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I nventi gn, The present invention relates to a nethod for fabricating
group-111" pitride-based conpound sem conductor devices grown on a substrate
consisting of, for exanple, silicon and, snore particularly, to a method
for grow ng epitaxial layers of group-111 nitride-based conpound

sem conduct ors b% neans of netal or%ani c chem cal vapor deposition (to be

referred to as HORQF FABRIGATING GROBPsHI NITRIREBAHED Rel at ed Art
To realize high-efficiency, S@R@fb@ﬁi[ﬁ%fﬁﬁgDEk’;féEand ul traviol et
ni

light-emtting diodes and | asers, group- rirde and rel |

sem conduct ors have been researched and devel oped in recent Wﬁml\m“ﬂm‘mw
met hod for growing group-111 nitride and rel ated conpound sem copget ors,
MOCVD is currently widely used. In a typical MOCVD process, group-I11
nitride is grown hetero-gRAIBERYVUNDAFE FEHAPRYENT TSNSt rate which i s nost
frequently used at present. However, since sapphire is an insulating
material and extrenely rigid, it is not easy to fabricate a group-I11I
nitride-b epj,cqnduct or device on a sapphire substrate. Silicon is one
of the prgl;%geé@ogh‘sgweé‘?@nnateri als to overcone this shortcom ng because of
i.ts high quality, large size, |ow cost, and the potential application to

i nt egr at edlsppeesenteitvenive relaiascios 2 methedelor @bdcativet greupdH gbitdde-basednces
inlatti ' ffjgl.ent b aaroupl |1
it de SRS paBikoRMfbur IR, fRARES BsRE sohGufbor PMEERHCSUBRLY: o
| ayer ofandl giope pdrticulatly, tder inated feogpaipdesanial tigeks oif @toupal[Bnfitidd-basad
substrate. In gorder tqQ solve this problem many attenpts have been nade to
grow gr diggRoUnd FepiGaRductars BY meash o MRAIPRERIS GheMIGS VARWT deposidgr (3 ibRg

various Kihdg t€gs yRievalSciasndhe i nternedi ate | ayer between grouphd |
nitride and silicon substrate. These include AIN (U S. Patents 5,239, 188

and 5,389,571, and Appl. Phys. Lett. Vol. 72, 1998, pp. 415% W |

551- 553}, &dPtreripieoisihe Rebwed Agpl . Phys. Lett. Vol. 69, 19 ﬂfﬂ ﬂfﬁﬂﬁh(ﬂﬂ”ﬂ
2264-2266), nitridized GaAs (Appl. Phys. Lett. Vol. 69, 1996, ppseiss«

3566- 3568) Toociidicz bighAl g erfoxp hiigh-Phglgness dle andohltrayiblet || @AP-empiping 3568:s3571) ,

82n April 2003 2 and.y-A1203 pl.. Phys. lLett. Vol K 7 | 998, .

T05- 151) 88 A PR S Aal BBl gD upd ShbisodRloion! B PG Pichetne
ol ecul agndbesvdlcprRil tiaX¥cdrRCRARY. QgYa idthé@Yérop@ivigndrodhaliehitlidghhd esfiatetli Ny
di odes of group-11l nitride grown on silicon substrate have been
dermnstrtatr@wuméé@rmcpydw@prM%%V@.is%‘fem_ﬂywiqumd-|998, pp. 4l 5-417).
However, the turnon voltages as well as_the brightness of these diodes do
not approach #Hepisel MPENRt Procssel Fowr-lE grtids pongipwg e¢ocpdagaByren g

sapphi r esaf;Bfﬁ%é Elﬁ)ts{ergtepzymu%"r%%t ﬁle%hﬁﬁtﬁf u?seg o ire Y St e BE QY %tﬂ?edis ngeds to
be further*inproved in order to enharice the crystallinity of e group- 111
ni t ri de- inasleting oapoiahahdedranosig vigidy itsis andedsp té Ebricatataczrogodl] gitate-bysed
opt oel ectrat uc, devi ces. SUMVARY ,OF 'EHE I NTI ON
semiconductor device on a sapphire substrate. Silicon 15 one of the proposed substrate
materials to overcome this shortcoming because of its high quality, large size, low cost,
and the potential application to integrated opto-electronic devices. However, due to the
large differences in lattice constant and thermal expansion coefficient between the group-
I nitride and silicon, it is really difficult to grow high quality epitaxial layer of group-III
nitride-based compound semiconductor on a silicon substrate. In order to solve this
problem, many attempts have been made to grow group-III nitrides on silicon substrates in
the past decade using various kinds of materials as the intermediate layer between group-
HI nitride and silicon substrate. These include AIN (U. S. Patents 5,239,188 and 5,389,571,
and Appl. Phys. Lett. Vol. 72, 1998, pp. 415-417, and 551-553), carbonized silicon (Appl.
Phys. Lett. Vol. 69, 1996, pp. 2264-2266), nitridized GaAs (Appl. Phys. Lett. Vol. 69,

1996, pp. 3566-3568), oxidized AlAs (Appl. Phys. Lett. Vol. 71, 1997, pp. 3569-3571),



The present invention has been made in consideration of the above situation
and as one of its objectives, provides for a group-11I nitridgﬁ?%aqgwa
conmpound sem conduct or based devi ce which emts and detects |ight w a
wavel ength covering fromgreen to ultraviolet ranges, and is forned on a
silicon substrate, having the above nentioned advantages, e.g. high crystal
quality, large wafer size, |ow cost, well-established processing
t echnol og and zgéential application to inteqrating optical devices with

