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Introduction

Field of Invention

25 This invention concerns a method for forming epitaxial thin films by means of gas
source molecular beam epitaxy (GSMBE). More particularly, this invention relates to a
method for growing high purity, low defect, device quality SiCAIN epitaxial films on silicon
and silicon carbide substrates. SICAIN films deposited on large diameter silicon wafers also

serve as large-area substrates for Group III nitride growth. Semiconductor films are provided
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GeCAI N and ot her sem conductors produced by the present nethod.

Sem conductor filnms conprising the quaternary conpounds are provided. Such
films exhihit gaps from about 2 eV to about 6eV and exhihi ectral
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structures are |likew se presented. In another preferred enbodinent, Zis

boron and the filmthus-forned is a superhard coating. In another inportant
aspect of the present invention, a precursor for the synthesis of epitaxial
sem conductors having the fornula XCZN wherein X is a Goup IV el enent and
Z 15 is selected fromthe group conpri,sing alum num galliumand indium

sai d precursor having the formula H3X8N wherein His hydrogen or deuterium
is presented. Again, Z may be boron for production of superhard coatings.

In preferred enbi donents the precursor is



H3Si CN or H3GeCN. In yet another inportant aspect of the present invention,
net hods are given for 20 depositing epitaxial thin filmhaving the formul a
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sem conductor structure are given. Brief Description of the Figures 10 Fig.
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XTEM i mage 'show ng col u ar rovvt m grown on Si(111). Fig. 4
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stackl R e substraterin fgse Mathodst r uct ure of the film 20 Fig. 5illustrates a
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to deposmon of the quaternary layer. In these embodiments the substrate preferably is
25  Si(111), Si(0001) or a-SiC(0001). A preferred buffer layer is a Group III nitride, most
preferably AIN.

In an important aspect of the invention, a crystalline Si-O-Al-N interface is formed on
the silicon substrate. In this aspect, a crystalline Si-O-Al-N interface on the silicon substrate
is prepared by depositing two or more monolayers of aluminum on the SiO; surface of the

30 silicon substrate and the substrate with aluminum monolayers is annealed at a temperature of
about 900°C for a period of about 30 minutes prior to the deposition of XCZN. In this

method, the SiO; surface may be a native oxide layer having a thickness of about 1 nm or a

thermally produced oxide layer having a thickness of about 4 nm.



Fig. 8 is a Rutherford backscattering (RBS) spectrumof SiCAIN film grown

according to the nethod of the present invention at 725C. The inset shows

the Cres ak. The RBS sinulations giving the atom L{ions of

Si, Al, C a?fg%ﬁﬁ@?e shown in 30 dashed curves. Fig. 9 is tP%eTﬁ%(%/?ﬁgIr
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ol 1 ovs. ¢ hat "t ebfpeEiRiEhTear of e iR BhAglioR, mbiGac e ROl U050

I nvept i @Bpdiairg epitaheiaicthinb@ich kdviidgeths fortrul a@EC)ayi-HEN)be. f wheread 1 chesualte s of
this invention. Accordingly, the description \{\{hi ch follows is t.o be

under st §6@ vabiePspT 8561 agﬁi%ald the sagierr I4|1gffefent in each occurrence, comprising in

addition the step of introducing into said chamber a flux of nitrogen atoms and maintaining

a

the flux of said precursor, said nitrogen atoms and said Z atoms at a ratio selected to
produce quaternary semiconductors having said chosen value of x.

25 In preferred instances of this method, a quaternary XCZN semiconductor having a
desired bandgap, XC and ZN having different bandgaps and X and Z being the same or
different in each occurrence, wherein the flux of precursor, Z atoms and N atoms is
maintained at a ratio known to produce a film having the desired bandgap is prepared.

In an important aspect of the invention, epitaxial thin film made by this method and

30  optoelectronic, light-emitting diodes, laser diodes, field emission flat-panel displays and
ultraviolet detectors and sensors for example, multi-quantum well structures and
microelectronic devices comprising the epitaxial thin film are given.

In yet another important aspect of the present invention, superhard coating made by

the method of the present invention are given. Most preferably the coating comprises boron.

d
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V1~ O U3/ (133781 PCT/ U 8U2/3313-4 disclosure directed to persons of skill
in the appropriate arts, and not as limting upon the present invention.
This inv i vides a | ow tenperature nethod for grow i i al

quat er na?‘&btog{aﬁﬂ?fl ms havi ng the general fornulae XCZN \/\hwgggfl“%e%/(s“‘?isq a G oup
IV elenment and Zis a Goup Il elenent in _a gas source nol ecul ar beam

epi taxi al cREhespitaxielithindilmg mpdsdyike petdiod 0§ thePressit IRYenion thal hayg e

conpri si ng  X,&-N; honds. epi taxial " fij e I {lmwth

Che hi JhaSs XA RBPBLXACa Bl fbEnsa id 2 ATSHRp I dEhEmd beield

cryst alas sBaatesor Ok gidvethfof| Gwugdiiestide Ginas, inyost preiidrably AINT Thermubanrate is

especi al Ify suitable for mcroel ectronic and, npre p%[ti cul ar | 3{@(
ewshlyclangs-aspryiubeiate eh81CATNesrawn rataras dgrste R34 Dukplssitedht ar il ns

IS gener&lehymgﬁg& eved in a nol ecul ar beam epitaxy (MBE) apparatus. In

mol 8culPAF“Beam epitaxy (MBE), nol ecul ar beans are directed at a heated

substrat e Wigne impatint aspeatsl thppresent alvehtionyiayerdtsbmanaducor sfifueturemhdm| ogy

is fully described in E H C Parker, éEd.l) "The . Technol og% .and Ph)%/si cs of

Mol eculbirtheeessnt netids, andmsrsifcispais & poieglsaoniceVigsy COBPERE A

appr oprlat i j,n MBE, and by exercising precise control of

t he ki ﬁéﬁ%n?gﬁéoﬁ?&?sgﬁﬁ%hx rate, flux ratio, and substrate

tenperature, during growth, the norphol ogy, conposition and mcrostructure

of films can be tail ored orBrief B¢soription ef thie Figuwreshe present nethod,

deposition of epitaxial filmconforns to a variation of gassource nol ecul ar

Vgl Pl S b et Brta SBPR EisBESe-Bana WinGhis o BRESRmPLSRHEy B 1l o,
reacts imag@ormﬁﬂeml SR ARG P g VHBANE S BOCW LY (1R meiboti 3Kt prédahin il m on

the substrate. Typically, the gaseous precursor is connected via a high
vacuuminedmiient o t he GSMBE chanber (which will be known henceforth as a MBE

reaction ch ) cqptaining a heated substr Q. _instal ' he MBE
reaction chglﬁgg?siaggg'r@'af °]88$ ﬁWBﬁ%?{h%g’élﬁtS@%\ﬁw(g@#@ﬁeﬁlf ﬂgt%ﬁé;feg‘fdl\gpfénrrs.
Sour cesidfra®dd AtEern. vapor flux atoms may al so be installed in the chanber.
The gaseous precursor is allowed to flow into the reaction chanber which is
typisScal |y ndrigthisne X BEMdmbasshawing selnmnafgrawtiel SIEAINTdG gigynpny| t r ahi gh
vacuumigm'hng systemlIn the present nmethod, the filmgrowh process is
conduct i the MBE chanber with the substrate held at tenperatures

