; ededl 6Tdn{ TITLE OF THE | NVENTI ON GaN Si ngl e-Crystal Substrate, N tride
Type Sem conductor Epitaxial Substrate, Nitride Type Sem conduct or Device,
--and Met hods of Making the Same 5 BACKGROUND OF THE |NVENTHMlm”mmMMthe
I nventi on The present invention relates to a GaN single-c at e,
a nitride type sem conductor epitaxial substrate, a nitride t yimso
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 tonpound
sem conduct AAEILE IO eTHReJNCBNTEONt | i ght having a short wavelength in a
region 15 fromultraviolet to blue-green. These devi ces such as
light-emtting di @&t arglin@gberCuysitels arfulpsospeet i veNasridéum Bgpeon and
di spl ay apparatus, or |light sources for next-generation DVD. As a substrate
for use in tdmsiecdndydteam ttEpgtdriates, SabGaMagiengl e-Nutystdd subgpeat e 20
having aul attice constant identical to that of a GaN | ayer, which is a
maj or nitri deedigendeni conberct o, | ayérMetisops ed EridbkynenpheysdmeHowever, it
has conventionally been considered difficult to make a GaN singl e-crystal
subst at e. THARIKIROWND 2 phik eINVENTI@Ees, which have a lattice 25 constant
approxi mati ng that of GaN while being chemically stable, have normally been
in use. OWHE & usfiatly Isegntionas a nethod of epitaxially growing a GN
substrate on such a sapphire substrate. In the OWPE, after the surface of
t he sapphire substliet priesepltebmeenwoh eetlled esubeta Gad s bmpbeatuyetak hel d
at about 1050C in an HZ gas atnosphere, 5 a buffer layer of GaN or AIN is
grown at a subwitzatetem3dracs eVRe sabsgengsotos ego0eX i@ddsehehrateaN | ayer
is grown at a high tenperature of at |east 1000C. However, the use of a
sapphi re subsPiifrddestgPebs eRAEPRIPAtPReITBIFONIAY PEthess £frBakinge

| attice constant of the 10 sapphire substrate s close but not identical to
t hatt f them for use in llékt—emlttlng 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 ultraviolet 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 GaN layer,
which is a major nitride type semiconductor layer, is
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
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the GaN | ayer, whereby a nunber of defects such as dislocations caused by

| attice msmatching are introduced at the interface between the sapphire
‘'substrate and GaN | ayer. These defects extend in the growh direction, so
as to appear as a number 15 of through defects on the epitaxial |ayer B
surface, and remarkably deteriorate characteristics and |ives of
light-emtting devices such as | aser diodes. Al so, since the thernal
expansion coefficient of the sapphire substrate and that of the GaN | ayer
greatly differ fromeach other, 20 the eptaxially grown substrate -nmay warp
greatly. Furddher methoee oifhepsapphileysybstinyes Al sabsiteatagenpeaparty, it
is very hard to nake a | aser diode using a cleavage plane as a reflecting
surface. | n aviseippHisdiGulss trams! ameeshea OMVEgl, eaCtyst 8he Cadlr2aceubstrate
suitable for formng a nitride type conpound sen conductor |ayer has been
realized (| nRirey nghpphakre? subdppt€at boreladedpRAiNe. tWRO9%2BEOBatel n this
net hod, sa mask having a striped or circular formis formed on a GaAs
substrate, acdmadtatyiereiis geddnat yranlosoacvapan Phaae, atmdsphenel he GaAs
substrate is renoved therefrom whereby 5 a GaN substrate can be obtai ned.
Al s0,5 t hi s rehhdfle £ dn yrEssE patiduckl IGAN et 8 abesidyt fatrd bempgraniing a GaN
| ayer on the GaN substrate so as to prepare an ingot and then cutting out
GaN subst r ateefs aftrcarh t4860 itg @00 Ngneing thieirs an®aNnéthed hasgrede &t possi bl e
to mass- produce GaN single-crystal 10 substrates. SUMVARY OF THE | NVENTI ON
However, t héicdnvesnparstutBaNosubst laset nk000d@ed above may be probl ematic
as follows: Nanely, while it is necessary for the surface of the prepared
GaN si ngl e- cr yst alHokewmhsthatus ¢ of besamaitare sabkyrpokiishedolblanatncor der
to forman epitaxial |ayer thereon, the GaN single-crystal substrate is
cheni cal | y sio bhetfhl kowhag daints thaFdrss, poie sBthyceleonsantmedhtine cal
polishing (CWMP)' which is used for other sem conductor substrates.

Theléf ore, iHEhidid f5Estraibe 2 chesadenbinmetl igepbicahete stibatrate to

attain a fl atness SU|tabIe for e i taxi al growth, whereby the supstrate
surface af t &GN AN e (G T2Y B&F“ibﬁ‘?‘?édﬁ%cfaﬁsﬁﬁﬁ IS Dbt neakiedBar e
bt it S 0 BN S B S
grff}gufPeB%m¥¥ggﬂl g%%&éﬁ??%%% strg%égggg q%;é? V\,‘ﬂlese ef%cts
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 1lives of
light-emitting devices such as laser diodes. Also, since
the thermal expansion.coefficiént 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 a nitride type compound

semiconductor layer has been realized (International



toryield a flat surface. Al so, when grown nucl ei generated are conbi ned
together in such a gromh node, crystal defects such as dislocations are
|ikely to occur due to directional shifts existing anong the nuclei, which
deteriorates 5 crystallinity. Nanely, for making a semi conductor apparatus
having a better quality on a GaN single-crystal substrate, it is necessary
to elimnate the defects (e.g., damages and distortions) occurring due to

t he surface processing. 10 For solving the problens nentioned above, it is
an object of the present invention to provide a GaN singl e-crystal-
substrate, anapplitdeibypbasdrDpendiict oWOLR/22&P3) . sulystildte meardbda mitri de
type sem conductor device, each having a flattened surface, and nethods of
maki ng t hem md5k Thevpneserat nipahtdrogipcotiedefoanGad Sormge@-or ysGalks
substrate having a polished surface flattened by heat treatnent for at

| east 10 mi ngitlestabta, sabSaNal eyéenpergtawre Wferstor] dasta ZG2RE phaseni xed
gas atnesphere containing at least an NH3 gas . 20 In this GaN

si ngl e-crystahd ahenetied etadneshiheatate dat memo verothes eify omar whedebyt f or
at least 10 minutes at a substrate tenperature of at least 1020 Cin an NH3
gas & nospheseGaNo sabsttaadfel exn dne atlova tnecdar rAahgerebhis nmathobsteat e
surface in which a large nunber of mnute defects 25 are fornmed by

pol i shi ng, thesebprblateehrlicsuldmetaibsy at fusthkaceroWwheyof ¢ad lelyersurf ace
of an epitaxial layer formed 4 on the substrate can be made flat. Al so,
due to the heat:hter @alf guivstrefe supfdcerhapase 2y ingot amsarhergaitd ingughness
of 0.2 nmor |ess. Wen the substrate surface has a root-nean-square
roughness ofo@t BN gibsitredes firompeeeiggaod -sulsredve Tuis ingwenetpor at for
formng an epitaxial |layer with a favorable quality. The present invention
provi des a niré$iHadeypé wﬁ%@#@cﬁ%rmWTM@#C%u‘g@Fr aiBgdemprysStag t he

10 substrates.