I

el ect r o Yoz EAPRINP e Letnkolks 724 1998, Bil99-1ITL)- ile pamiskhe bygisingcA N &s of t he
resent g ' ' ety - QLoup- .
Ir[:itride-t 2§§ﬂh%%%%%8ﬁg{%g%?%dﬁg%@%%ﬁﬁ%ﬂgéﬁg%Picon gﬂ%é?pgﬁggéblelg#ké hi gh

qual i fy light-emitting y p@dse nofc gnatyctlbr nitradeergsowan t bn esibednl enubstediar baoteerbest i cs so

as to al]ow formation of, a celle p-n junction fqr fabrication of a
o oup- 1 14T s ERaa AP 1 Engobads 488 b2l Ao d 8ot b deeer o
field efdhegditdebas vadliOhs tHRNSHMRRE 0P Rhe it IR HHBMIaCE Ihe glrn%'ag to

the present invention, there is provided a crystal growh nethod for

group- i lleveld of ¢adecspondlingHetiess arovp enrsdprfeis subsitalist or KIQEAV B Thesgfore, the
Ssubstrates, .co i SLRhg . of e.fal l.ow. s: .Ther r.eat i a..sil.icon
(001 ) Sy 7R B0 Rerds e Byt L PP b REo gk )G el RO B figiorh O
anor phouge gidupCONniiddIbaed @BMpsitndessnit@lduelord ddnodhicato gdi dgtdl ey opfo-t hem
ina 8" April 2003 3 MOCVD reactor chanber under hydrogen anbient at a
hi gh t erfiestigpisrdevigspef erably over 900 C) for at |least 5 m nutes;
MOVD-grow ng an ultra-thin (preferably | ess than 500 nn) anorphous silicon
filmon a part of or the entire surface of the above nmentioned silicon (001
) or ( 111 ) substrate at a |ower tenperature (preferably between 400-750
C) using hydrogen-diluted silane as precursor; MOXCVD growi ng at | east one
periodi c or non-periodic fdal f - e top of the forned
ultra-thin anmorphous siIig%#MPF%ﬁ¥§?%gr$gdﬁﬁg%ggnyure (preferably between
400-750 C). Wthin the nmufti-layered buffer, the |layers alternate between
two types of conpound sem conductors different fromeach other in lattice
constant, e€ner geshaniavegapy hhayem tohidekinesssidamibrceiho sibdvosifuadMOC\Dd gisow ng

a single layer or nultiple |ayers of gr LIl nitride-based conpound

Seni condlitt B 45 iU TENEESIT e ert Br b a1 HiE %] GPETBBRC FeRRg et oG

ul trat hi gy eMEHREUSHisH lehfQMddl §RAS 1BBY with! £58v18Md iR Tcoldnp Abnf ofRALNat i on
of themand a nultilayered buffer at "a higher tenperature (preferably in

t he rangdtra¥io50aggs, @d iarfdrmdCyD-asibisbmgubstratedringnthel alyeve wentareti pl e

| ayers of, group-111, nitride-based co nd sem condugt ors .o he top of al
of "the |ihERAER bbb Al TS R TRaT e B FOR TR Bl e Ry co
at a hi gRchiRIBES, ahd petehisledpliadion thigbantiddepicallevides vAgCaedlionk tevitdse
present invention, the group-1I1 nitride-based conpound sem conduct or

| ayers centhissamepsdigonchior p-type as it is MOCVD-grown over the obtai ned
conposite internediate |layers on a silicon substrate with excellent
char act er i sktiixanofeer #bjective of the aresentdeyanden tppravide aetysth srovthimahod riang

group-11 | tri de~ba 0 - i vi.ces . ..:Addit i i ives and
aavan: ageeUplt fERRASEE RO F SRS bE S sEHE hOORR, ABLRR. LG

fol | ows, qudlidy ipd qraii-typst $emibendabior daers matn ¢xeellae shataptetistics @r asmay ablew

| earned by practice of the invention. The objectives d adyant ages of the
i nvent i ofPTiRa(jomb et ABAXCSRGRT Frid ISt E‘_érd;l‘;wcﬁ’é’é‘ ¥ HERe 1} e hrsed %g&h&

conbi nat }0Rgnd BEFEDasRAlifoliS Prdtdd¥teBRk, Tl @bt thfkidth aAP BRRASH 0 i uThic

devices.

According to the present invention, there is provided a crystal growth method for
group-III nitride and related compound semiconductors on silicon substrates, comprising

of the following steps:

Thermal treating a silicon (001) or (111) substrate which is a single crystal or coated

with a thin amorphous silicon film or any stress-relief film or a combination of them in a



8 n Apr,i | 2003 4 BRI EF DESCRI PTI ON OF THE DRAW NGS The acconpanyi ng
draw ngs, which are incorporated and constitute a part of thegm ap;

L o . . ) April 2003 |
specification, illustrate presently preferred enbodi nents of the invention,
and together with the general description given above and the detail ed
description of the preferred enbodi nents given below, serve to explain the
principles of the invention. FIG 1 is3a schematic sectional view show ng
p- GaN and n- GaN crystals grown over a conventignal AIN internediate |ayer

on a si P62 arstdr shamber wndep hydrogenspapbisal 3t ek tsrapesttusg @iptenbl oitgr a

GaN- base}égs;@?’dﬁ&od@%gttyﬁmgﬁ&m over conposite internediate |ayers consisting
of an ultra-thin anorphous Silicon filmor any stress-relief filmor a

conbi nat i oMOC\Demn wng aa Weeitlndi(prefamablalldse theat 300gnrEGanhAiphGas siligdwh iln< x <