bet ween anbigpt4 {sewh NEEMIiMadhrhAAIOKIN filafgeswabby Si(01 HhFigAaikusgatesf 550C
to 750C, with flux species consisting of a uninolecular gas-source

pr ecur gbe celnmnar graimataand Fag.dibsllpsteptasdhrechsractgsistic epABAR - oHackang of therid-

precur s“glgrtg{eos\(‘iugtg%d‘gﬁﬁe "@gckbone" or chem cal structure upon which the
quat er nary  conpoun bwf S. The substrates are preferably silicon or

si lgpcon car brige Swilhiartes d propéeed meddedek, the BEC Aldowntztesstrugruomt Figt &niper at ur e,
WO 113/1133781 PCT/US112/ 3313~ fl ux_species and fl ﬁ rate ma}/ be chosen to
det er mi side Vigwiof SiCAR,AtopiG stprctyrs andyFigt l?ﬁé‘r@Pf’qun‘?fF} BB YPowt h. The
present net ! @?ﬁﬁ*ﬂ i agki t he

uni nol ecul a?ﬁgf(z%uaﬁsor anﬁla%gggggg%gqngﬁg&#ﬁ% %ﬁé%pﬁn?ﬁ%@%e of the
pr ecur sshowirigitakial mtevfaca ahd Geprecipi@teN skel eton with the target

stoichionetry and dir X- C bond favor | ow. erature_synt hesi s of
t heI quiat er naglﬁ- ? ﬁ!t}‘(lc’f)ﬁg ‘m§esr£frf§?¢1gﬁltgﬁllﬂﬂ g(%"é‘r"iﬂ%éa‘ﬁ%ﬁ%&irgtﬁr glg 21’ ati 1/el y
veajs ang, aks cﬂ/étamlﬁ@ﬁﬁgw"i’tﬁ QHRattZnB YR 98UREWs Bk thaA¥iibe MBRY Qb es,

making a contam nation-free product. The ‘unsaturated and highly
el ect r o8i{Y1i1g ko hexapomal stfuatire oCthd fiti atthe intesfachie required reactivity to

spont aneously. conbine wi.th.the el ectron.deficient. Q atons (Z2) to
formthe nece$s W@qthprﬁgﬂ&a%c t?%ﬁégﬁégf%ﬁcwq‘ﬁg&@é%ﬁéﬂ&f({“(’bnal

acti vat j@BrddiLRthe mBthbAdf HeSrEht iRMHRH, at T2SEOUThE indet sRbw b tHe ieL6ranaé
precursor having the formula H3XCN in vapor formwherein Xis a Gaoup |V

_el enentpeapr dhe RBS simylatipuogiving theatamin eomposdiops PESihMiro gathNare hodRi um i s

in'goodu&esﬁ d ntosa GSMBE chanber. A vapor flux of Z atons, 1 S wherein Z is
a oupaf TEHEYST, is also introduced into the chanber from an effusion

cel I. PressuFg. andheFogrieranstoirh Mffaredispebigose gy FMRpsgecramifaiSi€AM o al | ow
the precursor and the Z atons to conbine and form epitaxial XCZN on the
subst r afibn medepk thetraethodef thp preseidnveatian.duri ng the reacti on maintained at a
val ue above anbi ent and | ess than 1000C, consi derably bel ow the tenperature
of the mscibility gap of SiC and ALN phases at 1900C (6). Mst 20
preferably the tenperature i s nmaintai r('_ned bet ween about 550C to 750C. In an
i nportant aspect of the method of the present invention, a precursor
conpound having the fornula H3XCN wherein X is a Goup |V el enent,
preferably silicon (Si) or germanium (Ge) and wherein His hydrogen or

I 1 1NN O 7~A 1 o o
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30 of quaternary XCZN wherein X is germaniun) the precursor D3GeCN is
provided. In these instances, deuteriumreplaces hydrogen in the precursor
to achi eve kinetic stabili ty. The uninol ecul ar pre CN may
be synt heS| 3}%53‘3&} ng a direct reaction of GeD3ClL with Ag Cﬁﬂ‘t@%ﬁz/ﬁgﬁt hods
for preparation of GeD3CN utilize GeD3l as the source of G?

113/ 033781 Ptgr/l(»a sum/e{lm@n eaergtliless ispestrgsdony (ERES helemeriplerip 555%0%@;: ucture

7, “oudteaane Rosafpicd actlss o3l st SlCS0 Bthy Rl BEhaHRRE FRSER, 7or

net al  a§dXBlocR)onhé filth @ dhoS@rasarehifelingtimiiedowat XAEMaineagelod FigrlObi des an
essential l'y equi nol ar anount of precursor and netal 5 ato gﬁphgaﬁﬁface

 of the subsFimtlé illusirates pEELSipestrum shomang thedk-shell walzpren &

SubS 1 al ¢ SUELACR oo SRR oA LB UIDR 10 SiRAPhL O rom i he Knudsen

ef fUsi & se I NS e quaternary sem conduct or that is

forned is e?ﬁgerltzumtdtmtestamncblfmehmrcscxgzmem imbgds shawmgtthesdrfncerul a (X0
| 0.s-a>(Z +a~ wherein X is E)Veleﬂ]e andZ|saGroupIII
el ementmeiA lagyef@l%ﬂ%lmgwweroas@@op Eig |23 Hlustraies an MR4EEALBISof ¢ he

net hod, ;t3e ChI r t: 08 iR ¥akae seifseged by
i ncreasi rg’g tﬁﬁgnggﬁﬁfmgl\r‘zgdpgh?gg@;ﬁaglﬂﬁt&htgoggpﬁgstances, (saxt ra N-atomns
whi ch may beFlgdBes aﬂa@rdnynamillﬂosisanlonoﬁmscmtcbmhlcmrtstrugu@f@mmismgfth@m a radio

frequency (RF) asna s urce unted in the chanber) are supplied
andat hSUAREIREY f‘% SRISAR “ICEBE apé #’H%F‘gg dnﬂsiﬂb"t‘?f’lsybsl}/’%f%e ZN content of the
quat ernary qggnq#ggw résB loﬁéarmnﬁggfee@tthesm%r?oimrﬁdém’{erfade sﬁowm%>0 as

nmet al atons Ine wt Nln recursor and also with
gaseoushd\bxitiehsfférdageoasm dunl bancbmfadarlzwntra@cndjaesrpdq therigteyface, lae welt a8 (tirﬁt e nt

w || beg | ess t han 50% = 100% In

t hese |Sd§g§ﬂ§é‘§”“ t‘t?éfeﬂtfs%@%ht/ef glrrl?le(?gﬂddﬁ‘thfi?tewhﬂ °%§v%°f<t%8%a (XO)

