GaN single-crystal substrate,
nitride type sem conductor epitaxial substrate, nitride type sem conductor

devi ce, and gﬁgh?egé O e MK 305 @%@m@&é%ﬁ%ﬁéﬂ&m‘%&é&aﬂ@é% P

reference to the acconpanyi ng dr aw ngs. ig. 1is asectional view of a

itride t ] itaxial ta . i 12 13
NOV 2006 oroBdi et oF TRIGRLEY | b £y R0 St ontielal  Spi T al ‘Suisetr ate 10

conprises a k >y staal a a nitride type conpound
senicondugtosgﬁgégggkgtgé%iFnggﬁPégér%%n%%ﬁggg%g'by OWPE, HYPE, MBE, or

the like. 5 TEEI k-t kg rE¥RE oRE TR ARIUSRE IﬁBbtaX'al substrate 10 is an
i nternediate : = _ e such as a light-emtting
di ode pr laser diodg,, Pégéﬁtaf?\f?&%‘bf&ﬁ'r@é bef’?n&r‘é”%%'a%{l’l Hekerahly a
doubl e het er oj uncti on, re preferably a antum wel " strdcture, "i's formnmed
thereon, and 10,an, gkgeLfade {0t nUBRLYHBAnGYhECRLalS ndkt 2 Red tihgr et o,
' Fig. 1 is a schematic view of the epitaxial substrate
in accordance with an embodiment cof the present invention;
Fig. 2 1is an atomic force micrograph of a GaN
10 single-crystal substrate surface after mechanical
prolishing;
Figs. 3A to 3C are views showing the process of
flattening a substrate surface in a surface heat treatment
step;
15 Fig. 4 1is an atomic force micrograph of a GaN
single-crystal substrate surface after heat treatment; and
Fig. 5 is a schematic view of a growth furnace in an

OMVPEapparatususedforanexampleofthepmesentinvention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

20 In the following, preferred embodiments of the GaN
single-crystal substrate, nitride +type semiconductor
epitaxial substrate, nitride type semiconductor device, and
methods of making them will be explained in detail with
reference to the accompanying drawings.

25 Fig. 1 1s a sectional view of a nitride type

semiconductor epitaxial substrate in accordance with an

12



whereby the light-emtting device is acconplished. The material for the
nitride type conpound sem conductor |layer 12 is sel ected fronlbinaryywnv%
guat ernary conpound sem conductors expressed by Al Gaylnl , YN (O :- X < @
1, 0< y< 1, x +y<- 1) . Arong them GaN is the nost preferable in
that it can restraindefects fromoccurring in the interface between the
substrate 11 and nitride type conpound sem conductor |layer 12, since it can
honoepitaxially grow directly on the GaN single-crystal substrate 11 while
20 exhibiting no m smatch therewith. A process of making the GaN

singl e-crystalysybstiahe  and ol e dype,sentauuGHaC oo tg A spibst rat e

10 wll now be eX First, the single-crystal strate 11 is

25 de, d i - t - 18 j j t

surface pol | TS T & pOTToM N oo it T T RO S e O 11 qui d
hi ith ified . | | 1 pgl e- I t '

step). (B) SuBbSquént Py e g chkeE nbr B sHhET L e P T RS Bk

o0 el opher e gf 18,0509 SEOLACE 0L XG0 02yl OBl Bl 2y e g and

is heated at nperature o for ne 't ce

reatment st epl.e ni(Os JINSel ter: L AL Querinaled 5 g AL A Supstyate

tenperature o ,araw eria

Fe conuct o oY sk Aok P LSS 4 I T 2 OO OB By

Single'CrySta%fﬁgﬁ%léﬁf%tingdiodeorlaserdiode,whereasanappropriate
pn Jjunction, preferably a double heterojunction, more
preferably a quantum well structure, is formed thereon, and

10 an electrode for supplying current is attached thereto,
whereby the light-emitting device is accomplished.

The material for the nitride type compound
semiconductor layer 12 is selected frombinary to quaternary
compound semiconductors expressed by Al,GayIn;4-.yN (0 £ x <

15 1, 025y=£1, x+y=<1). Amongthem, GaN is the most preferakle
inthatitcanrestraindefectsfromoccurringintheinterface
between the sub;trate 11 and nitride type compound
semiconductor layer 12, since it can homoepitaxially grow
directly on the GaN single-crystal substrate 11 while

20 exhibiting no mismatch therewith.

A process of making the GaN single-crystal substrate
and nitride type sericonductor epitaxial substrate 10 will
now be explained;:

{A) First, the GaN single-crystal substrate 11 is

25 made, and thus made GaN single-crystal substrate 11 is

subjected to surface polishing with a pelishing agent and

13



11 (epitaxial growh step). They will now be explained in detail. The
manuf act ured GaN singl e-crystal substrate 11 is 15 subjected to suq@qng(m
polishing with a polishing agent and then to liquid washing with purifie
water or the like. For the liquid washing, not only purified water but also
organic solvents, acids, or alkali solutions maybe used. Aprocessed and
nodi fi ed | ayer caused by nechani cal polishing danages 20 exists on the
surface of the manufactured GaN single-crystal substrate 11, but is
elimnated by suitable surface processing. At this nonent, the surface of

the GaN singhewer vt al 1 gubat vakeidd Wt gidenetsd SRatsrt 8ratd@ mig mrror
surface state. When observed under a m croscope, 25 however, fine damages

formed by nech%mdaye4gy§§ﬂgﬂub@5§tréﬁgﬂhégﬁﬂ#m%gggﬁace of the substrate 11
As atypical exanple, 714 13 NOV 2006 a surface inmage of the polished GaN

si ngl e-crystal substiat e E1,1,aRseHed WNERE ik é‘iH&l@—EP?S%aW&I I's

shown in 3sFig. 2. As depicted, 'a nunber of m nute”defecis caused by

polishing are;se r (o = SHL %ﬂﬂpess
(Rrs) of thisl§u§ a%gaiEga%%E%;fﬁ%ﬁﬁ%%mﬁghgfzgnéggﬁggggﬁyaﬁgﬁn%%%&n|tride

type cenpoundc;Sem,condici o ahayel, kkad Saf@l taximdoedr own odiJieddya@Qn the
substrate 11 having such an order of” roughness, a | arge nunber of random