1) mufti-|ayered buffer on si}lcopn substrate .accordi h referred
ehbodi s B o Bl reent b AP0 mendsRpE s HGRHRITE: LS RBRGI L1 e
show ng ApvidpdeRpekatead (?fe}’&ﬁlﬁ}y Q¥R DVET5(COOPAsihE @ylirph B dicat SlahaYsr s

consisting of an ultra-thin {less than 500 tun) anorphous silicon film and
a t hree pesursd; GaN Al xGai _xN (x=0.2) nufti-layered buffer on a silicon

(00I') substrate according to Exanple 1 of the present invention. FIG 4 is
a graph shdviOsgvVPmowmgrat {easpecatedpdic phooobemidie sedihntyeeBlbuffcpen thestopf  an

undoped f.i 1l m.ar .over conpasite d.nter iate layers consi sting of an
't et TR RS GH R BRI Lk TR B Pe S e B o, 5)
muf ti -1 a4oeeesd te) ferthiacee mliligaydedEkaiiq] ehellagdrs tahernplcels®Wted V@ M¥Hedbf The

full width at half_ maxi num of the band-ed%g en ssion peak around 3.4 eV is
40 meV vismaeund spaponguaersoliderepiolien cepihaen e Rike sreganty greray bawbetied so

far 65 rqggerth-ra%&gta{n@goh atiibhe crystal quality of GaN-based semi conduct or
grown on s con substrate can be si gnificantly inproved by using the

conposite iFW dj.ate | ay i r S i Xl ay. gl ction
profile and'i ts\lﬁi?%rg\l&ﬁ1 %ug{;l 160155’{%%&{ %%Qrga?Frgc{a?\é\%%g%FnaﬁMﬂ%%é%% GaN
film groswmmual seanqoodidtersi ovice tieedingiosité aytesdonn kiysisi cvgsiefing@nf ah uitee-t hi n

anor phous silicon fi|mapd a three per.i GaNl Al xGai XN (x=0. 2) _
mul ti | ay@HedmpIPeT setbii R ﬁ@artyostﬁﬁgw&ﬁgg&n 6t afﬂéblﬁl?@%'bﬂé themasiaid BRI The

full w dihegt bbﬁ%{f at TR B rath REp ARG R (1 QRQR)ordishiohpoth.ongpeak at 34.6

arc-degrees Is 40 arc-mnutes. This peak” corresponds to the (0002)

diffractio d@@bﬁ%ggp% tEtZi[éafs‘t gﬁé\hé;}ek Brafdidpk THER 5P [Itlleﬂﬁﬁdé-:ﬂé&dt hat

e ]
fromthe silicon s e, Indicatiing once agarn tha? tu?e crysta 8 n
Apr ~|  20@8nfougdadeirtigondfictCeNbib dzetpsdivll ohthecnrmegiatariayars & $odn enmpto-

bstrat .b ignifi ntly i d i i j\nt di at
PUbSt 218,580 S, SLANLELSSBLLY B QYS0 {PLAR o EOREFIAR T e o
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GaN ALX GimicafNuttor Tayerslcan $RMdPed e paghdoatf it & MOT@DRréWRSvSl the 6BRikA01 )
substrate which is coated with a 150 nmthick anorphous silicon fillll
accor di ntgnmppsggémptmecﬁatgfla}temorpaég'@nn sitppiratet Withh excellent characteristics so as to

form an excellent p-n junction for fabricating group-lIIl nitride-based opto-electronic

devices.

Additional objectives and advantages of the invention will be set forth in the
description which follows, and in part will be obvious from the description, or may be
learned by practice of the invention. The objectives and advantages of the invention may
be realized and obtained by means of the techniques and combinations thereof particularly

pointed out in the appended claims.



DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT According to a preferred
enbodi nent of the present invention, a nethod for grow ng th%thg}& h"%bg'
nitride-based conpound sem conductors on silicon substrates will Now
described. It is to be noted that the enbodinment only illustrates the
invention and the invention is not I|mted thereto. As shown in FIG 2,
after standard chemical cleaning process, a silicon (001 ) or ( 11 1)
substrate which can b r e surface with a
t hi n anor phous sili co%ﬂﬁnﬁ%@ﬁibﬂe?g xéﬁwwgr a conbi nation of
themis thermal -treated in a MOCVD reactor chanber under hydr ogen anbi ent
at a hight re.:(pr I e n
order o pradussontafbp EhED FnRKCE Hodbohh A LERALC LbALFRLL

r educed specificdtow, tidugneteapresentlypprefeered bdmybdoirnerge wf 466)-mvkﬁﬂoﬁ;) andanegedier

ultra-thi referably l.ess than OOn sili.con filmi

o t Gt e, B BHoCHRCEh ENER PPEE e HERUG SamahPn (Helgpred

ment i On%tﬁddkm&%gwa%)slow sérlétae)e@wtﬂea}mcwswtm%@ﬂi%ﬂ diluted silane as
precursor in order to forma "soft" buffer on the silicon substrate.