~0. s-a4(4N) ~0.s +a> wherein Xis a Goup IV element and Zis a Goup |1]
element and a is between 0 and 0.5. 20 In an inportant aspect of the

i nMént i on, tHig 1amndda.Sofompesitionstinrefild slavwing thﬁa%}elb@ltdcﬂlﬂ§8é@fb%ﬁ thar yi ng t he
dep05|tton ar ters to create a series of (XC)o,s_a(ZN)~o.s +a~ filns
with dlsthc@pgmna%‘:gggr “a . The bandgap of the quaternary filmwill

reflect the F‘T%I@tlwetrs&ﬂ@eﬁtbaatm@ﬂmm t’he&hﬂbﬂﬁbh offeersjlicah oixkitrideo
conponents. e conposition of the f i.e. the value of a, can be

adj ust dutebfpcessipsiuyé ﬁgmesxle@sle SECABN thr@tahwmgaeectb@te RiddeQuabe BAmewarkidfom a
radi o-fr |l asma source. In certain instances, for exanple when the
XC conﬁos‘ri"gﬁtteﬂ?fys@ﬁ%"quat ernary conmpound has a di ffer ent band gap fromthe

ZN xgonponentgigt 17eis kihiph resdlitoroX TBMESILES SiticorRy Aitride iatesfaasishawihg tgen at ons
may be controFI ed to i ncrease the anpunt of ZN i.n the fi Igﬁagdgéﬂ%grovi de a
quat er rrenyertad arysiallinnexide bulfadayes at thaHierdase. he 2 W5 ehihe 3t

adjuste b or exanple, from30 SiCto GeC or
SnC (vmat éﬁe?@f’\flﬂt)fég E) (fgggééﬁl{”y?p%ég\l/%and 0.75 eV respectively). In these
i nstances, the formul a~of the quaternary conpounds wll be

(XC) ~p. s- a) (BB (8ois 2-dggravhmagd rilultrativn of agemidondepemdmnture/haviag amwppeor
different in each occurrence. Thus a,co series of solid solutions

bet ween 35T FTPHP ggP‘Hi‘ O‘Q(H(?"érsdgﬁratq ?@tﬁﬁd&gkﬁﬁﬁteﬁ@lsynt hesi zed via the
lU V'O 03/ 033781 PCT/ U S02/3313.1 present nethod to provide
sermjsconductors with bandgaps r apétafled bestiptionV to 6 eV, covering a spectral

range frominfrared to ultraviolet, ideal for a variety of optoel ectronic
applications. Exanples of related novel systens include Si CGaN, Si ClnN,

GeCGaN, SnCl Wikila#he rmesenhimyversionviblrherdescribed mare Buly hereinafier pitbgefarencaint i on,
the X t f er abl
5 {110 ST actom PR AR, RMGAAPACHFEEpratbed filhittor( © Brab!y

ot her ?*a@tidu@g th%bf&@ﬁtﬂﬁ%tlﬁﬂﬁ:@h&@ﬂhe1su6 &d uadersiobd hrthe estsetﬁfehe/vaf ers may be
cl eane rior to deposition or nprise buffer |ayers of i de or ot her

] buf fer d%yleptsons\d@hh édloefsdms PEYSORS ?frﬁkdlem the aRREPRIMILS 2ty WAY AAdf Mlt %ide. 10 In

bs(?p nb@\ﬂ onal‘?epe?ﬁ}lﬁs%ﬁ?éc{]ﬁhfl@l’tﬂpﬁdh%m tnﬁf%e&;ﬁﬁéolﬁﬁﬂts%%sﬂﬂeﬂhéﬁl mis a

er conpoun s generally enployed in
the i ndAectdrghnfglyt; theelebazipion ethich fbﬁbws b bemnde@stoucpast bdinga braadgteachimgef er abl y
alumnumnitride, for exanple, may be grown on SiCAIN thin filns prepared
by the present nmethod. XCzZN filns formed on | arge area wafers conprising Si
or SiC are especially suitable for substrates for growh of the 15 G oup

[1l nitride layers. This is |IIustrated diagrammatically in Fig. 18, where
110 is the Si wafer on which the XCZN'film 112 is formed and 114 represents
a growth of Goup I'll nitride. Sem conductor quaternary XCZN grown in

accor dance W|th the rret hod of the pr esent |nvent| on may be doped in or der

. o e T ~ - o,



The hardness of the filns prepared by the present nethod, defined as the
applied |l oad divided by the indented surface area, was neasured using a
nano-i nde itron Triboscope) attached to an atom c r .G 0Oscope
(AFM . Lb?%g&wﬁgﬁ ardness value of 9 25 GPa neasured for Fﬁ§3§$£?¥?£a as a
standard, the nano-indentation experinents yielded an average haydness of
25 GPa disstostteedisieditopersonpf skillgn dhe appropstatenastss ¢pderptas HMAURHMoNdhg nder t he
same caonditi.ons.. The fil ms deposited on silicon substrates are

char actPiFSeEE ¥ %8e true solid solutions of SiC and AIN with a 2H wirtzite

structure. Thes hieédidSodled heseempbrfuré meftdfar abiving epitakiat qetersapphi re.
The boron anal ogues, XCBN are anti ci}gat ed .to be especi a{elﬁénw syi tabl e as

" super hahia fllms daying thegreacist fxmylee CE aeherrin Xpie @ 4irewp bY © h B val ues
of the Andj yi ' o enerally to
epi © i GG Y Rhenf I\EkS SREE AR plik oPEERA NnaBer A plstndCT
subst r girecusdord ks a Bnichee esvipfisiag X-€eN béndshe fil m surface can 11 V1~'O
03/033781 PCT/ USU2/ 3313~ be enhanced, 2'1% . t@p%?rag?% cgem' c?.l :
di f f er ences,Abrepigrir! Hilmaenerlly s7iprsto 8 fdm with,de highesf frderiof Rerfestiop ing
quantu ifitd R t ar ' W BERRSN bpitaRid]) Gilin
Super | z;etr |é:ﬂé§l(g)? l'gh%ﬁ? Ens1 ﬁdf}&s;t?lr u%cgéég?fg%qrj{}:}?i s(%c%tepi tgxi Iz)ill_ XCZN ?i | ms of
t he pr eserspdcliysuitable Gefmiomekctbris sndfmare padisniddy eptodesytaness useful in a
wi de variety, of ,ﬁ ogt.oel ctroniﬁ and . m frﬁFl ectroniﬁ appl i ﬁati oni. ES#Ch
devi0c esePRPeAtioa t he eritay|ad gropith gi wmmplechlan flms iregeneraiiy asigied 4 A MY SR
appl i caid, i \ | Rl {8ty QIBER $holecMr be&s afexenpl ary
of t he%fg&r%géﬁfgﬁggzg?%%%q?k%&\%agseﬂ%gﬁ%gp )}séek?nBcgnduct orrs ofst he present
i nvent i direcedat b hegted subistrate mdhetti res@®n(anERpitaxial fillmsgrowth asdess. TheD) . General |y