SUMMARY QOF 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 polished flat in order to form
an epitaxial layer thereon, the GaNsingle-crystal substrate
is chemicallysounstable that it ishard topolishbychemical
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 on a substrate having such a rough

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

nucleus generation in uneven parts, whichmakes it difficult



above- nenti oned GaN single-crystal substrate and a nitride 10 type conpound
sem conduct or | ayer epitaxially grown on the GaN single-crystal substrate.
In the nitride type sem conductor epitaxial substrate, the nitride type
conpound sem conductor |ayer is formed on the GaN single-crystal substrate
subjected to a predetermi ned 15 heat treatnent process for at |east 10

m nutes at a substrate tenperature of at |east 1020C in an NH3 gas

at nrosphere. Nanely, the nitride type conpound sem conductor |ayer is
epitaxially grown on a substrate which is sufficiently flat for form ng an
epi taxi al | ayeryielhbeebyat ninfraade. t paesc20wbenporrich swimledndeotoatkdyer
having a flat surface and a favorable crystallinity can be obtai ned. Al so,
t he surface afe aosdiineontogebdhet ayesukan watedhomodbée arvstadedeypetsonpound
sem conductor | ayer becones flat with a favorable crystallinity, whereby

i ght-em ttiswglldes deslacdt25nseatredniduel prtcdevcuesdsdio dsrecansnalors
using the nitride type conpound epitaxial substrate can attain higher 5
per f or mancesshanfit yi edxdsst iPreef emably, thee mitkeide tyypehcodpbendorates

sem conductor |ayer conprises Al xGaylnl X yN (0 <x -<1, 0 < y 51, x +
y 1) & 5 Prefeyabhylinheynitridenelipe chopounaksesi candsendeohdyetor
conprises GaN. In this case, it has no msmatch with respect to the
substrate, werabytuefleartine an Het bess tqusi lddy fomom 6a¥usinageraryhatal
interface between the substrate and epitaxial layer. 20 Preferably, the
nitride typeswonporiel sdnilcongdaessrrivayereeprinatialihe gedeetson (ehe. GaN
single-crystal substrate has a surface with a root-nmean-square roughness of
0.2 nmor | edznagest Bng «HsE OXHEOmS k r PEEVEYRAIcohoulid S&YE condbeter | ayer
can be obtained with a flat surface and 15 a favorable crystallinity. Al so,
when epitaxiREPGEIFOIF ng a desirabl e sem conductor on the nitride type
conmpound sem conduct or | ayer, the epitaxial growth Cgan be carried out in a

stat’® where the | FHRNaAL SH1UCHRF PR $BY PR ECREGePARES ahll 15 2an
crystallini t%/. . This ch:gn forma sem conduct Otﬁm Ig¥er with.a flat_syrface.

Preferably, l?ﬂse‘r‘ﬁ_tr e type REFPOUhd SRAFEbAGRCt : | RERY 8% hi Bi t&%n x-ray
diyiractson el g, ofy 100c3ecands of Lessna ML UGtk mdLILract ] or
o o S B e L UGBy, Ll VPR e Se A 8y

each having a flattened surface, and methods of making them.

15 The present invention provides 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°C in a mixedfgas atmosphere containing at
least an NH; 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 NHs gas
atmosphere, so as to effect an atomic 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



can be obtained if the half width is 100 seconds or |less. Also, the

sem conduct or |ayer further lam nated on the epitaxial |ayer attains a
favorabl e crystallinity. e. Preferably, the nitride type conpound

sem conductor 5 layer has a threading dislocation density of 1 x 106 Cm 2
or less. Nanely, the nitride type conpound sem conductor |ayer having a
threadi ng di sl ocation density of 1 x 106 cm 2 or |ess can suppress the

t hreadi ng di sl ocation density within a sem conductor |ayer further

| am nated on this nitride type 10 conmpound sem conductor |ayer (epitaxial

| ayer). The presgpat siip¥epbtencproyedasda @iikki.de type sem conductor device,
wherein an n-type cladding |ayer conprising Al XGl-XN( O < x <1) is

| ami nat ed on the abpye; negnti epedneaiestnakeathystal taebsurdaechawisng an 15
n-type conductivity, an active layer is |amnated on the cladding |ayer, a

p-type cl addiygrlayer-suBFESHBeANYEELoMN (. Q ik &rlleks.| aRheat @deon the
active l:;ayer, and a p-type GaN layer is lam nated on the p-type cl addi ng

layer. In thishottstdestypecs e itmedeM ifa rd adaighthe2® aFdoagtive
| ayers are | am nated on the GaN single-crystal substrate having a flat

surfage, whigh yreldssp {aveeabhesceystbkkicatbysudigeebytayl asar doede
device having a high light-emtting efficiency and a long |ife can be

obt ai ned. Theophesenini syepakonlplavedesigahnit Faderbype Zomagémiyconduct or
devi ce conprising the above-nmentioned GaN single-crystal substrate, and a

plurality of nitriTigetysesent invention provides a nitride type

sem conduct or | ayer sl am nat edt her eonandr epresent ed byAl xGylnl _x-yN( 0 <_ X
S1, 0 <  y~ demkdoyguctlo}y . épithksanitrsdestypeesenconpdictiay devhee,

coll ector, Jay base, and emtter |layers nmade of nitride type sem conduct or
5 | ayers reprleseatrenbyore E&laiN,s ingl eexanpite,l avkstuestessnd e piftoided on
the GaN single-crystal substrate having a flat surface, which yields a

f avdr@abl e crigpalddnpaynd wesvistpnduatcand eyeorepavanga &l Wi ghowuomebhe
amplification factor can be obtained. 10 Preferably, the GaN single-crystal
substrate i rFaltcotu@heeciwshalheubpEsaRe i nvention has a surface with a

r oot - mean- square roughness of 0.2 nm , ,
Inthenitride type semiconductorepitaxial substrate,

the nitride type compound semiconductor layer is formed on
the GaNsingle-crystal substrate subjectedtoapredetermined
15 heat treatment process for at least 10 minutes at a substrate
temperature of at least 1020°C in an NHs; gas atmosphere.
Namely, the nitride type compound semiconductor layer is
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 a semiconductor 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




Wien the substrate surface has a root-nean-square roughness of 0.2 nm or

| ess, it becones a substrate 15 sufficiently flat for formng an epitaxialy
‘layer with a favorable quality. The present invention provides a nethod of
maki ng a GaN single-crystal substrate conprising the step of subjecting a
&N single-crystal having a polished surface 20 to heat treatnment for at

| east 10 mnutes at a substrate tenperature of at |east 1020C in a m xed
gas at nosphere containing at | east an NHS gas, so that the surface of the
GaN si ngl e-crystal substrate has a root-nean-square roughness of 0.2 nm or
less. 25 In pisormahedsobkndakirgdda.GaN singl e-crystal substrate, the GaN
single-crystal substrate is subjected to a 8 Jk,, predeterm ned heat
treat nent process pogfatabeastti® mitids @Atpea compstnat eetéopadatuone of at
| east 1020C in an NH3 gas atnosphere. This effects an atom c rearrangenent
in a substratgysyréensrisewhAtlGa, Inar,gey nuotkerx of 17 utke ydet egt s & gre
formed by polishing, thereby flattening the substrate surface . Therefore,
the surface ©f1an epitaxial |ayer forned on the substrate can be made fl at.
When a single-crystal layer of a kind different fromthat of such a flat
epi taxial surface PsSefsoabl{herleomiwnids typd abmpauhet eenfgoatiuafprl0 t he
interface of junction becones flat, whereby a device fornmed by such a
junction vyi el sige £ heonant e3é stda0s. hilghehis heasd hdsehad @o de\ameedavwinl no
flat interface junction. Preferably, the m xed gas contains an HZ gas. In
this case, whespéde Hdthassaostratag Wwpsredihdedectsposi tdeonesftrabnetde NH3
gas is in short, the lacking Hz gas is replenished. The present invention
provi des a nEtdrodofurmakiggina e rirdenigee Swtiveend foeos ubgitrakieaknd
substrate conprising the step of epitaxially growing a nitride type
conpound sengrbtaikicabrlaggsr on the GaN single-crystal substrate 20
obt ai ned by the above-nentioned nethod of nmaking a GaN single-crystal
subsk® at e wi t hout Bis¢EezihyYt Hahe rifEcie it Vidge CCAROYNAgFeme F9BHRFLOr
substrate. In this nmethod of making a nitride type sem conductor epitaxial
subst r at e, t We2 N F i@ lrips GEPWE DR tHh&t 2N ST % Ty 24t SYRFERRESI s not

oxi di zed, ereby no reprocessing sych as heat treatnent is necessary for
Por i g an GETE A iTHE 1S R D Ak MRS FAHGICET S PpPr £y i he
process of marki an epi#axi I.subcstsrate.t Tehe nitt riid%e g e cgnﬁptoung

seni conduct ot” | is p éfe bfy o1 ° T t ype. Wher e g’g?ama p?‘éygr is of

i cond f e SBFCaxr e Payer is
A b g S e R Y S e

R et e R S e A
a desirable semiconductor on the nitride type compound
semiconductor layer, the epltaxial growth can be carried
out in a state where the laminate structure has favorable
steepness and crystallinity. This can form a semiconductor

20 layer with a flat surface.