Subsequent I, hYs FE@RMAAL s@afonmeowvsﬁ@wﬁrt;@p@m%w@am CERBIINS WnIRpaPOr €
Pat ent Application No.9801054-9 Crysta rowm h nethod for group-11I

nitri de cndentminak AN mﬁqttp@dmtb bmmmﬂ!lumn(ﬁugsqate a periodic or non-per iodic
nmufti-layered buffer in which the layers alternate between two types of
group-111 nFI(B.ibbaﬁah@datmpmuviswrﬁhow&rcg;cG@NsbaSchswiBmliuttfoegemn cbvemm each

other in lattice cons ene a ayer i ckn

conposi 1iBiRosiE THFGITIAR e FORToURE Mhar o ip e EhEs N salthoh an”

anor phougresd-tdieOfilhidrm QynBEARSITaNE RE @SSO cOnd| MerHarias e A(LR; 1190 Ton)
MOCVD at a | ow tenperature Stn April 2003 G (preferably bet ween 400 750

O . . Sir@e<t Kesghowmtitasieprsh duiipreonop silifios sHbstraie| apperdant Baf herpekrigdch
| ower th%ﬂbéc@%}@@@dﬁﬁé@\e%ﬂ?uﬁ% t‘MH ch alll-nitride single crystal can be

formed, t et 1 & oFan anor phous or polycrystalline state. The
growth tenp t rels nra referably in
t he range o? [ga e Yol n,m%f Sselcr% a‘i’ lcgN g}rléwglgé%%l LfndSFP fF%NuérSStgFgﬁ)@ug\pr

ni tri de-hasedite anRatatas emsteem@lwmmg S)fla‘sl/lﬂfr@-t]ghQ‘!M@S tﬁtyanl\/m&xg\wrorpms
conposite internediate |ayers to forma secondary nufti-|ayered buffer and

further sbesnfibaand & fecesperodsGalldldea- WXrHé) |na%1@ laweres bpfagrcen Betligean
L ot (P50 A @ oL ERASHIEAL Sl oy LT out B Lemperatur e s

rai sed t tenperature ef er er t an 900 C), then at | east
one | ayer .

ser conduc?%??a%%@a?h ARER & h%“ﬁ%ﬂ}ﬂaeéé“l‘éfp‘hﬁ?gﬁi@?@&%%ﬁet@ pEFacfon o

| ayer s caombipsd iGeN d)'rllmtgrewproe!egcmmsubtlnmmd:dmte aamrqoh@usstmglafczmnulfmmmnor any

stress-relief film conbi nati on nd ft|-| ered buffers.
ACtor o MmO STHPEs i SRS Poring. (o ML RS0 e e Siyerad ptter
ni tride- hagring RQMAMISEDT GRNFLChOMvEAYEN srhe@&u bﬁdtﬂ%@ﬁlfﬂnaﬂﬁlum ¥Peas it

is MOCVD-grown over the conposite internmediate |layers on a silicon
subst r at earslecdgs enossﬁcm paak agoundjduheY iioH) el whibh ISGEEHIYIQS §b oamyower than the

nitride- based elec i Vi GPS; Jt.1s s t t rature
| s rai seﬂaﬁ‘or%‘?ﬁ uS\X/el? éﬁ?’s aﬁiﬁgg n(g%mé}th%t% CWS eql}e(f' Lﬁ gg‘?e

, 000 O) senbiebitidcte dibivhamt leﬂlcam&@ﬁBﬁtbSczﬁi bé eipniffchhty @rﬁﬂroﬁx@@ 3 ﬂid:S or
poI ycrystalline nufti-layered buffer will partially change to single or
pol ycr yse@nposife igfeanedigigéayes- t he recrystal lizing effect, which serve as
seed crystals for the subsequent growth of the nitride- based corrpound
sem conductI3f:. Piip mrap(boffh@wrajxwt&l ﬁrqtféloemw@man@#mrowm gy o€ theu0PE?) shown
in FIG I r
denonstr Leiﬂerc{iﬁe &4&0%? 4 @ggnggﬁﬁ at ej) ﬁ1 ?%ltenngerr?lglg I%gen%?'omct% Eéelétﬁ%t tice
m smat chobet \nﬁ%tlmhemgrpm{)s kilicomifilrhiatié - atxas&obmodﬁmmmm}dc(ndu@y m\ﬂuand

the silicon substrate, and formt seed crystal, ver
ot her wofaysred b‘é‘tfé‘t‘isaéc?‘lﬁlélgsfor g?“ﬁ“%lﬁcloﬁﬁf}& PreRgHt é‘i”l‘{an‘%’&r{);]s"c S‘I‘II gatetfallfect s
are of CLUGHAlm! P et @RGRaktR0bIN @¥aBEort PEKCH B2 tPArc Wk ¥s &F afchRirgtRuUp- 111

nitride-based conpound sem conductors, and these effects serve better in
t he conpddist peakoercseaidate tHeaPeo) ffractien yﬁnoasémtwumm@rﬁial‘érﬁltrhard isnnodhe

conventignal .Al N sjngl e buff he cr ality of the -1

i de. DG debim bR Y el dt ot eEp SRR SEHE g e isey FebRovatiaby
utilizing the conposite internediate |ayers. This is confirmed by the

i ntense and narrow optical em ssion peak observed in the PL spectra of the
GaN- based sem conductor filns grown by using the conposite 8' n April 2003
7



iFnternediate | ayers of the present invention. The x-ray diffraction data
provi des additional evidence to this conclusion. The detaileqyﬂgﬁﬁgkﬁﬁion
will be given belowin Exanple 1. Note that the optinmal values in total

| ayer thickness acid conposition for the conposite internediate | ayers of

t he present invention apparently depend on the selection of the constituent
sem conductors as well as the subsequé%tly grown group-l1l nitrides and

rel ated compo m conductors. At the present ti since the si cal

o1 g n. SRR G AT L R Ban e Aog B f g, e (Af e, ManBietEny

clear, iifaptoved byhyindithd dorubdsitt hiérhedled lagakl y determine or predict the

optimal | ayer thickness of the conposite internediate |ayers for a speci al

material ceubi Oatd RRemhilc SctiSfial WasviShowliiEa CRIN-BaREd Ughtleniftiiy dodP@edvak

mat eri al conbi nati on can now only be determ ned by experinment. However, the

exi st ené¥ehfcompesigptintgrnedizy elayeni eqss4se f o ap hetradhpodrtse thaat 8pderipit e