A N barteamoragyas Tl s EH G P Ch0ama et m BN 95 ha"on t he
subst r ai/@1eshilPBadn Bpithiye” PRGN Préds (1988 (7)eBysskicating thie appoppaeImAt i nstance,

the active |ayer coggrl ses an (XC) -~o. s-a>§hZI\|)_(o, s+ a~ (where 0<a<0.5 )
| ayldr tdpacies it MBE: prdbyrexer¢isitig wiectse cnuire) ob Sherlinaticfacionsy ehaflwaraliy fluke net hod

of the pr.esent Jinvention.. Singl.e-phas i I i t oi chionetric
Si CAIN ‘gf‘&/ﬁ'i‘gétd’ CHRCIEHE BB&)groa“r’ltﬁ’ @?Wﬁt&o@%g%@?s&oﬁﬁm de bandgap
sem congliesserincid i iiliisian be fHiRRRICRTSEat@hicllved90 nm (3. 2eV) consistent with
t he theoretical predicted fundanental bandgap of 3.2eV (15, 22£§%N SO

exenpl ary of Inttheprspens s1etods derositign i spitexiah HiynSepprmp P 4 arahiea SE83s-

sem conduct ors_are ,n ti I ffini r..fi } SSi on
it - pareehae s MERARI, FABE) LAnTolpRidoh BBl JAEERc pricufSef afilh o
serdcongipot fllix 0L wietsltorhddittetedaings 5 subintatz viredthe psecuriot wacts withrthemetabf

m croel ectronic and optoel ectroni c _deyices conpr.iSi sem cqnduct or devi ces
and | aydp@g tsemmenis o wh ofiepiippgly Hun ‘m Pﬂ@%ﬁggéﬁﬁ?-nﬁm}%@% g€ ovi ded.

B or . or ST . . Al & CALN
per| C@?E@r%r@? 6Bl m%@%@%% t&'thé@SMﬁE‘@h&ﬁbeﬁ(@hﬁﬁ wigpeal S

filmns e grown 1n a ing to the present nethod fromthe
gas eouskppvachensefbrthiaSa GEBR nehctidn eltannherf contaimng Kheatsd substrites iAdse insthlled

supplied to_the chanber directl &n .6H—Si$ gOO 1) wafer substrate with
the subdtthaMBE magermghamber if 2838 cHEYPR KNHFscBSEIECOYAREBANtAAPIRS 1 APECES

erpedt b aBoT s AORR ey L EhSiNBNE B e DR TR EASEE BELRLIICS T
Tsong esll@ded, to vt intothe ogactiéh chamber which is typically maintained at a base pressure of
about 107'° Torr by a ultrahigh vacuum pumping system
In the present method, the film growth process is conducted in the MBE chamber with
the substrate held at temperatures between ambient temperature and 1000°C, preferably in the
30  range of 550°C to 750°C, with flux species consisting of a unimolecular gas-source precursor
and elemental atoms from one or more effusion cells. The precursor provides the “backbone”

or chemical structure upon which the quaternary compound builds. The substrates are

preferably silicon or silicon carbide wafers. In the method, the substrate, growth temperature,



WO 03/ 11 33781 PCT/ 11502/ 3313~ form ng a | owdefect epitaxial layer in the
fabrication of sem conductor devices," herein incorporated by reference.
The base W(ﬁ@ﬁ(gj;ﬁ]l n the MBE chanber was about 2 x 10'i quc‘rmsrubéiﬁg to
about S x 10'' Torr during depositi on The flux rate of each species was
set at about 6 x 103 cmzs-~, giving a H3SICN. AL flux ratio of ~1 and a

gr owt h fHutspecies anddluxgaie ey béichseporefminie VERPHBIEITS Qe WA SN SO nm
were d deposited filnms had a transparent appearance as
expectgﬁ ?’Igﬁ)ﬁg %J\g@ bandgap material. On the SiC substrates, the epitaxial
filmshows dihepraentadethed sdasal orsmeunallyraetleajncbrelasmmg b2t éehl thnd 4H 2H

ol ytypes?2 S). Fig. ustr gt m.c force osc AF I mages
- Show ngnemeeedpiiear apt g, 2 BreApRvAr HREFORAT B P ORPOBARH g 10
12asi | 1g#stn@ies-caN ék@ﬁﬂﬁ Vkh ﬁ@'iargét:’st(ﬁaﬂ%a?y arfd &ﬂec’f‘m C'f)'oﬂds thébralér 1Bwhi gher

,magni fication image of the same Surface. Epltaxial XCZN filnms grown on
cl ean SerapdrafuraGyntitekis of thel quaterriry thin filny.- ARXTdmaningtH-a¢ e:;nmahbcuﬂsmreast to

the Si C(001 fer resulted in in eneous filns with a rough surface
ror phol By ek ek fuira R s ehsrols PP ANBE R D e b dmbire ae b e Aandont y
ori ent e@dnfalivciolIted! grédiRt. OTRE Miatidtéd A kﬁFlﬂ?'efe'cﬁ@xﬁlhch POl dha\CIN t he
underlying Si substrate. Because of the elimnation of the native Si Oz

| ayer \m@?tyéla&tlsesrf:q%hrqdrreacsvqu\momanﬁml)gq@mn@wtb tigi glactmop- ?ﬁb@nt @g@l t he
Si 11
Pra0es 3udhs AR B9 pReihz A pRedit A e AR Rl el Rl g8t ° o6

ternar \tépst ri des such as GaN, AIN, InN, AlGaN and InGaN. Large-di ameter
wafers is a termused in the art to designate wafers | arger than about 2
i nches. EU't HePresenfAbioll] ¢4 fQftin nidlécutat roculidy ! tH3gbinyiRa OXI de
| ayer (~1 rgil Se?dézl wasode oSl t(ggi by t e pcruesé)ﬁtcurret Hg\g %n glﬁ,fn? E:1L11 )
cryst aIEa)ﬁZNlm@panforrM\abdremé( lsweGmupdb! dlemyent,. prefierabhy slicmsdr@ennamermamdm al

S AN e B8, 8 BSOSOV B ol i Do (e

suhst r ayigerdth s h@oﬁ;&lﬁ§ hfe?au As hl@mmhwdqntonh& bl@anﬁl%'ﬁ%ﬂ] m ef@Ridn cell/SOC.  The
m crostructure of the lms is reveal ed ﬁﬁplcal XTEM i mage of the

Si CAl N Bregspieand sth(q gaqr)dxtscms\m therchpinger arg mamiala toblowabe pmarsogmﬁ the Z2S- 30

nmw de extendln trate eth Qu |re
o it Rotg Sl ol Bl T AN b oSy bRE, o P B &
shows Qﬂhﬂgﬂﬁbﬂcwﬁ\‘\ﬂnﬁm@tﬁm@ﬂ%%mé hHBvG%.ﬁMbn@Hhcﬁeﬁs]ﬂa&ﬂ 1060%, Esnsiderblypei ng
wel | -ali ?ned wi th predom nantly basal - gl ane gr owt h. The randormess in 13