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

25 the epitaxial layer, a nitride type compound semiconductor

layer having a flat surface and a favorable crystallinity



preferably of p type. Wien the epitaxial layer is of p type as such, a
substrate of p type can nake a light-emtting device in which a p-type
"sem conductor, an active |layer, and an n-type sem conductor are
successively lamnated in 15 this order, a pnp-type bipolar transistor ,
device, and the like. Preferably, the epitaxial growh utilizes any of
OWPE (organonetal lic vapor phase epitaxy), HVPE (hydride vapor phase
epitaxy) , and MBE (nol ecul ar beam epitaxy) . This can 20 forma favorable
epitaxial layer on the substrate. Preferably, both the heat treatnent of

t he GaN si ngt®n drey sdtatta st T GtEhanth thevieftilt d dl00gsewbhdar ereléest ed
within an apparatus for carrying out the epitaxial growh. This can grow an
epi t axi al | aykso hatheg senfiavordibtto25leygst dukithiety lamine tegepimgthae
substrate surface clean. The present invention provides a nethod of making
a 10 nitrieleitypkakehagendattaindeni feyorhblrechydteddpnisiyng the steps
of lam nating an n-type cladding |ayer conprising AlxG1 XN ( 0 < x < 1)
on the @GN si ngl e-Erg/Semdbhayi e ant iridep € vpendonppuintly sebi apnddchbyrt he
above-nenti oned nethod of making 5 a GaN single-crystal substrate,

| ani rfat i ng atewetilves | ayehreadihe diadidcagibaydensitpi aftiny &0p-anype

cl addi ng | ayer conprising AlxGl XN (0 < x < 1) on the active |ayer, and

| ami nati ng aop-lgpe. GilNnedyor tdre nhidrpdeypyrel adupaynbayeniconduebternet hod
of making a nitride type sem conductor 10 device, the cladding and active
| ayers are |bavemthediorw shehoapdinagies tegat bon siamstirtat efhhwi A§° T at
surface, which yields a favorable crystalli ni,t)_(L, whereby a | aser diode
devi ce havi e aeBs¢Rn FYRPrefPtimEhEsrdtneddylarataonsiapsitmevibiine
obtai ned. 15 The present invention provides a nethod of naking a nitride

type seni corflSERGEOREVCEOTCHRPRT Ut l aPepated Fobhi A it Tpids BYPey of
nitride type sem conductor | Xers rg%esent ed bgA&éG%l nl ;~ yN ("0 < x
< 100 5 y compound +5‘§/mj<ccin§ Shar Rat é8PORAEHRE §Fhgl e~ crystal
substrate obtai ne%}ZO %y t he .above- nenti oned nethod of maFi ng a GaN
single-crystal subSts af¥F eI Y hild MR HAR oPTERIATS ani B FEEAEy peYPe

sem conduct or_devi c collector, base, _and emtter |ayers, made pf nitride
Cype. sem contit S TUETS Reyresantuit i in Chl ANCTEP Satisa 2 UTs
successi vel : e si pgl e- t al y syhst hng _a t
surface, m?%%r%ﬁ%&g&ahpésg?ggl e&grgs%?llgi njl')t y?glli%h%%%%s%{lhe@%lat ness
of heteroj Uné%dx?é‘—r{xélkg@iéﬁé’& AR @ﬁ%lé%ﬁy%geguﬁgegatg HaN3iStHr having

a high current anp I cation factor Ttan be obtai ned. ~4:y BRI EF "DESCRI PTI ON

OF THE DRAWNGS, S Thsh diesePi t{\VEAt LePi vBRY18¢eA0I € 1oadhlvedescrithed W th
reference to the acconpanying drawings, in which: Fig. 1 is a schematic

vi ew of the epidaxi@llasehst aai-etype agedddancea we t feampersiot Repta.fnt he
present invention; Fig. 2 is an atomc force mcrograph of a GaN 10
single-crystda suwbst tat bsslafacetafiter thechartioa lpglkirshand; a p-gsyps8A to 3C
are views show ng the process of flattening a substrate surface in a
surface heatGaNekayentis laminated on thé 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-mentioned GaN

single-crystal substrate, and a plurality of nitride type



step; 15 Fig. 9 is an atomc force mcrograph of a GaN singl e-crystal
substrate surface after heat treatnent; and Fig. 5 is a schematic view of a
grow h furnace in an OWPE apparatus used for an exanple of the present

i nvention. DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS 20 In the foll ow ng,
preferred enbodi nents of the GaN single-crystal substrate, nitride type
sem conduct or epitaxial substrate, nitride type sem conductor device, and
met hods of nmaking themw ||l be explained in detail with reference to the
acconpanying drawings. 25 Fig. 1 is a sectional viewof a nitride“type

sem conduct oserepcdadiiatosubsyeasel amimeted dareeeon ttmdamep2 e seatdeddbgent .
This nitride type sem conductor epitaxial substrate 10 conprises a GaN

si ngl e-crystal,Guistrafe (4 dnd @ hi t0ideytype, conpourd Bem conductor | ayer
12 epitaxially grown thereon by OWPE, HYPE, MBE, or the like. 5 The
nitride type seni chmdhdtsoniepitdaxivde sebstontectOridedcd,ntet hredtare
product ‘@f a light-emtting device such as a light-emtting diode or |aser
di ode, wher éassan appeojtitatrel ppet sncddeonf 1pi ef edalilypeasewiibbeductor

het eroj unction, nore preferably a quantumwel| structure, is forned

t her edn, andldPeas refpectseoded by AJGadny, nfoc exaentl e, ard $actedsihet gt o,
whereby the light-emtting device is acconplished. The material for the
nitride typefconpdund tkei GeNdedéholerayysta2 ssbstrateebaviom bi Adey to
guat ernary conpound sem conductors expressed by Al XGylnl X YN ( 0 -<< x <
15 1, 0 ~ y surfages yhich yieldgspagfenenpbGaNcrystadlimstypreherable in
that it can restrain defects fromoccurring in the interface between the
substrate 112 &¥dEnditstie heypadcalmicingussanEorarikt bicattlar fagtogi@ee it can
honoepitaxially grow directly on the GaN single-crystal substrate 11 while
20 exhi bi ti e nePErEABEeh therewith. A process of making the GaN

singl e-crystal substrate and nitride type_seniconductoréggitaxial substrate

10 w?1 now be expfefhetrPtyWy) Filtst Calhes BN 1Ty &= y SURStEEh&t rife 11 is
25 made, and thus made GaN sipgl e-crystal substrate 11 is subjected to
surface pol i SHFAGINER ﬁlghlkg%iﬂﬁeaéﬁ%tlﬁﬁan zon has a $aPHRLE% £
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, it 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 NHs 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 1is subjected to a



then to liquid washing with purified water or the |ike (single-crystal
substrate nmaking step). (B) Subsequently, the GaN single-crystal substrate
11 is placed in an atnosphere of a predeterm ned m xed gas 5 Gl cont ai ni ng
an NH3 gas and is heated at a substrate tenperature of T1 for tinme t1
(surface heat treatnent step) . (C) Thereafter, in an overheated state at a
substrate tenperature of T2, a raw material G for the nitride type
conmpound sem conductor |ayer 12 is supplied to the surface, 10 so that the
nitride type conpound sem conductor layer 12 is epitaxially grown™~on the
GaN si ngl e- cpysilatesubseddtentl treapmeaki gtoogrovfhrsttepeasThey mimlitesow be
explained in detail. The manufactured GaN single-crystal substrate 11 is 15
subj ect ed t catsur fsades tpa ties iemgpamiatthuree pdl &5 hi s d@20 *Endnt Ae NH0gBsqui d
washing with purified water or the like. For the liquid washing, not only
purified watztmbspharso ofpdsi =cSidatent sn atbudc oresideaddemsmitutimna may be
used. A-“processed and nodified | ayer caused by nechani cal polishing danages
20 exists onstbhetsatéaner Ddce e whnchae tlamyk Cafosingf erdcrytst defeahstrate
11, but is elimnated by suitable surface processing. At this nonent, the
surfa&:e of tdmee GBNrmeddhe-mrlyistlalnguliStaratiey Tl aitsehliatt EhedsubstaatEo
attain a mrror surface state. Wen observed under a m croscope, 25
however, fineudtarnges Trormeibby, tbetranifcale phhnspingxdrd sever fnrinkd
surface of the substrate 11. As a typical exanple, 14 , X~, a surface

i mage of theopothshedo Comate nghe-loe ysade Blfst r ihenla sbseleedruatsl an
atomc force mcroscope is showmn in Fig. 2. As depicted, a nunber of m nute
defects causkdy®y qfok %hﬂﬁgﬂﬂafr%ew f5eT heat wisFRahed Iflathepitaxial