| avers candifus IHRbRTEhGHd9URl b AT ART Ol @S | GRAGCR LY Buftl dief 1 aver

grown at a Tow tenperature provides see cH?staIs Ich ‘act as nucleation

Sites win-ypé eiicom (@) atbsomsl whichidd catddowith @ 1150 anpthéclt dreodpAdiey dlicagr Ohwi h  of

the group-I11] ni rideE:i %Pﬁ conposite_.internediate | ayers of the present

i nvent i GREAAINEHC ESATPE2 offthe RSP RYPHPH anor phous silicon filmand a

nmufti-layered buffer provide nore seed crystals as well as additional

interfaces for the msfit dislocations to term nate than a conventi onal

single buffer layer. However, if the conposite internediate |ayers are too
ESCBIRS

thin, they may neither eﬂ@%@@%&@F@D HANLF¥ | astic strain due to
the large lattice msmatch PRI%@??&EBQMQ@QHPMMENT“itride crystals and the
su

silicon substrate nor provide i clent amount of seed crystals for the
subsequent growth of the group-II1l nitrides. On the other hand, if the

conposite internedi ate | ayers are too ick, they tend to, bring abaut
ool ve Aol § Reralare e pEraReoaft R G b PR OF EGRT0 § on
Ther ef orige gthigrBI shadd-dafe @MpRRLA FBhidoANRfiors MnCARQBSsIbal attNilg QRROSET €
internediate layers. It is also to be enphasized that the conposite

i nt er medleatréedaltersstoobe nhted phatsdwterpbpdaneitomly whisgtates ghe iigtengpn and the
ultra-thin ?nnnghqg§.[iug1%{ any stress-relief filmor a conbination of

t hem and™ &t PEAsY° h@‘%b ?ﬁf%ayered buffer can be fornmed not only on a

il b b I bst. whi ch I
be dovel oped FROTRG! FIStdr Ay RtuE LTI b BLSn SIERE R ol PR ™

t he consdubktedtiwhsenNt&0PEUCdiRg1s chydtal thieoseaMStht QuifideewtRdi i€ ah@dyifousar e
sel ected correspondingly. The conposite internediate | ayers can even be

formed owliqoneliburor sane gfessFaict gilmagy a1 comypationott gewuis- hpimaliticaiede and

rel ated ) i - 1S G L i . S 8 n
nor | 200 B R T AR (Rl By o PR AR P ST Dol (R S be
appl i ed 208 (N dorat fraswni mimftegin@ugherltd produte & dearh azeld-foerspdacd sem conduct or s
on the as-grown nitrides. Exanples of the present invention are described
bel ow W t h Tat emmeprestuicoistthen sdacaipany lavg tetirewiting Sprekaraldy betirenn@Ohddof or

gr owi ng undoped N crystal over c osite internedi ate | ayers

consi st i 1tg> Yid ArUIAE-(PIG ey de ﬂmaﬁ)%pse@ %‘Bﬂ?ﬂ‘&ﬁﬁﬂeﬁ%gﬁ%‘? %%ﬁef_ﬁ Pl'm and
a three papjiof SalNeAliEaL 3Nht Xulads ofWd hbdRYRER/BNBYTNIROn Q00 ® & iogn
(00lI') substrate (Exanple 1) is described in detail. The optical properties
of the GalNstrate prige bydrogeeiltuied starepogireairionireprdedioafioan lag\ett’s beffert drether esent
i nvention,.are gqqﬁared wi th those of sanples grown over conventional

i nt er nediAf % S']YE'S based on the characterization results obtained by PL
spectroscop nd x-ray diffraction ofile. Subseguentl he | ayer
structure a Hgieﬂgelﬁ{yo HO TR H’gd)uf &F&&' -gepvgﬁqpfﬁgrqﬁﬂ; B‘%@é%jel ggt]ﬁflpoé%??tf?tng

di ode grapmicavdr NG D& 109NPOTr sl igidvah iediodtfer payells nRedeSirst reagd @bmasdund
ultra-thin (less than 500 nm anorphoys silicon film.and a,six pefiod
GaN/ Al x GEISPRAYSOrS Jo AR it iof a[}?é‘ﬂ%dlog’&f F‘é‘h‘“gﬁerﬁglt JBET s PEEH t‘@oﬁayefsl
subst r at g&RAL 86w wd 148 of Erauetmkniaer&r@duhg Qnfcohictdrs Adgsepi bed
{Exanpl e 2). These exanples, however, nerely exenplify the method of
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nmufti-layered buffer on a silicon {00l) substrate. Referring to FIG 3,
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(XRD)' neasurements were carried out in order to characterize the
crystalline quality of the grown undoped GaN epitaxial |ayer g.ng‘ ;”02 rrpare
the optical properties, nore specifically, the intensity and Tinew

the PL em ssion and XRD peaks of the undoped GaN sanpl e grown by usi ng the
conposite internediate | ayers of the present invention with those sanples
grown using the conventional nethods. According to the roomtenperature PL

spectrum shown in FIG 4, the PL em ssion of the undoped GaN epit axi al
| ayer gr (rapfeeabdy betvecesotfifosit &C). ritineantii growth grepasatyfe favethise swdthiayeredent i on

is much n efe rel I eni.s ons
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conpare ﬁufneﬂ’l_thee;aﬂ‘btlaw:rtlklof:iitoaﬁonpﬁwdr@;dlybyyscﬁﬁlherswtesearch groups for the
GaN films grown over a conventional internediate |ayer on a silicon
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around 3.4 eV seen is found to be conparable to or even
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8'n April 2003 12 CLAIMB 1. A crystal growth nethod for the group-1il
nitride-based conpound sem conductors, conprising: MOCVD- grow; 000
ultra-thin layer conprising an am)rphous silicon filmor any StTess: reI i ef
filmor a conbination of an anorphous silicon filmand a stress-relief film
on a part of or the entirety of the surface of a silicon substrate at a
first tenperature using hydrogen-dilut’ed silane as a precursor;