Craeny MroersRanRase, WL e Wi sieotendocputione damacs,
obtain the nitrideype eRERPQUAE$CMLONEYELALaLBYE t % ARYISHL A Fdtal
temperature of T2, a raw material G2 for the nitride type
compound semiconductor layer 12 is supplied to the surface,
10 so that the nitride type compound semicbnductor layer 12
is epitaxially grown on the GaN single-crystal substrate
11 (epitaxial growth step).
They will now be explained in detail.
The manufactured GaN single-crystal substrate 11 is
15 subjected to surface polishing with a polishing agent and
then to liquid washing with purified water or the like. For
the ligquid washing, not only purified water but also organic
v solvents, acids, oralkali solutions maybeused. Aprocessed
and mocdified layer caused by mechanical polishing damages
20 exists cn the surface of the manufactured GaN single-crystal
substrate 11, but 1is eliminated by suitable surface
processing. At this moment, the surface of the GaN
single-crystal substrate 11 is flattened, so as to attzain
a mirror surface state. When observed under a microscope,

25 however, fine damages formed by mechanical polishing are

seenon the surfaceof the substratell. Asatypical example,

14



surface. The surface heat treatnent step will now be explained. 15 On the
surface of the substrate 11, the decrease in surface roughness cause?hm¥2m5
heat treatment is assuned to progress in the follow ng fashion. Nanely,
when an NH3 gas is supplied onto the substrate 11 at first, NH3 is
deconposed into N2 and H2 as schematically shown in Fig. 3A. Thus formed 20
H2 reacts with GaN, thereby generating Ga atons. These reactions are
represented by the follow ng expressions (1) and (2): NH 2N2+ZHZ (1)
GaNt+lH, --+Ga+N.H (2) 2 15 13 NOV 2006 Then, the Ga atons m grate.over the

Feceases so as® tH G RRESal Pasd HeToY CaNe e e SRt cact
MU NG, ChorepiofoLy 08 GREgo Ehaaln B0 SuiB SUENCa,2URNLE, in
Fepr esent ed byt {e Tl PowiRg LSt essTBIELS) Y ks SRR BobI B Yri g, 4
shows a typical surface observatiaqn i e_of e N single-crysta
SUbstr at e [l atTerE Y0 E8 TOTbBING S AT Tea mert s TRACSUBErT SU0°TE shown
P9 L Grq PR SL e lER b FRLECpADEEEL UE cnECiof i @ substrate
As a consequence, when the nitride type compound
semiconductor layer 12 is epitaxially grown directly on the
substrate 11 having such anorder of roughhess, a large number
of randomcrystal nuclei occurinareaswithlevel differences

i0 such as damages, whereby crystals may grow
three-dimensionally, which makes it difficult to obtain the
nitride type compound semiconductor layer 12 having a flat
surface.

The surface heat treatment step will now be explained.

15 On the surface of the substrate 11, the decrease in
surface roughness caused by heat treatment is assumed to
progress in the following fashion. Namely, when an NH; gas
is supplied onto the substrate 11 at first, NH; is decomposed
into N; and H; as schematically shown in Fig. 3A. Thus formed

20 H; reacts with GaN, thereby generating Ga atoms. These

reactions are represented by the following expressions (1)

and (2):

1 3
NHS—-)ENZ‘FEHZ {1)

GaN+éH2 SGa+N-H (2)

15



15 in an atnosphere of m xed gas Gl. This substrate surface exhibited an
Rms of about 0. 19 nm whereas a step-and-terrace structure corresppg%hﬂg
to one atomi c | ayer was observed. Nanely, such heat treatnent allowe 006
surface of the GaN single-crystal substrate 11 to exhibit an Rns of 0.2 nm
or 20 less. In the step nentioned above, it is inportant that Ga be
deconposed in the existence of H2 so as to form Ga atons asrepresent edby
expression (2). However, the reaction rate of expression (1) is so slow
that only a few % of NH3 can 25 deconpose into H2 and N2 even at 1000C. Such

an amount of - 16 1 SphOY gg&% 6Pt omb MALLLLEL CObe L Ofn L Ngy pPOXE- gRNLL QNS

surface heat treatnen 0 progress, ereby 1t 1s preferred tha an H2

be added i T et f
O ee nast (il REct o G nI0AT EEErathrk? M ARG LM IRE

rrie 0 nosphere of a m xed

gas compr| sing NG 200 H. aps. oL bR SuLtace gy, tgatment St epy ot he

heat treat;ment ects e rateof e fié “Above-menti oned

reactions, the.length of at i gr.atio he Ga_.10 at, .

desor pti on, a(riltcf1 &S ﬁ%é%ﬂ Jﬁ%i/n}\]ﬁ]éé tteiheeres%dbtg?grﬁggé%[ag\{nﬁgr%]%%"ﬁg l%%%g'

hi gher,. t he 1 gration | ength C ey er.eb ong _are_nore
likely St 0 reach t hﬁ%ﬁps%%ﬁ%ﬁ%ﬁaﬁ%&@e&g@%%e )‘Eﬁe \yﬁﬁee%??s[asﬁ]eeﬁﬁlbég? ate
tenperature Ti_is.|ow, congr , at it ield GaN
before reachi nsd”i%aec%glfibg}ﬁ? dséltrkrjasgtzgc?tpeg?flé,Ja{s%rgbéggﬁgwaéﬁgrl\g;?eﬁ%u% 5¥?C? hus
failing to fl a(téeeenFtig(? ?d’l)r.f A9%is reactionis represented by the following

exXxpression (3):
3
Ga+M!173—7»Ga1\f+—2—H2 (3)

10 Fig. 4 shows a typical surface cbservation image of
the GaN single-crystal substrate flattened by the foregoing
heat treatment. The substrate 11 shown in Fig. 4 is a
substrate heat-treated under the condition with z substrate
temperature (T1) of 1020°C and a time (tl) of 10 minutes

15 in an atmosphere of mixed gas Gl. This substrate surface
exhibited an Rms of about 0.19 nm, whereas a step-and-terrace
structure corresponding to one atomic layer was ohserved.
Namely, such heat treatment allowed the surface of the GaN
single~crystal substrate 11 to exhibit an Rms of 0.2 nm or

20 less.