root - mean-square 5 roughness (Rms) of this surface is about 1.0 nm As a
consequence, SHRERCE hkS TEPWRERSARORONMD AT T APEBNAURE BRI PAYRFTEON} 5
epltaX| ally own directly gn the substrate 11 _havi ng such an qrder of

r ougithess, a%%rb%tﬁﬁ%‘é? 8% PHRAGAPRr PEESFeAUELRE ‘%&%FQPH ar €8¥1GPt h

| evel dlffer nces
g rmed 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 upon 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 semiconductor epitaxial substrate comprising
the step of epitaxially grow‘ing a nitride type compound
semiconductor layer on the GaN single-crystal substrate
20 obtained by the above-mentioned method of making a GaN
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 substratehaving
25 a flat surface is not oxidized, whereby no reprocessing such

as heat treatment is necessary for forming an epitaxial layer



10-such as danmages, whereby crystals may grow three-di nensionally, which
makes it difficult to obtain the nitride type conpound sem conductor | ayer
"12 having a flat surface . The surface heat treatnent step will now be
explained. 15 On the surface of the substrate 11, the decrease in surface
roughness caused by heat treatnent 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 NZ and HZ as schematically shown in Fig. 3A
Thus fornmed 20 H2 reacts with GaN, thereby generating Ga atons. These
reacti ons arenrepeesans edaby. t HEhfoldaowshgpéx fyeslse gnusoddys afdmgkn)g NHS ~
2N2+~HZ (1) GecrN+2H, --~Ga+N~H (2) 15 Then, the Ga atons mgrate over
the surface ah tpeétaubstlr atdstradte.a hi gh tenperature, and concentrate at
recesses so as to lower the surface energy. Thereafter, the Ga atons react
with NH3, thereby fThenmmgGal¢ asys@owempnukidg.semnid@®@ndiuivoranlayeni d s
rearrangenent fills the recesses in the surface of the substrate 11,

t her eby vyi el dradeaabllat oSur tape . ( skkefitdie 86} taxThl sl apectiisonfirs type
represented by the follow ng expression ( 3 ) Ga+NH3 -~GaN+2H2 (3) 10 Fig.
4 shoWws a typscalchur hasabshigeiteatoifon itypge coh rh&eGaNldighg-enditydng
substrate flattened by the foregoing heat treatnent. The substrate 11 shown
in Fig. 4 isdavéubsinavkihbazntnebyre sswarondistoundian acbiivieh laysubst rat e
tenperature (T1l) of 1020C and a time (tl) of 10 m nutes 15 in an atnosphere
of mi xed gasa®d. aThir§ypebsemdcenswcitace agrhsbicredsaneRys lefiiabded dn 19 nm
whereas a step-and-terrace structure corresponding to one atom c | ayer was
observed. NahBly, oxdeh, anRY datafeRiPaleowera R heSEQF fdrel o tansl GaR
single-crystal substrate 11 to exhibit an Rms of 0.2 nmor 20 less. In the
step nenti onédk8bove, it is inportant that Ga be deconposed in the

existence of H2 so_as to form Ga atons as represented, by expression (2) .
HoweV@r, the react FBf P&tté'léjfe e&b?%sEPB‘Hotlﬁﬁ 'Ssen%oéf’ldé’sﬁytt%t 1a¥ey aSfew ~

of NH3 can 25 dg ngﬁ nt H2 an@% tﬁfﬁ 1001](3)9T Such an a unt of 16
'~k~y Hz is PhSGLFFP ¥n? Pﬁe a ?Fo B RO HEAPT 7} E¥PRent

t t f t H2 dd L th

i xed Saé”%%reiﬁssﬁ‘"ﬁéi%s‘tfs%sféﬁ BLvEet 52 tﬁ%ksu??iéggﬁe;%w%haﬁmf
step to be Cé{egiég ? Othkﬂ %” gp%p@,%?c8RdacEIé§ﬁgaga§cE9%r h?!y@g NH3 and

HZ gases. e SUI’ ace heat ment ste reat nen

{enperat ure ahhegts, mypéag&npi persigle mes%%\é%smwasﬂlmgh' gps, the

| ength of Ga atom m grdti on, e rate of
15 this order, a pnp-type bipolar transistor device, and the
like.

Preferably, the epitaxial growthutilizes any of OMVPE
(organometallic vapor phase e€pitaxy), 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 growth 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 provides a method of making a

10



10 -atom desorption, and the like. Nanely, as the substrate tenperature T1
is higher, the Ga mgration | ength becones | onger, whereby Ga atons are
‘more likely to reach the polish-damaged parts (recesses). Wen the
substrate tenperature T1 is low, by contrast, Ga atons react with NH3 15 to
yi el d GaN before reaching the polish-damaged parts, so as to generate
nuclei, thus failing to flatten the surface. Assum ng the surface to be
flattened in such a nmechanism the inventors diligently studied
tenperatures suitable therefor and, as a result, have found that t-he
substrate 20ntemperatype Ermisopcefetoabldevi@20Cthe megherd cBimprefsdimey i n
the surface heat treatnent step, the substrate tenperature Tl is preferably
at | east 10208%e dhepsiofelarnduitédgf am nHtaftecol agddihg aydéncemplr itshieg
substrate 11 is a time by which the polish-danaged parts 25 are
sufficientlyaflitdedNdie kX LheorGahatGaN sigyae+onyahdl Galigenen at-itype The

i nventors. have found that, though 17 dependi ng on the polishing state of
substrat e 1llcohHecsuvidayedfa irtesd subieradioy etherdrn dne drhet it eche d nayk imeat
treatment of at |least 10 minutes for the surface roughness with an Rns ~ r
of abbut 1 . a0Gandimglsdreri pytakechdsdtcaltepoleshnaging gereralve 1ayanel vy,
the heat treatnent tinme is preferably at |east 10 m nutes. The epitaxial
growt h step whl thaowldédinrgl haved, IRrelirGeiN g relre-tumsstcdladsiisy dayerl 1l
having flattened its surface by the above-nentioned heat treatnent is quite
10 suitabl e tompepistagi Alk§agewil{Ag<t Ke<saireoRi tileobchaver ilalyesds @GN, i . a
., a binary to quaternary conpound sem conductor expressed by

Al XGayl n1_X ymmipagigg<a prtypaGaNclayep on khe p-kype)clafidisrd Ly verer eon.
This is because of the fact that, as shown in Fig. 4, the terraces and
steps correspondi n§n 1 i regfdost sfinakHyeR %%Erbgaé?mﬁ SEPAR§ad st othe
surface of the substrate 11, so that the nitride type conpound

sem Eonduct offeVager e iFAAdRY 0 PRO PERI BB NAVETS BFEskakRFBEE Uhiheasi |y

growin a step-flow fashion. It is also preferred. that the GaN |
Singl e- cryst GPN BIRGhET PRV 21 BEOREDRCE A HT 1y THATOSHT 16t HbfRer o

before epitaxia rowh _after the heat. treatnment.. This is.,because aof the
fact that, V\Méﬁaggp(’%‘se{l}m?&a%‘?’ee A0S Jrlé?la@f"{e %‘T’?%@é of l?ﬁgrsﬁb@ Fate 11
may get oxi di,X r b i £s t ) ther .cqon ! t t her eby
adversely af?%% F%gh%ﬁggéf%%@gq%é eegtlgjfta% %ggr%vﬁ%e%#ﬁqnﬁsg 28? , 1t is
necessary to-cagr U suptagaclyreatnment for purifying the surface 18 of
t he substrat %JC'%[ éagi Ir%_ebg%jore te%le epi taxial growth, which increases the
nunbes of steps. Thhe hAdsERt esndbatioRig 9 ddy HnWHh e miiktinigdg type
conmpound sem conductor | ayer 12 on the heat-treated GaN singl e-crystal
substrate 5 diteapemeiget HemLpbhaxtadr bt datdnkd Mg e Ritghsqgal i ty.
The nitride type conpound sem conductor layer 12 is preferably GaN in
particul ar, sbpeénits patrbhtetgonst adtrdédenciygessemtbohHattol 1BeeEaN
single-crystal substrate 11, so that no msfit dislocation occurs in the
interface, thepréBeyteldbpgAhgsd Gari-0fN d&t & kokali ng £he €rlystal iynkty of
the nitride type conpound seniconductor |ayer 12. As explained in the :
f oregoi ng, nakiamg 1imieptedrndihs by tsdimgd et tresitiedi subgtraverptaliaedsur f ace
Rms of 0.2 nm