MOCVD- growi ng a conposite internedi ate | ayer conprising at |east one

peri odi ttemedite peeiseditee pigsant invepeernd hbuqﬁﬂaﬁrdxﬁﬁmcuwedat@pr@ﬁd@aaddltmmk a-thin

| ayer agvﬂe&gq%%}rlf Eor@?l?srloant %@ dgtlallt?& dcsé@rléjt{c;nl Wi ltbletr?g\r/’%etg Vé\grhne Rﬁcl) ?&93' n said

mufti-| ayere I'seés Tayers ernat és of

ni L1 de- baged cqnpund gsm DRSOl e Ul CRRRSAS, P i e

constant, energy S

MOCVD- gb@mpdikgteanﬁ:hﬂgdh@td layes obtherpud:s‘enqollneedtmy@rppa@ﬁﬂg deptprd! dnl theistletgl@r based
conpound sem conductors over said conposite internmedi ate |ayer and said

ul tr a- t Rf theicapaiftuent sgmicopewdors @RpeH 8 ihesubscquepily groya grupnlBwktidaeentbd
accor di pg. 4.0 chtnﬁ{)ﬁﬂd]ﬂenﬁ | BB O ¢ HE &?ﬁém%ﬁ@ (7 PH?@&Q%{%IQ of e p type

I n said group- ni tr| based conpound sem con ucto : crys
growt h wembogteaatanttidiuge tlmjecd & mnfortunktelyenot seydcledd, iicde trulg udisfioudt eo | s

made of silico fer, havin 0SS| |enta i.on. 4. The crystal

G owt 1 BRI ST X Bredie) Mo Boar! ey RIchess O iekoatipsda ruSrsbasra rure

SHEET layers for a special material combination. In other words, the optimal value for a special
material combination can now only be determined by experiment. However, the existence
of the optimal layer thickness for the composite intermediate layers can be interpreted
qualitatively as follows. Generally a buffer layer grown at a low temperature provides seed
crystals which act as nucleation sites with low orientational fluctuation to promote the
lateral growth of the group-III nitrides. The composite intermediate layers of the present
invention which consist of an ultra-thin amorphous silicon film and a multi-layered buffer
provide more seed crystals as well as additional interfaces for the misfit disiocations to
terminate than a conventional single buffer layer. However, 1f the composite intermediate
layers are too thin, they may neither effectively accommodate the elastic strain due to the
large lattice mismatch between the group-IlII nitride crystals and the silicon substrate nor
provide sufficient amount of seed crystals for the subsequent growth of the group-Iil
nitrides. On the other hand, if the composite intermediate layers are too thick, they tend to
bring about excessive amount of the seed crystals with high orientational fluctuation.
Therefore, there should be an optimal layer thickness for the composite intermediate

layers.

It is also to be emphasized that the composite intermediate layers of the present
invention, which consist of an ultra-thin amorphous film or any stress-relief film or a
combination of them and at least one multi-layered buffer can be formed not only on a
silicon substrate but also on any substrate which are presently used or may be developed in
the future, such as SiC, GaP, InP, and GaAs substrates if the constituent semiconductors
for the composite intermediate layers are selected correspondingly. The composite
intermediate layers can even be formed on the surface of the epitaxial layers of group-111

nitrides and related compound semiconductors. This characteristic implies that the



8" April 2003 13 ultra-thin layer is pre- grown on said silicon substrate.
5 The crystal growth nethod according to claim1l, wherein saétd |Iti(ﬂo'§ hi n
| ayer has a thickness of |ess than 500 nm 6. The crystal grovvt
according to claiml1, further conprising growing group-lI1 nitride-based
films in between different nmufti-layered buffers. 7. The crystal growh
met hod according to claim 1, wherein shid first tenperature i s between 400
to 750C, said hjgher te erature is between 750 to 900C and sai d second
t enper attOP@OpIEe %gteé»atc’t Hersgidles present Anysnbigp-cpp be @pphsdito Higsiegrowth of

sem CO“%&I’I ﬁ’i@ﬁf&l&ﬁas%&’%E&ﬁd&enﬁc&ﬁhét%%nﬁl{@% hrgﬁgﬁﬁos' te

i nterme ayers conpri sing an ultra-thin anorpho icon filmor an

anor phous Sléé'a@ggkffeb% '@1@3)@ s@nﬂstlﬁ‘fcﬁﬁ N ﬂem bé}FQ/ YN ?é’:fgxtePQé“?o the .

nufti-layere a single ayer or multiple layers of group-il
ni t ri de abamephnyorg duvdngse Micgynitie atehsd donwrovoug ransaidbped rgpads i drgstal over
I nternedi ate | aye ond ctor device

accor di f§"P8sI ﬁ?t%d?%eaﬁgeﬁe?rﬂ%g’gm% of P’r@ﬁurl%%ﬁﬁ? ?Eeggg‘sagr%q% é‘fﬂoﬂfl?c’h’@ di ode
cont ai Nigigbo M ahd!AGhieHefibl USIN/AG TR LNEI=0Y P muddiHLANPERrtsh 4 RIRLARdI ate
| ayers on said silicon substrate.