In the step mentioned akove, it is important that Ga
be decomposed in the existence of H; so as to form Ga atoms
as representedbyexpression (2). However, thereactionrate
cf expression (1) 1s so0o slow that only a few % of NH; can

25 decompose into Hy and N; even at 1000°C. Such an amount of

le



Assum ng the surface to be flattened in such a nmechanism the inventors
diligently studied tenperatures suitable therefor and, as a result, ﬂ@ﬁﬁl%ﬁ
found that the substrate 20 tenperature Tl is preferably 1020C or hlg
Therefore, in the surface heat treatnent step, the substrate tenperature

Tl is preferably at |east 1020C. The tinme required for flattening the
surface of the substrate 11 is a tine by which the polish-danaged parts 25
are sufficiently filled due to the Ga atom m grati on and GaN generation. The
i nventors have found that, though 17 13 NOV 2006 dependi ng on the-

pol i shing sta éaggt o fﬂ[c%.ef]n]‘c ftcﬁ‘ﬁe @Héf%‘%Svgf m[eﬂ&?ﬂ@ét rﬁ&‘%a&% AL ibe

flattened by east m nutes for the surface

gzﬁgrz.e%%%g%%ﬁ%t GO kol ve | NG b, TRl SOl n0 11
mnutes. The %E{' S‘E Eé‘i’%ﬁﬁeﬁt £8 Ja'mﬂ:?&‘%b&ﬁ’(@i al ng %ret;%%h& is

si ngl e-cryst al rate avi ng attene s surface

above- ment | On%@felf%%btlr <SP Poe LML Bt BULLRNLG I oo R, i ally of ovi ng

t he sane kind materia ernary conpound

seni co ductorou%xgge%ieqF%% PG L " Y egoggﬁacom%ﬁaglngyNﬁ L8 X

- 1), directly théreon i's Because o dhown in Flg
4, the terraces and steps corresponding 15 to one atomc |ayer are orderly
arranged on t #8°§0rface of the substrate 11, so that the nitride type

conpound se condustory | Qg 12 AV R ed chatt £SO AN 4 €998 tment

temperature affects the rate of each of the above-mentioned
reactions, the length of Ga atom migration, the rate of Ga
10 atom desorption, and the like. Namely, as the substrate
temperature Tl is higher, the Ga migration length becones
longer, whereby Ga atoms are more 1likely to reach the
polish-damaged parts (recesses). When the substrate
temperature Tl is low, by contrast, Ga atoms react with NH;
15 to yield GaN before reaching the polish-damaged parts, so
as to generate nuclei, thus failing to flaiten the surface.
Assuming the surface to be flattened in such a mechanism,
the inventors diligently studied temperatures suitable
therefor and, as a result, have found that the substrate
20 temperature T1 is preferably 1020°C or higher. Therefore,
in the surface heat treatment step, the substrate temperature

Tl is preferably at least 1020°C.
The time required for flattening the surface of the
substrate 11 is a time by which the polish-damaged parts
25 are sufficiently filled due te the Ga atom migration and

GaN generation. The inventors have found that, though

17



thereto can easily growin a step-flow fashion. It is also preferred that
the GaN single-crystal 20 substrate 11 be kept from bei ng exposed t,(s;}] NOV 2006
at nosphere before epitaxial growh after the heat treatnent. This |
because of the fact that, when exposed to the atnosphere, the surface of
the substrate 11 may get oxidized or absorb organic matters and ot her
contam nants, thereby adversely affecting the 25 subsequent epitaxi al
growh. In this case, it is necessary to carry out surface treatnent for
purifying the surface 18 13 NOV 2006 of the substrate 11 again before the
epi taxi al growdpenhirgchonndreeasésshhegmbdier o bsubtépateThl s thediwafase t hat
epitaxially growing the nitride type conpound sem conductor |ayer 12 on the
heat -treat ed GaN tSienghdbstmpdteall Isylast bat E15tténednbyrdkeat hier epinext ad £
substrate 10 having a high quality. The nitride type conpound sem conduct or
| ayer 12 is prteflersatl 1 0GalNnut eparfoircthar susface résghmd s cel Clonst dats
coincides.with that of the GaN single-crystal substrate 11, so that no
m sfit di sl ocatfi apocotcur®ninnf imeshed énf meehat htis) 1o Ijistlidiongnneefeaar] of
deteriorating the crystallinity of the nitride type conmpound sem conduct or
| ayer ¥2. As eplediynedhienhhé toeedgaiend, tomki hg phefepilbbyxi at lsadistirtate 11
exhibiting a very flat surface Rns of 0.2 rim or less as an index for the
hi gh quality efiddtesepitaxial 15 layer 12 is advantageous in keeping the
surface flatness in its subsequent device structure growth, and is
effective in inproVieg eph¢axialldyymfwih ghtepemiitltli mgpwdédne cegplsictedas
light-emtting diodes and | aser di odes such as bi pol ar

The GaN single-crystal substrate 11 having flattened

! its surface by the above-mentioned heat treatment is quite
10 suitable for epitaxially 'growing the same kind of material
as GaN, i.e., a binary to quaternary compound semiconductor
expressed by AlGa,In; 4, yN (0 £ x <1, 0y <1, 0<x+y
£ 1), directly thereon. This is because of the fact that,
as shown in Fig. 4, the terraces and steps corresponding
15 to one atomic layer are orderly arranged on the surface of
the substrate 11, sc¢ that the nitride type compound
semiconductor layer 12 having a lattice constant close

thereto can easily grow in a step-flow fashion.
It is alsc preferred that the GaN single-crystal
20 substrate 11 be kept from being exposed to atmosphere before
epitaxial growth after the heat treatment. This is because
of the fact that, when exposed to the atmosphere, the surface
of the substrate l1mayget oxidizedor absorb organicmatters
and other contaminants, thereby adversely affecting the
25 subsequent epitaxial growth. In this case, it is necessary

to carry out surface treatment for purifying the surface

18



transistors and field-effect transistors. 20 Al so, the above-nenti oned
surface heat treatnent step can reduce the crystal axis fluctuatlom ? qu
epitaxial layer 12. Mre specifically, the x-ray diffraction half gp P
the nitride type conpound sem conductor |ayer 12 becones 100 seconds or

| ess. Namely, the surface of the 25 epitaxial substrate 12 becones fl at,
whereby the epitaxial substrate having a favorable crystallinity can be
obtained. 19 1 3 NOV 2006 Further, the above-nentioned surface heat
treatment can suppress the threading dislocation density of the epitaxial

layer 12 to 1 ¢ 106 Sib2tPitda3Sagdhh DLRIY SURBI&aSStat el gHoead, Nghich
di sl ocation density of a sem conductor layer 5 lam nated on t he epi t axi al