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 layers representedbyAlGalInN, forexample,

25 are successively formed on the GaN single-crystal substrate

havinga flat surface, whichyields a favorable crystallinity,

11



or less as an index for the high quality of the epitaxial 15 layer 12 is
advant ageous in keeping the surface flatness in its subsequent device
structure gromh, and is effective in inproving the yields of
light-emtting devices such as light-emtting diodes and | aser di odes such
as bipolar transistors and field-effect transistors. 20 Also, the '
above-nentioned surface heat treatnent step can reduce the crystal axis
fluctuation of the epitaxial layer 12. Mre specifically, the x-ray
diffraction half width of the nitride type conpound sem conductor -1 ayer 12
becomes 100 \gesosdls tole F@asneNanef yhettdm Rundtaiom dhtihe a2 eppraxeal
substrate 12 becones flat, whereby the epitaxial substrate having a
favorabl e cryst al ldonsygeanche ebt araedisidr havinkur &heéright heurrent
above-nentioned surface heat treatnent can suppress the threading

di sl ocati on Heisitycofidhefeptdéaxtah bayebtdPnéd.1 X 105 cm 2 or less .
Thi s carnsuppress the threading dislocation density of a sem conduct or

| ayer 5 | ampriEx mESCKREPBPON agF afHE apRAWIRGSAs such, the crystallinity of
the epitaxial Tayer 12 i1nproves while the crystal defects on the surface
decr ease, wher eby THee prressdrad liimidnt iafn amasebecoandecteadidyedesambatied on
the epitaxial |ayer 12 becones favorable, and crystal 10 defects can be
restrai ned fwioth acefsrémge wid hthet Aecsepanpimactivawingey . ifthehethbre, using
the epitaxial substrate 10 forned with the epitaxial layer 12 is effective
in inproving the charadtesistiadksmatdld abhekief edie apdtpkekhdssobstrate
light-emtting devices such as light-emtting di odes and 15 | aser di odes,
el ectroni ¢ daviecew rsizgirayifibpahaenbedinent o tsdrresedtettvention;
transistors, and the |ike. The conductivity of the epitaxial |ayer (not
depi cted) forned diidhelepi$ admal 28aB5Er KB D BARTBEresht rof | &d Fa
conformty to structures of various conductive devices. For 20 exanpl e,

i ghtQ emi t t iNP R TS RUuth BNTEFER/ LBYEERCEe nddeehy prephrihetan

epi taxi al substrate 10 in which an n-type GaN | ayer 12 is grown on an
n-type si nglRISA7 substrate 11, and then growi ng thereon a basic
structure conpri si an p-type addi ng .| ayer, an, actiye |layer, a p-type
cl addi ng 25 Iayenﬂggﬁtagﬁ-%fpéﬁgoﬁfﬁcgﬂﬁgﬁﬂéhqwkﬁ%a%¥8rP%éﬁﬁ?%tgﬁs as
form ng an el.ectrode, conn ing _current term nal 20 : formng a
reflecting "afgcatceé”iﬂng tahgugétggagfe %ajufgg(é? ot oadg,ur;ﬁé;es%e?gr?Jﬁe%?%el%%ken as
a matter Oféﬁ% Se, so as to acconplish a device. For exanple, a

conbi nati on "of “dn n-type GaN substrate 5 11 with an n-type GaN layer 12 is

suihaple for an npi-d ypg bipolar L{aRsEStYrdevheeroWPepRaSHA a Gan
sem -insulating GaN'substrate is preferable for a fiéeld-effect transistor.

Exanpl es A grigwfiered eEated teobuephtaxd ot e O h@utthreanthent( sed ected
from OWPE, HVPE, MBE, and the like. Wen any of themis chosen, the GaN
single-crystal sulgig.atseiklai schenttiteaied o tahigtodfthappanhatesihodn gr owt h
and then, w thout taking out the GaN single-crystal substrate 11, the
nitride typeoMm@mpagpdraensomsicborar] ayahp 12 ofstiep prasiealt! ynegomibn .

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



15 thereon, whereby the surface of the substrate 11 is kept from being
contam nated. Therefore, the surface processing step required when the
surface is oxidized or contam nated i s unnecessary, whereby a high-quality
epi taxi al substrate can be nade easily. 20 The GaN substrate 11 was ,
heat-treated in an OWPE apparatus under various conditions. Further, the
GaN | ayer 12 was epitaxially grown within the sanme apparatus . As shown in
Fig.5, the OWPE apparatus 20 used conprises a vertical growh furnace
(reaction chanmber) 22 constructed so as to 25 ) et out material gases at
ri ght angl esembbbimespect Tlois heisudBlace yafe t bemsubstinater 1&p{i tHxda ajr owt h
furnace 22 is mainly 21 constituted by material supply pipes 2la to 21le
for supplyi ngupateaital 1gazempandeezar iGalN gdsed.e-ar yethdustubgitre t23d If or
| etting out the remai nder gases after gromh, a sanple table ~a. 32 for
pl acing a planal ity witsubistrayes ldompouhdieateniscddifer Heatdmg i2he
sanpl e t‘able 32 fromthereunder. A water-cooling jacket 34 is disposed in
t he upper paepivekhidliyhergwovitle fewmayeOZYPESGIERE t oBEe ablthe d ijkeevent
the material gases from being heated to react with each other before
reachbng t heThabafkatidell.ypk0 shirspasethatmde rrtite xgrdwshibflstradee 122 iiss a
driving nechanism 40 for rotating the sanple table 32. The driving
mechani sm 40anoiptésesdaatetproddct anf aali ghargnghafihgd@evicetd wih &lse
rotation of the notor 41 is transmtted by way of a belt 42. The rotary
shaft 43 is andtighduced. ittty dhedé® mlaseh df odrace 22 dx/anappabpa Ledgnet i ¢
fluid seal 44, such that its upper end is connected to the bottom face of
the sanpl e tabl g BXtie megedeirabilivuial seabled higsposienaboon, t mereot ary
shaft 43 tightly closes the through hole of the growmh furnace 22 through
whi ch the ropaeyespbiy azuaniuRsErled tuckee sdifpfernaditdreiror.opnghi ch
Si C-coated carbon can be used, is drjven by the driving nechanism 40 at a
hi ghlQpeed ofNaBABELIOOE ISR FWrPEXEMDI EUTReTE héSt PRE26PeAe i eFRERY meNt |
NH3 was 11 sl whereas H2 or. Nz was 5 sIlm. The conditiqgn at the tine of
growi ng 25 Gﬁﬂﬁﬁﬁgysﬁgﬁ ﬁﬁggtfﬁ@l§55§9fQFEIF@nﬁérQFGP@F@é§%f§OOC, amoni a
was 11 sIm H2 was_.5 slm_.tri.nmethy al l.tum was 180 22 to 400 _unmpl/ mn,
and the pressure mggéabgﬁgxf?gﬁPa %?ge.Fh9~aPi§ﬁ} or r 1 YPRAs §OEBRBEFat i ve
exanpl e, a G@%fé‘BHBhE%or layer 12 is selected frombinary to quaternary
compound semiconductors expressed by AlyGayIn;.x-yN (0 < x £
15 1, 0sy=<1l,xXx+y=1l). Amongthem, GaN is the most preferable
inthatitcanrestraindefects fromoccurringinthe interface
between the substrate 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 semiconductor epitaxial substrate 10 will
now be explained:
(RA) 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 polishing agent and
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substrate using sapphire as a substrate with a GaN | ayer grown bef or ehand
was grown at the sane tine. 5 Table 1 shows the results of observation of
the surface of the substrate 11 under an atom c force microscope after the
heat treatnent, whereas Table 2 shows the results of evaluation by the
atom c force mcroscope and x-ray diffraction of sanples having grown the
GaN | ayer 12 by 2 10 um The x-ray diffraction was eval uated by the
respective c~ scan half width values of the ( 0002 ) reflection indicative
of the c-axis fluctuation and the (10-11) reflection indicative of both of
the fluctuattioas ab d-icandl avastelsng TABLE DuSUREAGCESUEBSIRATEHEAF TREATNVENT
CONDI TI ONSURFACE STATEROUGHNESSEVALUATI ON( Rms) G a NNO HEAT