(001) substrate (Example 1) is described in detail. The optical properties of the GaN film

grown over the composite intermediate layers of the present invention are compared with

those of samples grown over conventional intermediate layers based on the

characterization results obtained by PL spectroscopy and x-ray diffraction profile.

Subsequently, the layer structure and the growth method for a specific GaN-based light

emitting diode grown over the composite intermediate layers consisting of an ultia-thin

(less than 500 nm) amorphous silicon film and a six period GaN/Al,Ga; <N (x = 0.2) multi-

layered buffer on n-type silicon (001) substrate coated with a 150 nm-thick amorphous

silicon film, is described (Example 2). These examples, however, merely exemplify the

method of practicing the technical concepts of the present invention. Therefore, the method

of the present invention is not particularly limited to the following examples in terms of,

for example, the growth conditions and the combination of the materials used. Various

modifications can be made for the growth method of the present invention in accordance

with the scope of claims.
Example 1

FIG. 3 shows a undoped GaN crystal grown over composite intermediate layers
consisting of an ultra-thin (less than 500 nm) amorphous silicon film and a three period
GaN/AlLGa; N (x=0.2) multi-layered buffer on a silicon (001) substrate. Referring to FIG.
3, after a chemical cleaning process, the silicon (001) substrate is thermal-treated in a
MOCVD reactor chamber under hydrogen ambient at a high temperature (preferably over
900 °C) for at least 5 minutes in order to produce a clean, oxide-free surface. The
temperature is then reduced to a low temperature (preferably between 400-750 °C), and an
ultra-thin (preferably less than 500 nm) amorphous silicon film is deposited on the surface
of the above mentioned silicon (001) substrate using hydrogen-diluted silane as a precursor

in order to form a “soft” buffer on the silicon substrate. A three period GaN/Al,Ga; N



sussmurs SHE-~r 8 n April 2003 14 10. The group-I1Il nitride-based

seni conduct or device according to claim8, wherein said nulti "*’;? rﬁr%%g3
buffer in said conposite internediate | ayer conprises |ayers efha al'ternate
bet ween two types of conpound sem conductors different fromeach other in

| atti ce constant, energy band gap, |ayer thickness, and conposition. 13.
The group-111 nitride-based sem condu® or device according to claim8,
wherein said nulti-layered buffer conprises a GaN Al xGal_KN mul ti-| ayered
buf f er , (KitePeimpplii-lpyerest blafif%rrlstthfe{hfvﬁ?é@@tgrw@smtqharﬁompf thgui@rmed ulfra-thin  The

gr oup- | Iy it L der em | L.Nghd bai , erein
sai d wkxbﬁoﬁhtgglgegggggﬁﬁ&eéﬁ 2@8&%% egﬁgreﬁﬁfﬁ%%nnﬁ? (% ?é(?:a@érnﬂé% %1\841f er,
wher ei nthickesgof@trant RGNt sdtes 8 nrhanl HnmegupdctivelyDcdrrespdndide gy oup- 111

nitride based sem conductor device cqonpri si ng: a silicon substrate;.
CONMposi total layer thackngsseo] %%,@fns fctrot}:}ﬁr[plélpﬂgyered uffer. Subsequently, a 1 pm-thick

undoped GaN epitaxial layer is grown on the surface of the composite intermediate layers
consisting of an ultra-thin amorphous silicon film and a multi-layered buffer at a high

temperature (preferably higher than 900 °C).

After the growth, room-temperature photoluminescence (PL) and x-ray diffraction
(XRD) measurements were carried out in order to characterize the crystalline quality of the
grown undoped GaN epitaxial layer and to compare the optical properties, more
specifically, the intensity and linewidth of the PL emission and XRD peaks of the undoped
GaN sample grown by using the composite intermediate layers of the present invention

with those samples grown using the conventional methods.

According to the room-temperature PL spectrum shown in FIG. 4, the PL emission of
the undoped GaN epitaxial layer grown over the composite intermediate layers of the
present invention is much more intense than the defects-related yellow-band emissions
centered around 2.26 eV. Although it is impossible for us to directly compare our PL result
with those reported by other research groups for the GaNN films grown over a conventional
intermediate layer on a silicon substrate, the PL intensity of the GaN band-edge-related
emission peak around 3.4 eV as seen in FIG. 4 is found to be comparable to or even
slightly stronger than the corresponding value for the GaN grown in our laboratory on a
sapphire substrate using the low-temperature-grown GalN thin film as the intermediate
layer. Furthermore, the full width at half maximum of the GaN band-edge-related emission
peak is 40 meV which is nearly 38 % narrower than the best value achieved so far, 65
meV, recently reported by Oshinsky et al. (Appl. Phys. Lett. Vol. 72, 1998, pp. 551-553).
This fact indicates that the crystal quality of GaN-based semiconductor grown on a silicon

substrate can be significantly improved by using the composite intermediate layers.

On the other hand, the XRD measurement result illustrated in FIG. 5, shows a x-ray
diffraction profile and its locking curve of the (0002) reflection for an undoped GaN film
grown over the composite intermediate layers consisting of an ultra-thin amorphous silicon
film and a three period GaN/Al,Ga 4N (x=0.2) multi-layered buffer (FIG. 3). Compared

with the diffraction peak fiom the silicon substrate at 69.3 arc-degrees, the diffraction peak



an. ultra-thin anmorphous silicon filmor any stress-relief filmor an

amor phous silicon filmand a stress-relief film and at |eastgwRg 2003

mul ti-layered buffer conprising |layers that alternate between two types of
conpound sem conductors different fromeach other in lattice constant,
energy band gap, |ayer thickness, and conposition; and a single |layer or
multiple |ayers of group-I111 nitride Bé@sed conpound sem conductors grown
over said _conposite internediate | ayers. SUBSTI TUTE SHEET
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FIG. 6 shows the schematic sectional view of a GaN-based light emitting diode
fabricated on a silicon substrate according to Example 2 of the present invention. The

detailed fabrication process is as follows.