layer 12. As sygh.o4dies crysd ahbiinBety Of tdhiepapi t aximgls | %&@&c&%es' MPLQY ES
while the crystal defects on the surface deCrease, whereby the

crystal linity l@a%} f@@%@«tﬁrf 1Y 81 thaEeney 8l cofB bl S8kl d¥h@hctéyer 12

becones favora crystal I0 defects can 'be restrained fromoccurring

within the S%@;ﬁ@‘ﬁ%%‘ﬁr th@yﬁ&atIlegtesfceae%;aHSéﬂggi@ecfgsﬁgw &m@ﬁ%& rate

10 formed with t epl taxi al layer is effectiv in inproving t

characteri sti s, Lalhabl kil @ﬁlt@ﬁ?ﬁal“sﬁh‘g%ra@fe i(b 8hL180 4 HiRg Qeyicey. such

as light-enmitting di odes and 15 I aser di odes, electroni’c devices such as

bi pol ar transig{or $ ;130 i %Pgeefégﬁﬁoﬁﬁén%éﬁﬂfcﬁidﬁ%f he dydee. 1Fhe;s
conductivity of the epitaxial |ayer (not depicted) formed on the epitaxial

substrate 10 Gan R& [N} Il eﬂm'ﬁbrt@:@&ipﬁn t¥idQe STELICIAK €SO cYREE QYIS
conductive devices. For

coincides with that of the GaN single—-crystal substrate 11,
: so that no misfit dislccation occurs in the interface, thus

10 yielding no fear of deteriorating the crystallinity of the
nitride type compound semiconductor layer 12,

As explained in the foregoing, making the epitaxial
substrate 1l exhibiting a very flat surface Rms of 0.2 nm
or less as an index for the high gquality of the epitaxial

15 layer 12 is advantageous in keeping the surface flatness
in its subsequent device structure growth, and is effective
in improving the yields of light-emitting devices such as
light-emitting diodes and laser diodes such as bipolar
transistors and field-effect transistors.

20 Also, the above-mentioned surface heat treatment step
can reduce the crystal axis fluctuation of the epitaxial
layer 12. More specifically, the x-ray diffraction half
width of the nitride type compound semiconductor layer 12
becomes 100 seconds or less. Namely, the surface of the

25 epitaxial substrate 12 becomes flat, whereby the epitaxial

substrate having a favorable cxrystallinity can be obtained.
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20 exanple, light-emtting devices such as LED and LD can be nade by
preparing an epitaxial substrate 10 in which an n-type &GN |ayer 1% 3ﬁ v 2006
grown on an n-type single-crystal substrate 11, and then grow ng there%n a
basic structure conprising an n-type cladding |ayer, an active |ayer, a
p-type cladding 25 layer, and a p-type contact |ayer. Thereafter, such steps
as formng an el ectrode, connecting current termnals, 20 13 NOV 2006
formng a reflecting surface in the case of a |laser diode, and so forth are
taken as a matter of course, so as to acconplish a device. For exanple, a

conbi nation of an n-%%%ghg%rb%#gﬁh%fgé;méﬁ6§5¢¥&!% @%ﬁéﬁgggcggggéﬁgﬁtlz IS

suitable for an npn- a ransi st or devi ce€,

Exanpl s A qr OoFh MEPRA Em By Tor Bt A G burh SERoEY £t bl Bot ed
1 ngl oo yst Al EHHRETal d SER €2 Hid: = tioaPed Sh LRFR - antpSrat SPPEFSS: owt h
i tride " type GOmPUE O CoEA oy B 157] & GoP eI APy CoPbwhe 15E
cont an hated. THBETbr 8, OEne"SUPPACa bR bceakihg 26t ep requi red when the

pi taxial substrate Seai iy mideceystry B0t e sSerard 1R 2T Y
heat-treated ‘{%@%%w%¥¥§%¢le the crystal defects on the surface decrease,
whereby the crystallinityof a semiconductor layer laminated
on the epitaxial layer 12 becomes favorable, and crystal
10 defects can be restrained from occurring within the
semiconductor layer. Therefore, using the epitaxial
substrate 10 formed with the epitaxial layer 12 is effective
in improving the characteristics, reliabilities, and yields
of light-emitting devices such as light-emitting diodes and
15 laser diodes, electronicdevices such as bipolar transistors
and field-effect transistors, and the like.

The conductivity of the epitaxial iayer (not depicted)
formed on the epitaxial substrate 10 can be controlled in
conformity to structurescof various conductivedevices. For

20 example, light-emitting devices such as LED and LD can be
made by preparing an epitaxial substrate 10 inwhich ann-type
GalN layer 12 is grown on an n—type single~crystal substrate
11, and then growing thereon a basic structure comprising
an n-type cladding layexr, an active layer, a p-type cladding

25 layer, and a p-type contact layer. Thereafter, such steps

as forming an electrode, connecting current terminals,

20



apparatus under various conditions. Further, the GaN |l ayer 12 was
epitaxially growmn within the sane apparatus. As shown in Fig. 5 thﬁgqmvagg
apparatus 20 used conprises a vertical growth furnace (reaction chanber)
constructed so as to 25 jet out material gases at right angles with respect
to the surface of the substrate 11. The growmh furnace 22 is mainly 21 1 3
NOV 2006 constituted by material supply pipes 2la to 21le for supplying

mat eri al gases and carrier gases, an exhaust pipe 23c for letting out the
remai nder gases after growth, a sanple table 32 for placing a plurality of
substrates 11, and heater? 5 %3 for hgatin Hgg sanpl e _table 32 4ééqn

t her eunder . ATORIHSL GodPERGCFALRtY3H3FE B Spos @ nofhd tpper €ani t hin
the grow h furnace %Zt&ﬁo as_to be abhle to g%event t henat er.i al ses from
bei ng heat ed P& IALPERAAT HFCHERE T Dt OF BT SPEESHI iy FRE CARTTRA 1. 10