TREATf t ~N. TPCG1 15l dlcc DAMAEESsulb st rate. makitGga skidpH.3 + Hz , 9 8 5 C, 5
mMn~ROUSO . 7 g n MNGPROTRUSIONSGa NNH3 +NZ, 98 5C, 15

m nPCLI SHI NG-DANMVAGES) |, Siib s apiNePROF RUBleCBIRG sa N e ar yistd Iz spb&thaBe0 C, 1
5 MnNNUNMEROUS P ITSO . 1 9 n mMNGGa NNH3 -1- H2, 1 020¢C 5

m nPCLI SH NG DAMAGES(-ed 40 an aticGsphbiel3aE2y plr et dX@)ifle OmixleldAgas 1 9

i imM300DG a NNHs+HZ, 1 0 2 OC, | 5m nFLATO. 1 5 nnBOODG a NNH3+H2, 1 0 4 0C,
1 5mH~FLAT GD. cdtn3animB00D 28 NHTABEE 2rel ¢ RA¥XtLRAl'=BURFAGEREATate
TREATMENTDI FFRACTI ONDI FFRACTI ONSUBSTRATEROQUGHNESSEVAL UATI ONCONDI T1 ON{ Rrs) HA
LF 59| DTHHALfFem &t 006 D) T0-fol) GiaeNNO (MEAT aTREAF6E (1BNEIMerg: 8tapil 2 9
secl 3 2 secNGNH3+NZ 10°GaN 0 0 C, 1 5 min0O, |4nnD5secl08secNGN Ha + H 2 ,
1 0G a N O 0C, 5ni O VERSURENENTY, Sn@nseedrieeaedicipeatHzsubsbeieN 0 0
C 15 mn0, 2 2 nnB 8sec6 4secNGN H ~ -f- H2, 1 0Ga N20~C 10 mnO.
|, 4 n D 1 berresateseCONH 2 "FavHIEterigd £ P the RISrAHR0tYPE 4 n no
1 sec4 6 secGOOD-f-H 2) 1 0 NHSAPPHHREO 0 0 C, 5 mn0 58 nm 2 9 sec6 7
4 secNG Tabl @HPPHH{ ERTES ATHIC ke 1AYEENES s A AYPRLARECEC thiggARESa<are no t

i nproved upon heat treatnent at a substrate tenperature of |ess than 1020C,

wherkhs f1 atSo fEVF ablhbe BLERAAG| hYPe- EPTRPUPIsEBBE FARERCHPENL 8YPEW. 2
h b de. heat t ' i ed t | t 10
i ndtes at - & SUBRETEF S5 CHpRFaYar BloF RS0S8E SYORLEREFUFRad RRORERICS
h f d . hand, bl i ndi h bot h
at nosphere 0%{]'5%8.%@%"%%% %OQWLHe }gt?gggt an Table 2 indicates that bot

t he surface -Fay dr ion are 10 large in the conparative

exanpl e on sapphi rﬁebﬁg&-{ﬂ %5\9@5_‘(@1%#5118?&%&%3‘@3 1@ GaN substrate is

used. In particul ar, treat ment m nutes at a substrate
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 liquid washing, not only purified water but also organic
solvents, acids, oralkalisolutionsmaybeused. Aprocessed
and modified layer caused by mechanical polishing damages

20 exists on the surface of the manufactured GaN single-crystal
substrate 11, but 1s eliminated by suitable surface
processing. At this moment, the surface of the GaN
single-crystal substrate 11 is flattened, so as to attain
a mirror surface state. When observed under a microscope,

25 however, fine damages formed by mechanical polishing are

seenonthe surfaceof the substratell. Asatypicalexample,
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tenperature of 1020C or higher in a m xed at nosphere of NH3 and H2 can
greatly inprove the surface roughness and crystal 15 axis fluctuation of
the epitaxial layer. Here, not only the heat treatnent in the atnosphere 24
of NH3 + N2, but also the heat treatnent in the atnosphere of NH3 + H2 for
|l ess than | Om nutes or at a substrate tenperature of less than |020C is
unfavorabl e, since the surface j4)j., roughness (Rnms) may exceed 0.2 nm or
the x-ray diffraction 5 half width my exceed 100 seconds. Though Table 2
does not neasure the surface roughness (Rrs) after the heat treatment, the
heat treat megtscofuhid 18R NEethehbehi sheddN acRg I oUEhPEES] atdhstinatieal axi s

fluctuation of the epitaxial |ayer becornesufficientlysmall coincides

W t ht hecondi { h ogpYBEEdldnakixC it ke oaild ats deowdiesTcfet afs Rerfurt rieat nent
becomes 0.2 nmor |less. Nanely, for attaining a favorable epitaxial |ayer,

a GaN singl erggyst al msaibidgiadtedad RgndesUbTFaGEnt oE oheesst Hfcadhsedmyor | ess
must be sused. VWen the threading dislocation density was determ ned 15 from
pit-1ike def get sspbsgramedsvetden e shibsteaternce nThe@2ePRcn-Ri@GIHece, 1t
was about 108 to 109 cm2 in the epitaxial |ayer grown on the sapphire
substpate, bubuyhRfae$86 (RMsZ @f @S and fdues wsdoamorialdl em.n t he epitaxi al
| ayer 12 grown on the GaN substrate 11 in many sanples. 20 The present

i nvention can reduse theconsdacencopghhess tife tiet Cedé st ppgéecompstald, t hus
being able to provide a GaN single-crystal substrate suitable for epitaxial
growt h. Whensambebnddetbypkagengound sehteohaly grdvaydirestepidraxhal |y
grown on the GaN single-crystal substrate of 25 the presentinvention, a
nitride typescoapoandsenhesndgcturh devirderexhirbughngstaweol abye number
characteristics can be fornmed. 25 TniHAT | S CLAIMEDI S1 . A &GN

si ngl e- cr yst af rsoidorr et vs hay nig 1@ ippt dwhad aqgelsacietlt L ave bdéd fley eheats
treatnent foi at |least 10 mnutes e, at a substrate tenperature of at |east
1020°i n a nfRed 5 g&s atReRpHeFe coMl@®DYy atCr¥H=slsan NPBYgasdrew A GaN
single-crystal substrate according to claim1l, wherein said surface
exhibits a rbdFeREAMIERTAPEYghWRSSh FR 4R D 1R I RYE Spthtain ¢hReat
treatment. 3. A niitride type sem conductor itaxial 10 substrate

conpri si ng tRECEARE STYRF ETIRRRT SEHGRAW oPdeRglt Py dim* flakd a
nitride type coppound sen conductor |ayer epitaxially grown on said GaN

si ngl e-cryst%ﬁlr bStrate. 4. A nitride type sem conductor epitaxial 15
substrate according,{q Glaln gi?%e% _%?%t%b%?_ijjf%%%pnee COpRQYRdy .

sem conductor | ayer " conpri ses
15 Oon 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, NHs 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):

NH, >N, +2H, (1)
2 2

GaN+%H2—>Ga+N-H (2)

15



1, 0<-y<-1, x +y < 1) . 5. Anitride type sem conductor epitaxial
substrate according to claim 3, wherein said nitride type 20 conpound

sem conductor | ayer conprises GaN. 6. A nitride type sem conductor

epi taxi al substrate according to one of clains 3, wherein said nitride type
conpound sem conductor |ayer epitaxially grown on said GaN singl e-crystal
substrate has a surface with a 25 root-nean-square roughness of 0.2 nm or
less. 7. A nitride type sem conductor epitaxial 26 substrate according to
one of clainms 3, wherein said nitride type conpound sem conductor layer has
an x-ray diffracti gmengl frhw dish forddOnispeondowrr 1888 st RS oA fidride
type sem conductor epitaxial 5 substrate according to one of clains 3,
wher ei n sai dsnbisitirde o yPECOTPQUNdSET eansleies BFF @y epnhagaiieading o+

di sl ocation density of 1 X 10Gcm or less. 9. Anitride type

seni conduct ok edeises SOMHY k5i NGvdNe HGadh st gk eneiyst.al TaUPsLEaLE, aggor di ng
to claim»l, said |0 substrate having an n-type conductivity; an n-type

cl addi ng | ayer, at@nt naset th‘halﬁl%,suhéﬁ:ég}f%oﬁﬁfﬂl{ Gahngs AsERLiXFig0 < x <
1) ; an active layer |lam nated on said cladding 1ayer; a p-type 8ladding

| ayer5 | ami naBed ®ackain aaeinive reayeangeseplti 51 NDAIERAreXNste@ e 1 )
and ap-type GaN ayer |lam nated 15 on said p-type cladding |ayer. 10. A
nitride typesuoffpoendf ¢ sohdtuetoe Heyvitheredypyisidihg her GaNsurface
single-crystal substrate according to claim1, and a plurality of nitride
type senicondsetdid ajeis |Hnmi satedtdrnsis depubstnata ntghe arnaseiked by