Referring to FIG. 6, after the chemical cleaning process, the n-type silicon (001)
substrate on top of which a 150 nm-thick amorphous silicon film was pre-grown by
chemical vapor deposition, is heated in a MOCVD reactor chamber under hydrogen
ambient at a high temperature (preferably over 900 °C) for at least 5 minutes in order to
produce a clean, oxide-free surface. The temperature is then reduced to a lower
temperature (preferably between 400-750 °C), and an ultra-thin (preferably less than 500
nm) amorphous silicon film is deposited on the surface of the above mentioned silicon
(001) substrate using hydrogen-diluted silane as a precursor in order to form a “soft” buffer
on the silicon substrate. A six period GaN/AlL;Ga;«N (x=0.2) multi-layered buffer is then
grown by MOCVD on the top of the formed ultra-thin amorphous silicon film at a low
temperature (preferably between 400-750 °C). The film thickness of GaN and Al,Ga;. N
are set to 3 nm and 5 nm, respectively, corresponding to a total layer thickness of 48 nm
for the multi-layered buffer. Subsequently, a 0.5~2 pm-thick Si-doped GaN epitaxial layer
and a 100 nm-thick Si-doped AliGa; N (x=0.1) epitaxial layer are grown by MOCVD
successively on the surface of the composite intermediate layers consisting of the ultra-thin
amorphous silicon film and the multi-layered buffer at a high temperature (preferably
higher than 900 °C). The temperature is then reduced to a lower temperature (preferably

between 650-850 °C) and the carrier gas for the MOCVD growth is switched over from
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a high temperature (preferably higher than 900 °C) again and a 100 nm-thick Mg-doped
AlyGa <N (x=0.1) epitaxial layer and a 0.5~1 pm-thick Mg-doped GaN epitaxial layer are
MOCVD-grown successively on the surface of In,Ga;.,N quantum well. Finally, a Ni/Au
contact is evaporated onto the Mg-doped p-GaN layer and a Ti/Au contact onto the Si-
doped n-GaN layer to accomplish the fabrication of the p-n junction.

Additional advantages and modifications will readily occur to those skilled in the art.
Therefore, the invention in its broader aspects is not limited to the specific details, and
representative devices, shown and described herein. Accordingly, various modifications
may be made without departing from the spirit or scope of the general inventive concept as

defined by the appended claims and their equivalents.
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1. A crystal growth method for the group-IIl nitride-based compound

semiconductors, comprising:

MOCVD-growing an ultra-thin layer comprising an amorphous silicon film or any
stress-relief filin or a combination of an amorphous silicon film and a stress-relief film on a
part of or the entirety of the surface of a silicon substrate at a first temperature using

hydrogen-diluted silane as a precursor;

MOCVD-growing a composite intermediate layer comprising at least one periodic
or non-periodic multi-layered buffer on the top of said ultra-thin layer at a higher
temperature or at said first temperature, wherein said multi-layered buffer comprises layers
altermating between two types of nitride-based compound semiconductors different from

each other in lattice constant, energy band gap, layer thickness and composition; and

MOCVD-growing a single layer or multiple layers of group-IIl nitride-based
compound semiconductors over said composite interimediate layer and said ultra-thin layer

at a second temperature.

2. The crystal growth method according to claim 1, said method further

comprising:

doping a n- or p-type in said group-III nitride based compound semiconductor.

3. The crystal growth method according to claim 1, wherein said silicon

substrate is made of silicon wafer having any possible orientation.

4. The crystal growth method according to any one of claims [-3, wherein said
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5. The crystal growth method according to claim 1, wherein said

ultra-thin layer has a thickness of less than 500 nm.

6. The crystal growth method according to claim 1, further
comprising growing group-III nitride-based films in between different

multi-layered buffers.

7. The crystal growth method according to claim 1, wherein said
first temperature is between 400 to 750°C, said higher tewperature is
between 750 to 900°C and said second temperature is greater than

900°C.

8. A group-IIT nitride based semiconductor device comprising:
a silicon substrate;
composite intermediate layers comprising an ultra-thin
amorphous silicon film or an amorphous silicon film and a
stress-relief film, and
at least one multi-layered buffer; and
a single layer or multiple layers of group-III nitride based
compound semiconductors grown over said composite intermediate

layers.

9. The group-III nitride-based semiconductor device according to
claim 8, said device further comprising a light-emitting diode
containing a p-n junction structure formed over said composite

intermediate layers on said silicon substrate.
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11. The group-IIT nitride-based semiconductor device

according to claim 8, wherein said multi-layered buffer comprises a

GaN/Al,Ga, N multi-layered buffer, wherein x is greater than 0, but
less than or equal to 1.
12. The group-III nitride-based semiconductor device

according to claim 8, wherein said multi-layered buffer comprises a

GaN/In,Ga,; N multi-layered buffer, wherein y is greater than 0, but

less than or equal to 0.5.

13. A group-III nitride based semiconductor device

comprising:
a silicon substrate;

composite intermediate layers comprising

an ultra-thin amorphous silicon film or any stress-relief

film or an amorphous silicon film and a stress-relief film, and

at least one multi-layered buffer comprising layers that

alternate between two types of compound semiconductors

different from each other in lattice constant, energy band gap,

layer thickness, and composition; and

a single layer or multiple layers of group-III nitride based

compound semiconductors grown over said composite intermediate

layers.
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