Di sposed under the growth furnace 22 is a driving nechanism40 for rotating
t he sanpl e t afl &°32.“®rfhe driving mechani sm 40 conprises a notor 41, and a

rotary shaft 43 to_which the rotation of .the tor 41 is transmtted by way
of a belt 42. The r§Cir§ eRRLE £ COTARAIRIEH o VRE 48N G 447 nace
22 by way of a_.magnetic fluid s 44, such, that i upper end is connected
Co the Dot tomifinbd Lot afHa- CUaRmraY (e 52 LPhaCaaHOE EOF |13 P oR

di sposed about  the rotary shaft 43 tightly closes the through hole of the
groth f ur nac® B2 LA CaRRaI A R I arIRIREY AS S TS R G athe

sanple table 32, for whi.ch Si G coat.ed carbon_can, be used, is driven by the
dri vi ng nmechasirostzgte is ﬂﬁrfgfestp%é]f or a field-effect 'transistor.
Examples
A growth method employed for epitaxial growth can be
10 selected from OMVPE, HVFE, MBE, and the like. When any of
them is chosen, the GaN single-crystzl substrate 11 is
heat-treatedwithin an apparatus for growth and then, without
taking cut the GaN single-crystal substrate 11, the nitride
type compound semiconductor layer 12 is epitaxially grown
15 thereon, whereby the surface of the substrate 11 is kept
frombeing contaminated. Therefore, the surface processing
step required when the surface is oxidized or contaminated
t is unnecessary, whereby a higﬁ—quality epitaxial substrate
can be made easily.
20 The GaN substrate 11 was heat-treated in an OMVPE
apparatus under various conditions. Further, the GaN layer
12 was epitaxially grownwithin the same apparatus. As shown
in FPig. 5, the OMVPE apparatus 20 used comprises a vertical
growth furnace (reaction chamber) 22 constructed so as to

25 jet out material gases at right angles with respect to the

surface of the substrate 11. The growth furnace 22 ismainly
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about 1000 rpm for exanple. At the time of heat treatnent, NH3 was 11 slm
whereas H2 or N2 was 5 sIm The condition at the tinme of grow ng 2§Wﬁ%§m5
was such that the substrate tenperature was 1000C, ammonia was 11 s|

was 5 slm trinmethyl galliumwas 180 22 1 3 NOV 2006 to 400 prol/mn, and
the pressure was about 27 kPa (i.e., 200 Torr) . As a conparative exanple, a
GaN sapphire substrate using sapphire as a substrate with a GaN | ayer

grown beforehand was grown at the sane tine. 5 Table 1 shows the results of
observation of the surface of the substrate 11 under an atonic force

Tval oty bn oy B ol e S R S P AT P R MR SN o s
eval uat od by ﬁ%@@@ﬁpﬁm%é G FJ‘%%%&%%%%&%%r?ﬁéé%ﬁazﬁoz
ndi cat i ve of HecHDPUENS FoBFG %ﬁe&nga%%% tRaoE0ikhe ™ STABLE Plprace |
SUBSTRATE HE%E EE%AT NT CCNDI URFA SR@TE ESS §¥ﬁ§$$EeChl (Rs)
Ga N NOH T e DAvAGES 3 %tﬁmai}ﬁ% G r985C,
ggpsgmg%@?mygﬁog SIS G a NN N2 L85G L B
water-cooling jacket 34 is disposed in the upper part within
the growth furnace 22, sc as tobe able toprevent thematerial
gases from being heated to react with each other before
reaching the substrate 11.
10 Disposed under the growth furnace 22 is a driving
mechanism 40 for rotating the sample table 32. The driving
mechanism 40 comprises a moter 41, and a rotary shaft 43
to which the rotation of the motor 41 is transmitted by way
of a belt 42. The rotary shaft 43 is introduced into the
15 growth furnace 22 by way of a magnetic fluid seal 44, such
that its upper end 1s connected to the bottom face of the
sample table 32. The magnetic fluid seal 44 disposed about
the rotary shaft 43 tightly cioses the through hole of the
growth furnace 22 throughwhich therotaryshaft 43 isinserted.
20 The sample table 32, for which SiC~coated carbon can be used,
is driven by the driving mechanism 40 at a high speed of
about 1000 rpm, for example.
At the time of heat treatment, NH; was 11 slm, whereas
H, or N; was 5 slm. The condition at the time of growing

25 GaN was such that the substrate temperature was 1000°C,

ammonia was 11 slm, Hy was 5 slm, trimethyl gallium was 180
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Ga NNH+H2, 1 0 0 0OC, 1 5nin NUIVERClJS PITSO 19 nmNG Ga N NH3+H2,

2 0C 5nmn POLISH NG DAMAGES 0. 4 0 nm NG G a N NH3+H2, 1020C, 10m§NEI{r/iU'55
0. 19nm GOOD Ga NNH3+H2, 1 02 0 C, 1 5min FLAT 0. 1 5 nm GOOD

NH3+H2, 1040C, 15min FLAT 0. 13nm GOOD 23 13 NOV 2006 TABLE 2 SURFACE

X- RAY X- RAY SUBSTRATE HEAT TREATMENT ROUGHNESS DI FFRACTI ON DI FFRACTI ON
EVALUATI ON CONDI TION (Rns) HALF W DTH HALF W DTH (0002) (10-11) G a N NO
HEAT TREATMENT 0. 3 5 n m1 2 9sec 13 2sec NG 5nmMmnl14nm95sec 10
8sec NG GaNOOCI12 0 Ga NNH3+H2, 1 0 NO MEASUREMENT 1 5 9sec 7 6sec

NG 0 CC, 5m' ON H12, mlnQ - 22nm 88sec 64s c G N +H2, 10 O.
14nm 91sec 4558 E%Cﬂ“cg/’ﬁl% ingngﬂeéﬁeif’% |—‘12315 ES n'h ©0. 14 n

91 4 6 SAPPH RE NH3+H2 4 NG
0o e nfﬁébng IR A SIS TS (RN sfe,rfG&?Zsa]P@ e e

t d heat t t t ) bst | th
28zo'c”"&ﬁé?ea‘éﬁﬁ?syg%ﬁav%‘ﬁia?%%@p&mes?é‘ég%efsﬁivﬁgfa%”‘éﬁv[@w‘” EAN BT | ow

roughness’ can_be r‘rg% g P&eat treat men ilsl carrie .out for at least 10
m nut es grown beforenand was grown at the same tTime

5 Table 1 shows the results of observation of the surface
of the substrate 11 under an atomic force microscope after
the heat treatment, whereas Table 2 shows the results of
evaluation by the atomic force microscope and x~ray
diffraction of samples having grown the GaN layer 12 by 2

10 um. The x-ray diffraction was evaluated by the respective
w scan half width values of the (0002) reflection indicative
of the c¢-axis fluctuation and the (10-11) reflection

indicative of both of the fluctuwations of c- and a-axes.