Al XGylnl x yYN20 (0 <x S1, 0<y<1l1 x+yS1 , 11 . A &GN

si ngl e- crystakpsabstipat d3havi ng a surface with a root-nean-square roughness
of 0.2 nmor less. 12 . Anethod of maki ngaGaN singl e-crystal substrate,
said nmethod conprising the st;& of subjecting a GaN 25 single-crystal
havi ng a pol i shed Sdrfdle ©dG#eat=Hyeat nent3for at |east 10 minutes at a
substrate tenperature of at 27 2

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 a substrate
temperature (Tl) 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 observed.
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 above, it is important that Ga
be decomposed in the existence of H; so as to form Ga atoms
as representedbyexpression (2). However, the reactionrate
of expression (1) is so slow that only a few % of NH3 can

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

le¢



| east 1020C in a m xed gas atnosphere containing at |east ~ra~ an NH3 gas,
so that said surface of said GaN single-crystal substrate has a
root - mean-square roughness of 0.2 nmor less. 13 . Arethod of making a GaN
single-crystal substrate 5 according to claim 12, wherein said m xed gas
contains an H2 gas . 14. Anethod of nmaking a nitride type sem conductor
epi taxi al substrate, said nethod conprising the step of epitaxially grow ng
a nitride type conpound sem conductor 10 | ayer on said GaN singl e-crystal
substrate obtained by the nmethod of nmaking a GaN single-crystal substrate
accordi ng t dicliad nird2ufft bbemt ofpdi zheg adwive-suarftaicmas sarfth@aNheat
single-crystal substrate. 15. A nethod of nmaking a nitride type
seni conduct arrdbtepnt axtep tubstogresscceneiagyt dbtcliai predervhdrehatsaid
nitride type conpound sem conductor layer is of n type. 16. A nethod of
maki ng a ni tan d& tgyme beemdomed det dheepiik@d glass@ist r @herafeoedi by i® claim
14, wher'®in said nitride type conpcund sem conductor |ayer is of p type. 20
17 . A net hadreaferskleadoa hhersweLaggpkeseni meatduet Distepi takieatasubsdr at e
according to one of clains 14, wherein said epitaxial growth utilizes one
of OWPE, HWRE iandiBEmndsphere nef hwoduiofedred@hgcenmiisine NHpend H
sem conduct or epitaxial substrate according to one of clains 14, wherein 25
bot h sai dheagaggsat nrent of said GaN single-crystal substrate and said
epitaxial gromh are effected within an apparatus 28 for carrying out
sai d epitaxial grohkhe surface heat treatment step, the heat treatment
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 becomes
longer, whereby Ga atoms are more likely 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 flatten 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 Tl is preferably 1020°C or higher. Therefore,
inthe surfaceheat 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 to the Ga atom migration and

GaN generation. The inventors have found that, though

17



19. A method of making a nitride type sem conductor device conprising the
steps of lamnating an n-type cladding a ,,, layer conprising Al,;G~_XN (
0 <x <1) onthe GN single-crystal 5 obtained by the nethod of making a
GaN singl e-crystal substrate according to claim 12, said substrate having
an n-type conductivity; lamnating an active |ayer on said cl addi ngl ayer;

| am nati ng ap-typecl addi ngl ayer conprising Al Y&l xN (0 < x < 1) on said
active layer; and lamnating 10 a p-type G&aN Iayer on said p-type cl adding
llayer) 20. A nethod of king .a nltrld pe sem conduct or_.device’-
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a] ca] ca] ca] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] ca] ca]
calcalca]ca! * | H/],%h
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(l:J?/} gg] gg] gg] c%} %ﬂéﬁ% ca}%’afca]gg%cg] I(I:IST( ca ca %%t?aatg] ca]eca]% fca] ca] cal

ca] ggd ca] cal scai%f@]_mil it ol | APAFEHBHARGS IBE RIBRS YRR S SREBEEE 1

“(((}xsnid
W] ca] ca] Ca]éls?l}s%@ﬂ ca] ea] cabeakeal ea] aad €t tal£ab E_‘Eﬁahc@é:ﬁﬁ&:&ﬁ&iﬁ@&&a] ca] ca]

cal calca]calcalcaJca]lcalcal()D)))) 3*i *nf*******' +HH ++++0 0, - [1}xsni
d_Z] expressed by AlGay,InyjxyN (0 £ x <1, 0Sy<1, 0<x+y
UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ¢ a] ca] cq da],calicelctdycahekebn2z22R283id . Mecause of the fact that,
4<4?24@NAOA” 4445' 5(55555° 6a66666} xsni d_Z]
W] ca] ca] calan] adwa) ca] Bhd caj catla] tafrates] ead caferd cadrud spduadina] cal cal
ca] ca] ca] ca] ca]ca] ca]cal]cal 6{7} 77777788899999! :" 1 :: ;i
to one atomic layer are orderly arranged on the surface of
the substrate 11, so that the nitride type compound
semiconductor layer 12 having a lattice constant close
thereto can easily grow in a step-flow fashion.
It is also 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 1l mayget oxidized or 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
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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 crystallinity can be obtained.
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and field-effect transistors, and the like.

The conductivity of the epitaxial layer (not depicted)
formed on the epitaxial substrate 10 can be controlled in
conformity to structures of various conductive devices. For

20 example, light-emitting devices such as LED and LD can be
made by preparing anepitaxial substrate 10 inwhich ann-type
GaN layer 12 is grown on an n-type single-crystal substrate
11, and then growing thereon a basic structure comprising
an n-type cladding layer, 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
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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 Fig.'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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32 for placing a plurality of substrates 11, and heaters
5 33 for heating the sample table 32 from thereunder. A
water-cooling jacket 34 is disposed in the upper part within
the growth furnace 22, so 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 motor 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 is 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 throughwhichtherotaryshaft 43 is inserted.
20 The semple 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, NHs; 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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to 400 pmol/min, and the pressure was about 27 kPa (i.e.,
200 Torr). As a comparative example, a GaN/sapphire
substrate using sapphire as a substrate with a GaN layer
grown beforehand was grown at the same time.
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 fluctuations of c- and a-axes.

TABLE 1
SURFACE
SUBSTRATE HEAT TREATMENT CONDITION SURFACE STATE ROUGHNESS | EVALUATION
(Rms)
GalN NO HEAT TREATMENT POLISHING DAMAGES § - 1. Cnm NG.
o . NUMEROUS
GaN |NH;+H,, 985%C, 5m}1l1 PROTRUSIONS 0.78nm NG
, | POLISHING DAMAGES, .
GaN [NH;+N,. 985%C. 15min PROTRUSTONS 1. 1nm NG
GaN |NH,+H,. 1000C. 15min| NUMEROUS PITS | O.19nm NG
GaN NH,+H,, 10207, Smin | POLISHING DAMAGES | 0. 4 Onm NG
GaN |NH;+H,, 1020%C, 10min FLAT 0.19nm GOOD
GalN NH;+H,. 1020%C, 1 5mnin FLAT 0.15nm GOoD
GaN NH;+H,. 1040%C, 1 5min FLAT 0.13nm GOOD
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TABLE 2
HEAT TREATMENT SURFACE DIFiEﬁggION DIFggié}IDN
SUBSTRATE CONDITION ROlgg:I:ESS HALF WIDTH | HALF WIDTH EVALUATION
i, (0002) (10-11)
GaN NO HEAT TREATMENT} O. 35nm 12 3sec 13 2sec NG
NH;+N,. 10 ]
GaN 00°C. 1 5min 0. 14nm 9 5 sec 10 8sec NG
GaN | NHsFHa 10 1y ymiSURBMENT | 15 9 sec 7 6 sec NG
00°%C, 5 min
NHg+H,. 10 .
GaN 00C. 1 5min 0. 22nm 8 8 sec 6 4 sec NG
NH,;+H,, 10
GaN 20%C. 1 Omin 0. 14nm 9 1 sec 4 5sec GOOD
NH;+H,. 10
GaN 20%C. 1 Smin 0. 14mum 9 1sec 4 6 sec GOOD
SAPPHIRE NHS+H2‘ 101 6. 58nm 4 2 9sec 6 7 4sec NG
007, 5 min

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 roqghness can be
made when heat treatment is carried out for at least 10minutes
at a substrate temperature of 1020°C or higher in a mixed.
atmosphere of NHs andH;. On the other hand, Table 2 indicates
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
NHsandH;cangreatlyimprove the surface roughnessandcrystal
15 axis fluctuation of the epitaxial layer.