V1' O (g %@?WWE qﬂhqmmhw gapef 8iG ant AN phases atIRO0E (B3t Masbgr aphi ¢
pI %@es e}ag§ t&%}e&lm}? t@e8s Xl'amt:g %ﬂ ?\1’ gzalboﬁlf sfobg toq (50% a pair of XTEM

i mages ) mgrown on soHIustrates t he
I f h b ill
he.char act dp e portind e SIIfE e iRy o?%ré‘;‘s.%p@aﬂmm Bt b

filmi ha¢ingand Sormufl ERXECN Whiefedh Rngﬂm&gwemew reramgenicoh (Sijer 4b. Fig.
5 illustrates a proposed nodel of the CAIN wurtzite structure. Fig. bais

a si de seraspign (@pmqub&r@mfél%tyﬁim&en oedeuierigm, ip proezldedp The gvecrsor he sane

struct yx n
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The SiCAIN filmwas deposited directly on the Si(111) substrate surface
with its 20 native oxide |layer intact. The EELS spectra of the SiCAIN film
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10-7 Torr r 25
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el enental concentratiqgn of the filns were Sfit;"%‘ed b\éh ?% EELS. Hi gh
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30  SiC to GeC or SnC (with calculated bandgaps of 1.6 €V and 0.75 eV respectively). In these

instances, the formula-of the quaternary compounds will be (XC)(0.5.2)(ZN)(0.5+a) Wherein X

and Z are independently the same or different in each occurrence. Thus a complete series of

solid solutions between Group IV carbides and Group III nitrides can be synthesized via the
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30 layer replaces the correspondi ng anorphous native Si 02 and acts as
conpliant tenplate, which presumably accommpdates the enornmous strain
associ at e oMslolsihe highly mismatched Si and Si CAIN str Uc?ik”rﬁj%oz/ﬂ?ﬁ EELS
el enent al proflies shown in Fig. 15 across the interface [ayer reveal ed
predoni natel y oxygen, alum numand silicon as well as m nor quantities of
ni t r ogepieseniaebad rRrovide spnicopditseors vith bandgaps cangingaijein 2o\ &Y r ect | v

adj acent_to the e. The
oxtyqon ovgi *edhal ey Fomitielo ek ek, ?V%ﬁéé%?opﬁo?%? 4o
backgr %pucdtmel Exdnfiple6f rSa8InvEl sybterhs tnotuteS8iCGaNnSiGhNN@eC&aNn the Si CAIN
| ayer gpeared in every nanoscal e region probed at concentrations close to
" stoichi -, consistent with the presence of a Si CAIN film grown
thin o face
was%dl ffi cui%rb% "6 TF @nbgseéﬂﬁg Ife%}gt":;\l\fg{@{rgﬁgg f&ﬁdeu %}%arﬁtﬁhﬁlptgheg? ?ﬁftier face
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provi ded useful qualitative information with regard to el enental content
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Epi t axiiayerShichlalGrohprH nﬁmﬂevmetefabﬁi 4lurhinkin) niddd. ng a t hermal oxi de | ayer
(~4nm SICAIN fil mwas grown hy the nethods of th resent jnveption on a
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the Si s@sﬂm@nﬂuétaﬂfabiﬂcaﬁonsﬂmmﬁl nitydes prefbesbly Tomiate nitiide fohexampeent al

concentratjons quant.itatively and to investi ate t he roperties of
t he i ntBfY B%grolwgfl@r SICATRARIR fl fyi“F ﬁ{qgggedd}yd%prg ngme hoﬂitls?%qﬁ'ﬂg ed ¥t hi ck
ther mal |, %ﬁn%%vw:hf&)é' %ng?i %%”B{' areggﬂe'élaﬂ% ALY RF sﬁﬁﬁﬁ&@?&%bﬁthvﬂfttﬁﬁ n the

resol uti e an us nore suitable for precise
analsy si GrouA I[Hmétridx layiese Thi 1@ 1hkjra0 dsagostmatiellwiin Riga 18- winar&i U)zrsltbﬂy&r is

heat ed at_. 7000 eppyve arbon or oth | a

i mpur i tV/Er e ¥ ﬁl"‘k’ﬁ@%g&\g@%‘ Iﬂhﬂé f 16%%19%@ 13% TSRt aa%ﬁ?’ﬁh%ty rol gg to a
crystaljjifie. Si-A -O-N layer follows the procedure described for the native
oxi de preparation. Rutherford backscattering spectrometry (RBS) was used to
characteri zeSBme:oSduo@rA{paNnmyriiélﬁN BoWngn apmdancp withdheimethoded éhet  oxygen
and ot her w | evel urities. .Th ra_indi tedt t the Si
2 AL GG PRRRSY B idwed 1 it Ak paves achpl riela) B RUioRE
nuciear kdoRacini tRdst. %e%s%@g&;’ft@d 8iTAINVEvhs, B@l @pd @shetallgtof hhﬁp&n&&ﬁlcﬂé‘lly
concentrations were atom ¢ % and - 26 aomc % respectively.
Oxygen Bepindenthefiim p<typsidapams k@ﬂh’a‘ﬁb@mé\%ﬁ%ﬁxwplg aNREld not show
any oxygen i [ dat a
SUygest od t nLRETASES ot e Ay idhalstBy o ot Ble o e ineg BOUR KB Hed 108 TH1 2

i ndi cat gisided &y piccingted Qirfage hrsn-Wwasyraeashet asmgtarnaad-inidenteni(Higsitomsi st s of a
t hi ck SlCAINzllm rown on a.thin oxide int face &e: FEiRS‘@SPr gshowed
strong Bibascepr) akagked i rsatamicriprredRWTaeeredAM). rdsing theihgedngss &pondi ng
to 4de spectra
al sioshs h?b&:ﬁ‘egs %ﬁaﬁ) ffﬁgeE]Slh;EQ? %%“da\‘l& thﬁuﬁ]&?gﬁghnr %ﬁ%@% gésitlﬁe d ZC}i}nAl type

| atti ceavepgiehabdiess cﬁerPa/\fo't thetSi€ AP didms adosefto thaemichsunedofor sepphiay endern t he

filmheterostructure. FEl ecftron nj c{osc_?gg/ in cross section EI\/[ was used
to chartesane sendiigns. The films deposited on silicon substrates are characterized to be true

solid solutions of SiC and AIN with a 2H wurtzite structure. The hardness of these films is

comparable to that of sapphire. The boron analogues, XCBN are anticipated to be especially
30 suitable as superhard (e.g., 20 GPa or higher) coatings because of the hardness values of the
individual binary components.
The present method refers generally to epitaxial growth of nanostructures of

quaternary semiconductors on substrate surfaces. Different features of the film surface can
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m crostructure and norphol ogy of the film Fig. 14 is a typical annul ar
dark-field i mage showing the SiCAIN filmand the underlying oxide |ayer,

vi si bl e agodshang; of darker contrast next to the Si interfpeqﬁIsoil;%qspand is
coherent, continuous and fairly uniformwth a thickness neasured to be
about 4 nm a value close to that of the original Si Oz |ayer. Spatially
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consi st i =Sl Con: otk el gl i d i icegt from
SR L N R A R S it SRS
1, 180899 rnB(3.2¢€V) conkidteit witlz BRahsorétidabpredicted fandaientakbandgapoh32eMdéhses in
atriclinic structure which can be viewed as a distorted hexagonal l|attice
cont ai rﬁzﬁg alternating chains of octahedra and tetrahedra |inked to form
sheets reni Ny RERAEMmAbrydTehdBYthélbQrdnil dAIRE TRbrprdtip!tHE redéntshown in Fi g.