TABLE 1
SURFACE
SUBSTRATE HEAT TREATMENT CONDITION SURFACE STATE ROUGHNESS | EVALUATION
(Rms)
GalN NO HEAT TREATMENT POLISHING DAMAGES { - 1. Onm NG
9 . NUMEROUS
GaN |[NH;+H,. 9857C, Smin PROTRUSTONS 0.78nm NG
.| POLISHING DAMAGES,
GalN NH;+N,. 985, 15min PROTRUSTONS 1. 1nm NG
GalN NH,+H,, 1000°C, 1 5min NUMEROUS FITS 0.19nm NG
GalN NH,+H,. 10207, Smin | POLISHING DAMAGES | 0. 4 O nm NG
GaN |NH;+H, 10207, 10nrin FLAT 0.1%unm GOOD
GaN |NH,+H,, 1020%C. 15min FLAT 0.15nm| GOOD
GaN |NH,+H,. 1040%C. 1 5mn FLAT 0.13nm| GOOD
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at a substrate tenperature of 1020C or higher in a m xed atnosphere of NH3
and H2. On the other hand, Table 2 indicates that both the surface *FNUVZ%E
roughness and x-ray diffraction are 10 large in the conparative exanple on
sapphire, but are renmarkably inproved when a GaN substrate is used. In
particular, heat treatnment for 10 mnutes at a substrate tenperature of
1020C or higher in a m xed atnosphere of NH3 and H2 can greatly inprove the
surface roughness and crystal 15 axis fluctuation of the epitaxial |ayer.
Here, not only the heat treatnent in the atnosphere 24 13 NOV 2006 of NH3
+ N2, but also the Regigreatnment in the atnosphere of NH3 + H2 for |ess
than 10 mnutes or at a substrate tenperature of less than 1020C i s

unf avorabl e, |[since the surface r £@§§s Is) By exlceedrf 2 pmor the

10( NTl

x-ray diffragti on 5 hakfsTwrgithenray e SERANGS:. | Dibucahonebl e 2 dogs
not ~neasur e |SHETRAIEf ace gipughiness (RWBPERK t eryi herheat wikeasmenEYALUHEN Heat
treat ment . cofdi tion nder mhlch t he sdﬁﬁéce roq&ﬁgpss angoqﬁystal axis

fluctuatiiﬁn ¢F—the—eptt 1 ne—s C w i es ith
N 1 T 1 2 D T S W B Budhndet It ler TE et b Haee 1
becomes 0. 2frignqf || 888 "Rarely0 |fgr attajniing a &aydrahl @ gepi | axi g
| ayer, a GaN sinqle- 181Gl 1fuKat Jate havingla surfacd roughness of 0.2 fnm
or less nust|b u NHierr H he 1t ' Eﬂﬁﬁloc t densi wals defer m ned
15 frompit-HQi EGe ef &t 8 Cobs dimied ﬁﬁ ef{égRan at om(:llcé ?or ge rr?érsoscope}ql@n
practice, it OUNNHOSHo 10®icm -2, n_the t axi al er| grown on jt he
sapphire Sub$¥?§?§?lﬂﬂ0%ﬁ815mh1 EEEE Pia 6 24 K
NH,+H,, 10

‘ GalN 20%C. 1 Omin 0. 14nm 9 1 sec 4 5sec GOOD
NH;+H,. 10

GaN 20%C. 1 5min 0. 14nm 9 1 sec 4 6sec GOOD

SAPPHIRE NH;+H,. 10 0. 58nm 4 2 9sec 6 7 4sec NG

00T, 5min

Table 1 indicates that the flatness and surface
roughness are not improved upon heat treatment at a substrate
temperature of less than 1020°C, whereas flat, favorable

5 GaN single-~crystal substrates with a low roughness can be
made when heat treatment is carriedout for at least 10minutes
at a substrate temperature of 1020°C or higher in a mixed.
atmosphere of NHzand H;. Ontheotherhand,Table2indicates
that both the surface roughness and x-ray diffraction are

10 large in the comparative example on sapphire, but are
remarkably improved when a GaN substrate is used. In
particular, heat treatment for 10 minutes at a substrate
temperature of 1020°C or higher in a mixed atmosphere of
NHs;andHy cangreatlyimprove the surfacerocughnessandcrystal
15 axis fluctuation of the epitaxial layer.

Here, not only the heat treatment in the atmosphere
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S.. 106 cm-2 or less and thus was favorable in the epitaxial |ayer 12
grown on the GaN substrate 11 in many sanples. 20 The present invent.,igﬂ \5;?@5
reduce the surface roughness of the GaN single-crystal, thus being'a Q
provide a GaN single-crystal substrate suitable for epitaxial growh. Wen
a nitride type conpound sem conductor layer is epitaxially grown on the GaN
single-crystal substrate of 25 the present invent ion, a nitride type
conmpound sem conductor device exhibiting favorable characteristics can be
formed. 25 13 NOV 2006 WHAT IS CLAIMED IS: 1. A GaN single-crystal
substrate having a polished surface flattened by heat treatnent for at
| east 10 mi nutef NE¢ +taNsubstt at bse ehiperlmtal ¢ refatatentedst the20Cnpapheriexed
gas atnosphere containing at |east an NH, gas, wherein said surface
exhi bits a rootfhEanteduwarkess bhghidseimit«€s or ahaosuh esatad tempsabptiuheat
treatnment. 2. Anitride type sem conductor epitaxial substrate conprising
t he GaN singl eeTr peisal Shdrst L1826 "&ccios diinfavorabkblei msincandkee nstirfdeet ype
conpound $em conductor |ayer epitaxially grown on said GaN singl ecrystal
substrate. 3. Youghnede tRme) seaw cormhect Or Zepint@xitale sulpstyrdi Eéfractordi ng to
claim2, wherein said nitride type conmpound sem conductor |ayer conprises Al
G, I ns,N (0 < hxlfwidtlimawexckedxi(e d9conds. AThitghdBalbype? semisconrduct or
epitaxial substrate according to claim2, wherein said nitride type
conpound seniceasuce dhel ayefacorpuigbessGaffms) after the heat treatment,
the heat treatment condition under which the surface
roughness and crystal axis fluctuationof the epitaxial layer
become sufficiently small coincides with the condition under
10 which the surface roughness after heat treatment becomes
0.2 nmor less. Namely, for attaining a favorable epitaxial
layer, a GaN single-crystal substrate having a surface
roughness of 0.2 nm or less must be used.
When the threading dislocation density was determined
15 from pit-like defects observed under an atomic¢ force
microscope in practice, it was about 10° to 10° cm™® in the
epitaxial layer drown on the sapphire substrate, but was
i 10° cm™ or less and thus was favorable in the epitaxial layer
12 grown on the GaN substrate 11 in many samples.
20 The present invention can reduce the surface roughness
of the GalN single—crystal, thus being able to provide a GaN
single-crystal substrate suitable for epitaxial growth.
When a nitride type compound semiconductor layer is
epitaxially grown on the GaN single-crystal substrate of
25 the present invention, a nitride type compound semiconductor