Here, not only the heat treatment in the atmosphere
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of NHj + N, but also the heat treatment in the atmosphere
ofNH3;+Hs forlessthan lOminutesorat asubstrate temperature

y of less than 1020°C 1is unfavorable, since the surface
roughness (Rms) may exceed 0.2 nm or the x-ray diffraction

5 half width may exceed 100 seconds. Though Table 2 does not
measure the surface roughness (Rms) after theheat treatment,

the heat treatment condition under which the surface
roughness and crystal axis fluctuationof theepitaxial 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 dgrown on the sapphire substrate, but was
10° cm™ or less and thus was fa;\rorable 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 GaN 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, anitride type compound semiconductor

device exhibiting favorable characteristics can be formed.
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WHAT IS CLAIMED IS:

1. A GaN single-crystal substrate havingapolished
surface flattened by heat treatment for at least 10 minutes
at a substrate temperature of at least 1020°C in a mixed

5 gas atmosphere containing at least an NH; gas.

2. A GaN single-crystal substrate according to
claim 1, wherein said surface exhibits a root-mean-square
roughness of 0.2 nm or less after said heat treatment.

3. A nitride type semiconductor epitaxial

10 substrate comprising the GaN single-crystal substrate
according to claim 1, and a nitride type compound
semiconductor layer epitaxially grown on said GaN
single-crystal substrate.

4. A nitride type semiconductor epitaxial

15 substrate according to claim 3, wherein said nitride type
compound semiconductor layer comprises Al,GayIn;_x-yN (0 £ x
<1, 0<y <1, x+vy<1).

5, A nitride type semiconductor epitaxial
substrate according to claim 3, wherein said nitride type

20 compound semiconductor layer comprises GaN.

6. A nitride type semiconductor epitaxial
substrate according to one of claims 3, wherein said nitride
type compound semiconductor layer epitaxially grown on said
GaN single-crystal substrate has a surface with a

25 root-mean-square roughness of 0.2 nm or less.

7. A natride type semiconductor epitaxial
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substrate according to one of claims 3, wherein said nitride
type compound semiconductor layer has an x-ray diffracticn
half width of 100 seconds or less.
" 8. A nitride type semiconductor epitaxial
5 substrate according to one of claims 3, wherein said nitride
type compound semiconductor layerhasathreadingdislocation
density of 1 x 10%° cm™ or less.

9. A nitride type semiconductor device comprising
the GaN single-crystal substrate according to claim 1, said

10 substrate having an n-type conductivity; an n-type cladding
layer, laminated on said substrate, comprising Al;Ga;-xN (0
< Xx <1); an active layer laminated on said cladding layer;
a p-type cladding layer, laminated on said active layer,
comprisingAlyGa:-4xN (0<x<1);andap-typeGaNlayer laminated

15 on said p-type cladding layer.

10. A nitride type compound semiconductor device
comprising the GaN single-crystal substrate according to
claiml, and apluralityof nitride type semiconductor layers
laminated on said substrate and represented by AlyGayIn;.4 N

20 (0£x<1, 02y=<1, x+ySs1).

11. A GaN single~-crystal substrate having a surface
with a root-mean-square roughness of 0.2 nm or less.

12. AmethodofmakingaGaNsingle-crystal substrate,
said method comprising the step of subjecting a GaN

25 single-crystal having a polished surface to heat treatment

for at least 10 minutes at a substrate temperature of at
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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 0.2 nmor less.

13, AmethodofmakingaGaNsingle-crystal substrate

5 according to claim 12, wherein said mixed gas contains an
H, gas.

14. A method of making a nitride type semiconductor
epitaxial substrate, said method comprising the step of
epitaxially growing a nitride type compound semiconductor

10 layer on sald GaN single-~crystal substrate obtained by the
method of making a GaN single-crystal substrate according
to claim 12 without oxidizing said surface of said GaN
single-crystal substrate.

15. A method of making a nitride type semiconductor

15 epitaxial substrate according to claim 14, wherein said
nitride type compound semiconductor layer is of n type.

16. A method of making a nitride type semiconductor
epitaxial substrate according to claim 14, wherein said
nitride type compcund semiconductor layer is of p type.

20 17. A method of making a nitride type semiconductor
epitaxial substrate according to one of claims 14, wherein
said epitaxial growth utilizes one of OMVPE, HVPE, and MBE.

18, A method of making a nitride type semiconductor
epitaxial substrate according to one of claims 14, wherein

25 both saidheat treatment of said GaN single-crystal substrate

and said epitaxial growth are effected within an apparatus

28



| 109R&' ()- ! 109R& ()- ! 10%& ()- RsRIsRL ! 1098& ()- 1099& ()- y310%& ()-4
1 1098& ()-/K Q! 110%8& ()-R e|[:sRL 4109%& ()- 210%4& ()- &010%& () -

{f, &$10%& ()- $@10%& ()- "#10%& ()- VU4 @ 1099& () -

@ 10948 () - 1094.0940% f =1090& ()- f7 109%9& ()- 610%& ()-+g|[:vUs

@O%& ()- :$109& ()- ,1099& ()- @LO%& ()- 03Y #1098& ()- 3Y

#109%0%@& ()-r8&Xs|[:vU4 [ 1000@& ()- -8&$10904& ()- , +t 10%& ()

61" (10%! & ()-z |"(10% & ()-z 10%?/«&() sVUA  Os$L008@& ()-* SSLO%KIKE ()-*
S8 1098& () - 10940%0% y> 1098& ()- ' 7$109& ()-p7}\;:vUs O "xs$10%@& ()-*
S$1098& () - *ToIE $908 RLPY - 53515068 @Pl*ta#%i W&W(CS“ -k Ies$10°/8/& ()-*@vUa
@1090& ()- @09 ()-10%I10940% = 10904 () 1090 ()

37$109&' ()-{Ef|[: @LERO O L @RS @ ’%}tr BRRD em@@%‘}@%?r {33

#1090 33 #109K& +: $1090& i S 9409 S
%O0% & ( () Aevs:eW@%&(&Mkéﬁﬁﬁi@m%mw féwea- (%9 lng

9910%?/& () F7$10%&' () - 109848 () - * leow%é | 1@0%/&
+: $1098@& () - XBABE CQTPFRAGIGHE %} Gag - é@/«ﬂf 1198 e(QaN S&ESW&CEYSEBB/&O%O%

=1008/& 10 - 31098 @1090&
F#loq’@/&(%)q/@%b/@@?(?yc q} %ﬁhog oﬁ}é/%}%? Ay mltl? e@fyé)é@é/& () -
@ 1099 098/, $L09HE! 10984 $1090& (

, +10%&' 8 5@19 /8)5&‘2 (§ccor b’a &t?gﬁaﬁido/%/& &FPEFS%EG% aViB Ry -

@9F10%& ()- F7$1090& 0%, 3109 0%& () - 752a@10%
Y #1008& () -1TWEA 08R™ ‘)(r%t@%?f% e %fd%% 2 I (Lo 7a ’

S B T L o R
it Lnaicis g Do pepnc o aon D1

oy 28 %g}c @.g\ﬁf, He:g ;g 43 A cPQ&&E graph Font4
<A{ GMQO ?W% tgﬁ%sjy unf %?% !Csiﬁll E %gﬁt ﬁ?ﬁopqrstuv ﬁ/?~ )L ,9}L=
#6$e&)))1*'+l, [ 35y! : Az?KABWOEESE ML INORGEMad & %gzpfehlsé’ﬁ@g&%ﬂé%éf A

DU=s0SI 0; | BenRs{9Cc2z6Ti nes New RomanAri-al Courier New'h

Ent r yWor dDocasipitél combT#EUe o Lhe st P 238 a plurallty of nitride
<=>?@A\BCDEFGHI JKLMNOPQRSTUVWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{| }~

type semiconductor layers represented by AlxGayIni4-yN (0 <
x<1,0£y<], x+y<1l) andlaminatedon theGaNsingle-crystal
15 substrate obtained by the method of making a GaN

single-crystal substrate according to claim 12,
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