16. In the "l ow" -X phase of this "nitrogen" -mullite, the edge shared

pol yhedealicaidectbss dranegdativé electyorpafhinisy eathodes faiclicld emissioarflaspans) displayihedr al

AlN4 and Si.Ca units., Asilica-rich "high" -X phase i.s.si M

posses gﬂgh'greﬂ'é‘iﬂc?' SUBLPPYE: a?cg?"ghﬁf%?%‘gre ﬁ"blﬁ&r%élgtc?f 8?‘?%3%???&%%“ bt the
si ldcon@yydstride interface heterostructure is shown in Fig. 17, revealing
the epitaxial growh of a crystalline interface (buffer |ayer) which

di spl ays a nidarge vaniaty of midreglpairomicandgpioglecionigideiicss eWaprisng de system 17

VSO 03/ 1i 33781 PCT/ WUS112/3313~ Th i L the Si
o0 ) terapielor fices AR Tk sk Bab ol Bt BRBRIRED €28 T |

i's hi ghprgvidedented and exhibits the expected 2Hwrtzite structure, as is
clearly visible in the upper portion of the film The m crostructural and
nanoanal ytical data indicate that the thermal SiOz | ayer has been
conpletely reacted to forma criXneEimental Ssetiogh1_ o N i nterface serving as a
suitable tenplate for nucleation and growh of SiCAIN. G owth of

crysd al #’igﬁgig&@g\ﬂﬂmrﬁo\gﬁ 61ECSiby on Si is a potentially inportant area of
researc TrTu y unexpl ored. These crystalline oxides

possess a wi de range of novel properties uniquely suitable for a nunber of
appl i cat i onsEpiaxial SsCAIN)fls warteegrowe irez MBE shantt@r Bespeding tretie pofseripi t axi al

dielectrigs.qgn Si, has been foc inple sklicates (Sr29 nd

" perovs kP‘F&‘?d?grﬂﬁb(i’%ase()“iPre?urf%uﬁgpﬁ?@gt@t?rﬂs trﬂrél i @d&ery@s@c@s ezlm have
been pr ﬁ)fgﬂb’&{d’thh ONASer ARb&) di6H SRC OO waferAs dubdtrhfe vt the SikZraleet ween 550
.- 850C (20, 21 ). Although no structural and conpositional data were

provi dettmperasare in thetregien abf W °Gde dP9¥ed as honpgeneous ternary oxi des t hat
exhibit -el ectronic properties simlar to those of bulk glasses 15 and

zeod t es. Thin ihiniastiaesthewesiC (0001 hwafemrvesre icainel dndserfacescratghes samevetdhe
first exanple of a crystalline Si-Al-O erjal, which serve a buffer
| ayer bé’t‘ﬂ%éﬁrﬁs%dfiq)beﬁh@Ut-%tpra&f’rﬁ‘égf’a@:‘}&l@g?é%hg& 3rong §13Y s M?‘ﬁ%@i‘)r

oxynitrides are, in general, high-conpressibility (softer) solids conpared

to either SiCAIN or Si, thereby acting as a soft conpliant spacer which can
conform structurally and readily abso the differential strain inposed by

the nore 20 rigid SiCAIN and Si nmaterials. This elastic behavior nmay be due
to the structure and bondi ng arrangenent consisting of sheet-Ilike

edge- shared octahedra and corner-shared tetrahedra which provide a
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VWO 03/1133781 ~itaxial XCZN films Qrown on Si(0001) PCT/US02/ 3313~
Deposition on a-Si C(0001 ) substrates is virtually honoepitaxy which | eads
to a | ow densy f msfit and threadi ng di sl ocations desi i

sem condu?:lt Orgf.s}hls?] t hose instances wherein silicon is the chﬁrtélﬁsst%%/gjt]g
native Si(z layer is generally present, and the quaternary filmis

deposi t fodming 4 low-&ifext epitaraal layer imthe fwsationekserdepndpelor devieese hrel ent

thod, . th h i i s largel | aced wi.th K
ret o e el ghos 041 e LS s TS ber SO QEETLIAL) 2. SV e
quat er ”ﬁ‘éi?{%id AdBus FE]'><911-0‘71mnl St d%hgfm&h' PhPSNRIESRAch §lelies yab Sett about

hi gh-resoldti on the cross-sectio transm ssion el ectron m croscopy (XTEM
" i mage of xan'eghtal)ighlingSi KMIGNEAL flugrationfeh aad Sigf@dd tatp aby00-A°Gefkdd of the
present 10 invention. Fi ?( 2 is an X-ray rocking ﬁurve of ?{ﬁ n-.axi s

Si CA N(mooRn pé&ilrsarith thicknessAPR 1601w Veiestepesitedd Th denogited i "Pé&afi&i al XCZN
“filnms g I, .nLLL] : of her preferred enbodi nents
of the ﬁ%ﬁ\}g%{g%f?’ggrﬁg(lfeearsr%%&ég%flof gglg({bin:a%%%m&gpgﬁgrom on a buffer |ayer
on the silicon tha/PT subbteates, thecpithxiabfilnt shogrsantondenéd 1Bix@gomdl stmuchure5 Si C( 0001

) substrates, there may be a large,lattice msmatch between the Si CAIN film
And. 1 hecaprising 20025 e AHIZH DoIyRREcD) 1 B8 hpHBREAETAPmIG RECSPBISFORS S CAl N
on Si( : r | ' %poaj, b( 111 )
subst ra&%ﬁi\& fn(%?ge?gﬁé\gl%ﬁt%y%?fag@hﬁo%e&f Sr@g? é??ggﬁ uffﬁersﬁlsg/(g?m?'sﬁgl um num
ni t 10 de1ZaAllNbtraténanNhidgb af Reaws: 1330mm Ray 2184 nde pBigi 1 2bds bynigher hogsifikatomn i n t he
art, as, for exanple, fIhe nmet hod disclosed in U S. Patent No. 6,306,675 20
by LS. T!mal%ecﬂfégeefta“};ﬂsﬁuf 309kt hod for forming a | owdefect epitaxial |ayer in
the fabrication of sem conductor devices," herein incorporated by

ref er enggitaGRNEE2N! Himd HEWALN Qeff si(1ipyer nay be deposited through a
precursor containing the AIN species or in other instances Al may be

provi ded by evaporation froman effusion cell and conmbined with N atons

from a radi oGrewduamdsandlidd ikx(Belr sbstrates, in eqniast tathefBE4Aq ) wefere.ake pl ace

in a conventjonal NMBE 25 anber. | rtakn i nst the:. enl jjal film
5 depoltihied BinorybaepErus R Mlie tolef Elrs BorRRIA; M i GRei A

i NS ancaficrobtietie dbafinat@ raRd@lydeRnied o B edtdllaid draigs Withatol siyhificant
epitaxial growth of the film Deposition on ALNSi( 111 ) substrates, for
exanpl eregisiryavith thel undethypgepsubaikatewhi ch 1 eads to a | ow density of msfit
and threadin I i i l.e 1 Ng; 1 of i i

vari ety of oneousar AR o B S T TP SN P S

buf f er kawet 6n aBK11 haubdtaty) tHel procust of dpssitiag SiC AlNwma targadiameeNpi(1 iBr mani um
nitride 19 WD U3/ 033781 PCT/ US0213313~ éfﬁN)’ vithdi ﬁn niﬁLL.de (InN),