device exhibiting favorable characteristics can be formed.
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5. Anitride type sem conductor epitaxial substrate according to one of

clainms 2, wherein said nitride type conpound sem conductor |ayer 1.3 NOY 200

epitaxially grown on said GaN single-crystal substrate has a surface’w Wn g

root- mean-square roughness of 0.2 nmor less. 6. Anitride type

sem conductor epitaxial substrate according to one of clains 2, wherein

said nitride type conpound sem conductor |ayer has an x-ray diffraction

hal f w dt hwahT10€ secomEs Ds:less. 7. A nitride type sem conductor epitaxial

substrate according to one of clainms 2, wherein said nitride type conpound

sem conductor | ayer.  has_a threadi nrg, di sl ocation _de sit,)é1 of 1 x.10 gmz or

less. -26 1 3 700828, SWHi T 15 eStta\j[pes‘é Hr corduCedr Pevi cé’c’&&ﬁg? si ng

the GaN sipgkeaseysialtsubst pat BeAECOFdifgedt® £daiam l1essd diosubstitate

havi ng an n-type conductivity; an n-type cladding |ayer, |amnated on said

subst r at e, atoapsiudistg ale, tiGalPHN (Wrec ok &t 1}eastnl@dViGdn ayeixdhsiAat ed on

sai d cl addi | ayer; -type.claddin ye | am nated on said active

| ayer, coﬁ%&?s %ﬁéeﬁ?n,%&g]lu_%@)ﬁt( =3 xag %? ?é%’nd a p-type GN | ayer

| am nat ed on saitkp=iypeadHaddiri:dayexhiBitA Ai trrdode-nype-equpaend

sem conductor device conprising the GN single-crystal substrate according

to claimIougheerss MUKk 8y oF Hieyidlday selderabndteebrertayers | ani nat ed

on said substraje and .represented by Al t Inl _,t.YN S X..< 5y 5

S g AR ke, e h s R P he h spTaeRetd
comprising the GaN single-crystal substrate according to

claim 1, and a nitride type compound semiconductor layer
epitaxially grown on said GaN singlecrystal substrate.

3. A nitride type semiconductecr epitaxial substrate

according to claim 2, wherein said nitride type

compound semiconductor layer comprises Al Galn.N (0 < x
<1l, 0<y <1, x+y< 1)

4. A nitride type semiconductor epitaxial substrate
according to claim 2, wherein said nitride type compound
semiconductor layer comprises GaN.

5. A nitride type semiconducter epitaxial substrate
according to one c¢f c¢laims 2, wherein said nitride type
compeound semiccnductor layer epitaxially grown on said
GaN single-crystal substrate has a surface with a root-
mean-square roughness of 0.2 nm or less.

6. A nitride type semiconductor epitaxial substrate
according to one of claims 2, wherein said nitride type
compound semiconductor layer has an x-ray diffraction
half width of 100 seconds or less.

7. A nitride type semiconductor epitaxial substrate
according to one of claims 2, wherein said nitride type
compound semiconductor layer has a threading dislocation

-2

density of 1 x 10° cm™ or less,
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Wi th a root-nmean-square roughness of 0.2 nmor less. 11. A nethod of naking
a GaN single-crystal substrate, said nethod conprising the step of 3 NOV 2008
subjecting a GaN single-crystal having a polished surface to heat
treatment for at least 10 mnutes at a substrate tenperature of at |east
1020C in a m xed gas atnosphere containing at |east an NH3 gas, so that
said surface of said GaN single-crystal substrate has a root-nean-square
roughness of 0.2nnkonikesse 1 peA swetileohdofc toak idey i eGadNborgdrigl igvar yist al

substrate ording to claim1] erein_said.mxe as .cantains an. , H2
gas. 13. A%ﬁh&dnggeﬁﬁ%iyﬁgaé n??k?%reatteypgcggrrndégﬁdgtc orClaelﬁﬂtléLtki a?ald
substrat e, s&gtrmichachwonprdasi ngt e sdrepuofiviapit axi ahtyyge omd addengii tri de
type conmpound sem_conductor layer on said GaN single-crystal _subsirate

obt ai ned by'3%&e Mé™Mad t6F ﬁéilki%‘/?g‘da SERR LAY e98?1§gf§1m§u‘§]ts'tt(r;3ﬂ-é é(ic%)r di ng
to claim 1l withput axi diAiiRe Saidrsurdmeatel oAl ga GaN- Shdgl @y CTampd 8]

Substrate. -27 1 3 NOV 2006 14. A nethod of making a nitride tyf)e
seni conduct®dr Peprpaxicdiadsipst rat e accdpBihgted Orai Arl3, aMterd nlavwiir

nitride ty%,?pfgqggngg,e@glcg)n@uq@% l,ayer 1{sof D &YRE. p-dibe AcliRt Rageof
making a nitride type sem tonductor epitaxial substrate according to claim
13, wher ei nagandtediar isdedt ypereonpaihidigs éayeonduct or | ayer isof p type.

16. A method of d*?‘k'Angni‘t’}'it%é de Jyhe ST SANIUCLOL: eRhLaxial substral
according to one of clainms 13
comprising the GaN single-crystal substrate according to
claim 1, and a plurality of nitride type semiconductor
layers laminated on said substrate and represented by

Al,:Gayln; ,¢yN (0 5 x < 1, 05y 51, x + y< 1)
10. A GaN single-crystal substrate having a surface

with a root-mean-square roughness of 0.2nm or less.

11. A method of making a GaN single-crystal substrate,
said method comprising the step of subjecting a GalN
single-crystal having a polished surface to heat

treatment for at least 10 minutes at a substrate temperature

of at least 1020°C in a mixed gas atmosphere containing at
least an NH; gas, so that said surface of said GaN

single-crystal substrate has a root-mean-square roughness
of 0.2nm or less.

12. A method of making a GaN single-crystal substrate
according to claim 11, wherein said mixed gas contains an
H, gas.

13. A method of making a nitride type semiconductor
epitaxial substrate, said method comprising the step of
epitaxially growing a nitride type compound semiconductor
layer on said GaN single-crystal substrate ocbtained by
the method of making a GaN single-crystal substrate
according to claim 11 without oxidizing said surface of

said GaN single-crystal substrate.
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wherein said epitaxial growh utilizes one of OWPE, HYPE, and MBE. 17. A
met hod of making a nitride type sem conductor epitaxial substrate a,ci \g
to one of clainms 13, wherein both said heat treatnent of said GaN Si @
crystal substrate and said epitaxial growh are effected wthin an
apparatus for carrying out said epitaxial growh. 18 A nethod of naking a
nitride type sem conductor device conprising the steps of |am nating an
n-type cladding | ayer. eonmprthsidngfAhakGad & MN{fide >¢y<§>e15)er®i\cdbrﬁtﬁ1c€ﬁaj‘st si ngl e-

crystal obtained by the nmethod of nakin C%N i ngl e- stal substrate
according to cleé’lﬁafia?sﬁFBSEEBE?r3?%“%&?)3 aci}‘:hl nduct i VY,

| am nat i ng aﬂn&.(i{lld\éetb@léelf:om@@u&al @eﬁh@ﬁﬂd‘i@@t&)ﬁ}/ﬂyeﬂ ad @ﬂtm nigypae p-type

cl addi ng | ayer rising Gl "N (0 < x < 1) on said active |layer; and

| ami nating a p- ty Ga?rw%‘gf%?doﬁfsaﬁalﬁgt pBitrdd® fyre %%CO&@JC%%t hod

of meking a nigidde 4 ypPeuSert §0BdHELRL i gV I-6e QMR 1181 Nehd hei St epi of
formng a plurality of nitride type sem conduct or Iayers represent ed by

Al , Gayl nl _XnpNrigectypeccompognd_sgmicondugtor ylayen sl »amiifated on the

GaN si ngl e-crystal,; substygaf g,gbtai ﬂsﬂlmj th%t&r&tdféoda@ o HBKI N fu R
single-crystal substrate according to claiml 3 NOV 2006 20. A GaN

single-crystal , sybsty at eghaying, 2, pabiuiad, Suf ase 148t taned, by, feat
wherein said epitaxial growth utilizes one of OMVFE,

HYPE, and MBE.

17. A metheod of making a nitride type semiconductor
epitaxial substrate according to one of claims 13,
wherein both said heat treatment of said GaN single-
crystal substrate and sald epitaxial growth are effected
within an apparatus for carrying out said epitaxial

growth.

13 A method of making a nitride type semiconductor

device comprising the steps of laminating an n-type

cladding layer comprising Al.,Ga; ,,N (0 < x < 1) on the GaN single-
crystal obtained by the method of making a GaN single-
crystal substrate according to claim 11, said substrate
having an n-type conductivity; laminating an active layer
on said cladding layer; laminating a p-type cladding layer
comprising AlyGa; ,,N {0 < x < 1) on said active layer; and
laminating a p-type GaN layer on said p-type cladding
layer.

19. A method of making a nitride type semiconductor
device comprising the step of forming a plurality of
nitride type semiconductor layers represented by

Al,,GaylnixyN (0 <_ ,< 1, 0< ,< 1, x + y < 1) and
laminated on the GaN single-crystal substrate obtained by
the method of making a GaN single-crystal substrate

according to claim 11.
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m nutes at a substrate tenperature of at least 1020 FI in a m xed gas NOV 2005
at nosphere containing at |east an NH3 gas, and a nitride type conpoun%

sem conductor |ayer epitaxially grown on said GaN single-crystal substrate,
and said nitride type conpound sem conductor |ayer has an x-ray

diffraction half width of 100 seconds or less. 21 A GaN single-crystal
substrate having a polished surface flattened by heat treatnent for at

| east 10 mnutes at a substrate tenperature of at |east 1020.1. in a m xed

gas at nosphere cqnf aphidgy at i hgast 3y N aass s @ghk e anAivtihigdes type: gpspound
sem conductor |ayer epitaxially grown on said GaN single-crystal subs&rate
and said |ﬁ%%ﬁ%ﬁ?ty%%@E%%%%ﬁndbgenﬁééﬁdUGFSPtW&F&r H&E a &h re%%ﬁﬁb

di sl ocat i omigeisid Ya@f al 9ubk6 /P émpesstuzd Afnidt i Ueakype 0zen Epniwct or

devi ce conprisin @GN single -crystal. substr havi n ollshed syrface
flatt enedrrpt?y HERC £ 9%t REREROE TR S SHet NP i ﬁﬁt g5t #h Bsrdate and

t enper at ur @ ohiatrikleastyp@20cdfipounda sexedogasctatnosphpere eohtakhahyy at
| east an NHg&gﬁb Iéannd sal éHFStE%%%lQaVEgut%ﬂ n- HMRSH%QPdUCtéXétys an

n-type cl &d ayersafanl sai bStT ate e claddi ng
| ayer conpmiigimgleAl tyv@e, . cNrEeaed ) sam1cqmﬂucm@rlaﬁ@NEHanhﬁatednonxsaaﬂ

cl adding | aefe 28 an bXAG Gliadd] NG hawelse doaren %&eq <R said active |ayer,
the p-type claég' I ayer conprising A O<x<l) and a p-type GaN

| ayer | am nated on sald p-type claddlng Iayer -29
21 A GaN single-crystal substrate having a peclished

surface flattened by heat treatment for at least 10
minutes at a substrate temperature of at least 1020.1. in
a mixed gas atmesphere containing at least an NH; gas, and
a nitride type compound semiconductor layer epitaxially
grown on said GaN single-crystal substrate, and said
nitride type compound semiconductor layer has a threading

dislocation density of 1 x.10° cm? or less.

22 A nitride type semiconductor device comprising a
GaN single -crystal substrate having a polished surface
flattened by heat treatment for at least 10 minutes at a
substrate temperature of at least 1020.11. in a mixed gas
atmosphere containing at least an NH’ gas, and said
substrate having an n-type conductivity; an n-type
cladding layer, laminated on said substrate, the n-
type cladding layer comprising Al. Ga. N (0<x<1l); an
active layer laminated on said cladding layer; a p -
type cladding layer, laminated on said active layer,
the p-type cladding layer comprising Al Ga. N (0<x<1)
and a p-type GaN layer laminated on said p-type
cladding layer.
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