al um nuiageEIPredueen? fargcarres subeig laffiee-magheddygrawrthef GireyR HEPPINEEN) | nost
prekgra NridLoNR ] qgﬁc S s Aet { RFm! ayer
andﬁg qgéé?{ael?#gdpg epl ?ggi(}gﬁ’%l I’'m é&?ﬁ%ﬁ%ﬁgﬁﬁﬁ%@%@zﬂﬁ%&%}%si ted on the

| ayer amsedoinaké ateth ddsignate Whfers largerrthaneaboat Binvheel of a | ayered

sem conduct or structure 10 conprising sem conductor quaternary film XCZN
106, butfer |aye 04 and substrate silicon or silicon carhide 102. GeCAIN
Thin Fi ER Rl INAHAS SEQWTLORL & LpAyInga NALYe OX LIV EHt i on provide a
met hod for preparing epitaxial quaternary filnms of the fornmul a GeCzZN
wherein Z i s s3C0was égoséEBet prdsentiriethéd od 8i QU &Y @ystals havirdgm infact he
formul a GeCZN wherein Z is alumnum, galliumor indiumor, in certain

i nst anc@etive exids laypio n #iis Histancey epitayial 1A Thas WS LreWRiIE 3 SARICREI and are
e MBE chim BB 3848 18 M prlBh ik ba & aebdfbldnBERbGR, Blredifyon'diAGNF! ! O

ban

wafer as substrate with the substrate temperature in the region of 550°C — 750°C.

The microstructure of the films is revealed by a typical XTEM image of the SiCAIN
film on Si(111) shown in Figs. 3, 4a and 4b. Columnar grains 25-30 nm wide extending
from the film/substrate interface through the entire layer are illustrated by the XTEM image

30 shownin Fig. 3 and 4a. Fig. 3 shows columnar growth of SiCAIN film grown on Si(111),

the columns being well-aligned with predominantly basal-plane growth. The randomness in
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for GeC (14). Quaternary GeCAIN conpounds are prepared by the present

nmet hod by providing the 15 precursor D3GeCN. A flux of gaseous precursor,

uni nol ec N nol ecul es, and vapor flux of Al atons pahf;shiitd;9fuced

into theu%gl\/é@gcharrber mai nt ai ned at a pressure whereby the gr ecursor and

Al atons conmbine to formepitaxial GeCAIN thin fil mthe I§Ub€ el?
Tenper dhepaeniatianRf theerystaliegrariie plangsda dhe qoAsmasRIe Isiblp & Figr & Hgnt I Het ween

about i f Fatos 1R
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fromcubpic Si ét[llllz to hexagonal structure of the filmat the interface. The
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and di sor der gfb IR ¥ AGARRIphEISICANR cpRMNiA MM Gvithlthe RREwGRA suubRRd isel enent s,
Ge, Al, Cand N, according to EELS anal yses. RBS anal yses reveal ed t hat
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bst i deal % V h wt h of
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' rrages éﬁnv@%'dﬁhﬁwd AHdSRdrafas gfdven 81D, d8RkCoesi(1 1) mtg cryétall2ie oxidé¢®y in

03/ 033781 PCT/ US02/3313.t This shows a clear transition from cubic
st r uct usi redctioheofthb dayerstweith Al pors goa e BaSiGNtniecarser, fopBingicpgreRtt hout t he

anor phou X1 de. A i al
quatemw§qffﬁsw%%e%§uqsﬂgi a%fi %%]gige?%bg@gﬁ?{a b%‘gﬁg?gﬁb&@deta | ed
char act@tdr@s%bppnrmm fIherReeieR. Duaidesldvaon eX€EgiN1dss lspactroropy(BELEEd by a
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films waK! hDawith uative SIQ: aating shwngm@hﬁuSﬁlﬂn lper replaged Wikaj deal 25
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2 Sy SatORic ol cfl vy cBEERAbse) 2SI Hokaddrd] APNOTE! 1 ©
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f d.th b f bl e O iti i.n t bul k d
Fecol | | BiRrionuARis Acrb R 6h e § A PBLHEPeLp Bhsee ob it esaeny AL
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size showed the umforrmty of elemental distribution throughout the SiCAIN film. The EELS
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21 V1' O 113/11337H1 PCT/ US(12/3313.1 mass spectronetry (SIMS) showed
honogeneous el enental distribution throughout and confirmed the absence of
O and ot hgly jsmpsrgities. (2) Fourier transforminfrared sp of
SICAIN films (FTIR) Fourier transforminfrared spect rosco%&tr{l%ﬁr?%&l n the
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corr esﬁ%‘ﬁ?ﬁ%’f@?%@%&@@@gﬁ?‘2%”\3? irg{zg)tl ons? ?_es%e]ct r\(/)el y. 1These
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e ST Ue LBk e PN S AR o
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toclear d in th in Fig. .. -
Cannot B G AE sutaiRe Pty Pkl HR ios AL R RPN oL e br oad

onset  of bRl mative BRIAE Nak BSmpItRey donvelftEimtd 418yktallink thteFacdORBicAQLtsB@W any
addi tional peaks attributable to Si-H vibrations betwen 2200 - 2100 cm"',

conf i r nsuitgbleemplrterfonmudleationfind grewth pf J&dNe dimyavee thy bwited hicknggsdr pt i on
spegcira,taken fr. Fourier, transforminfr.ar [ 0 w
o Bt ik BaSTR i £ S g Rl el sl BB RERROSRGT R SRt BR8N
Al - C anghtepfac®difiéiat i ons, in agreenent with the wrtzite structure and

chem cal bonding of the SiCAIN 20 film §3) Cross-sectional transm ssion
el ectron mi clgxpeippentsinvelvindibe nadveeadethe ssereeqiyedsSifid ) vl isesed gs

Cross-s . : a

i g 7 PP ibLARRT AahR, Gl Soy B SRR orftepthlnt 2he

a- Si ¢ 0f9dthlline B5-AN-10-N lagerohnBe obtainkd gh sifu dufing fiimegrawtheati7$06C by aARRB. . 25
stacking of the 2H wurtzite structure_is clearly visible in ;he grains of

t hel¥ i | vepetipsvietweenpthenative SAOpweth theaf bl and N atamy armishsd dydbe Ho¥iChhe si cal N
epi taxiﬁjechglm is showmn in Fig. S. Atypical XTEMinmage of a SiCAIN film
grown onh a Si(111) substrate is shown in Figs. 3 and 4a reveal i ng col umar
grai ns ~25 nmheibds resulte adi hawdéven obtdiediisinmg sprbsdss shechi intavésabe d¢gosviogh t he
entire |layer. The XTEMjmages, of the SI CAIN filmgrown on,Si(,.111.) include
30 soneofztb‘iodﬁ?%laﬁfsd‘?flr\@% f S0y g{r?acegolﬁ‘%ﬁé@ %?W@%ﬂ%w&hﬂﬁlﬁﬁw(‘l‘li‘:ﬁgﬁl d of
paralle i b f; KSA EEHSITSSI on

el ectr O%y%?fl#s:@gﬁ%ﬁsr%@%p@ﬁg%ﬁ%%eﬁ@% id gﬁ{?ﬁl gso’si‘i{tg%?tel. e(l:/tS f?)zn-gdi f f_rm(:lct ion
(TED) patdidiassoDAl SidCNONY éviaperagorvdurling the ceursoeisthe raastiarf. Ehesyste@6idA and ¢ =

4.95., ver | o t hpose of i xagonal AIN. Transm ssi gn

el ect ro?lm’(?%llea Ph@fqob?lfo( 2@5)‘“%5& tzls";erspé“ﬁf S@I%@ﬁéy ‘ﬁﬁ&%.g&?é’f‘b‘ay Wlﬂ?tf%qstl mat eri al
with | aptd HﬁSiéNCﬂﬁS@)@@.t Phéflix of QEh specRAaE ~6 1823 tm-2 8! Vgi¢ingae to those of
2H Si C and hexagonal AIN A survey of digital diffractograns of the lattice

f ri nges A/RESIEN Bux rdtiatoftiHe Thettaseprespiscoiile MBI clhastber avas 2t 1 6d§Aom t he

grains, .and c t he wval.ues.obtained fromT terns.  (5) Energy | oss
spect r o5¥8B{P %)%s @'@Pﬁ iring depqsigion; gflr?e%%v%)fat%’s% gleg%}gét r 3"'5350%9])" (HEELS) with
nangsret ginie aMRafspaend@EImsGaH nbminkd tHEidys dfMSOBV0harweért Yepdsited andentitke

di stribution throughout the film Typical elenmental profiles scanned across
the col e9Rddfongrains in the filmare shown in Fig. 10 which is an EELS

I t al ' . S
S CAN 111 m ShetBrEoRk hiSbynghrs SRR ARG BPRe SRR D S e
cor r espeidictd by RAEMt2adiBELSOHigh tdsalution X TEM ibages llustibbeddan Fig: Hrsho®8d 21,
26, and 24 at. %respectively. The lower C 15 content detected hy EELS is
" due to peterogpisarial growsi aHr- Bk AN an x Gabsienhand Gy stalliae yiteriage [yet- nBAig| ect ron
oeagh Tl EPa8lk HOEFeshbifing AlotbROYs RiFE i ark iRrs'as BinbRark tiflas @ whi te

lingéi

which presumably accommodates the enormous strain associated with the highly mismatched
Si and SiCAIN structures. The EELS elemental profiles shown in Fig. 15 across the interface
layer revealed predominately oxygen, aluminum and silicon as well as minor quantities of

nitrogen, indicating the presence of a Si-Al-O-N layer grown directly adjacent to the Si
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the lower XTEi VI image Al four constituent elements, Si, A, C and N,
appear together in every nanoneter scale region probed, wthout any

i ndi cati qpoQkphase separation of SiC and AIN or any 20 seghrQfd s of

i ndi vi dual elfsemsnts inthe film The EELS results are accurate to within 10

at. %and thus confirmthat the filmcontains a solid,solution of Si CAlIN.
The mi ﬁB?StB‘Ff‘er@m(&‘lyg%ﬂE%id8ﬂ§3566§@r“iue‘é&°’i°ﬁs'I*—“Fé}."nibi Hﬁl}“fi%#%cﬁ °to
COMPOSIat0RBlind IRDAIRARR SREAINGIRS PhobcH bRt iR £ hBIC AN Riger=ELS

el enental” Toncentrations for N, , and SI in all sanples are close to

t hose appedredih dygryRBSofaaterregionipyob2B ankdrioemiratioes d0s&tostoichiomsisoialiead wi t h

the technique) the EELS el I ncentration of C is .consistently |ower
" by a siGR¥f piakith rﬁ?“qeféﬁﬁgnﬁ B on "I*ﬁl?lg Of‘gmfﬂf%’ lflgeréﬁee “ef erenti al
deplset 'e‘Pé}BéHtalQoﬁtfeHmtttﬁtein{e@FaEé 8s Sithi &t tB}ﬂetehﬁinfe'qlﬂ@thaﬁmy 5iaee hetvaamaf

el ectron beam An EELS spectrumfeaturing K-shell ionization edges

" repr esdht ingfachdayar, ier hnwj tsicomphmbletotie obnsizey Nevesthgleas ERLEpepvided. Peaks

corresponding.to.n* transitions characteristic qf el j.on are
not obs‘lﬁ?g‘zﬂgﬁ’ttativﬁégigmabo&vy' & Catic %“e_t“hai cé%%@nagggg?ég%gﬁﬁ@gﬁt izd_gti on
ar e notj;RhYR! ¥R de@egdtd f36 AGLY QR SiOFi TiRtdcaeddedineBianae ¢ffths P2 Ayt Odi zed
carbon and rel ated planar C N networks generally associated with the
deconpdenizatym esiges indicated pdioading arrapgement poristent pix3 2@ mpiexTitAREAN 3313~
prﬁ(rburspi{g. The EELS spectrumthus confirns that both C and N are spa

hybri di tf-and tetrahedrall y coordinated as in SiC and AIN. (6) Bandgap
measurenments Optical absorption experinents suggest that the bandgap for
the Si GAidxRPBIGXINiInd drowh 9nnSi(11d3 hatihan tikrBakedkidalayswthambe expect ed from
t he bandgaps of the constituents SiC (3.3eV) and ALN (6.3 eV). The direct
bandgap of the SICAIN filns may be obseryved by vacuum ul traviolet (VUV)

el |'i psomet r ySICAIN gy Waszo W by ’B&@o&( rﬂ%&pr,c ‘?“’éé“vﬁm‘?‘b%agélfhages
i11ustr L Qithia% nrh3RicRMErhaISROWIR i€ ARY lefiRdxlal HRinSHTROK bre 3foval Q3
surfaceﬁgsgaatléglngg%N thll%ﬁ pﬁf’%ﬁ gr own accér di nsﬁto the method of the present
i nvent i these okiides apbpffatleydraaid @inplactemptest Ade semyesition and stactire adi cat es

that the predom nant owh dir on.i s basal-plape, i.e. (0001),

or i lent etg?se(sg’iteméﬁ‘ff:l?ég{ %%@é}gﬁ&?a?ﬂf@ %iS%&PNogm’Prﬁfegol ution films can

al so serve ap, 3HB&EiRAIH FMntdl @ondeRfratiin A&tV el ankProSuvdsAgas ttRgai nst wear
and erosion. The hardness of the filnms was nmeasured usi ngl; a Hysitron

Tri bos cloydirgt firapdrees afdhainBirfaice klyet, S$CAMNS e svapigreogrerpdi (111) with At or ce

m cr osc .. The hardness.in this case i,s _defi as the. '

di Vi dedt?‘ﬁﬂ?f thefmally GV EXIAT AS eBPTAS, gﬁi“ﬁé'r“é% ey S‘E‘ﬁ%‘%ﬁssés B&ﬁg‘ﬁnl’% gﬁg‘-"!é‘ﬁ%ged

di amondyfitREert 8MmahSprobESRIaE tHR ML kitabld for pfe€isé ahdlysisir Ageeoxidided §i(t hE)

har dness val ue of GPa nmeasured for fused silica as a standard, the 20

i noht asuibstmate wytéra 4rarm SOy lavEris dcated al/K0ggan hAFY tretsmaye apy higgegrben ehe

Si CAIN filns | oS 0 { e j :

experi n%th?ra‘fdl%n %wﬁlr%t}%&r% tgg'rg%g%;et gggg/:s%i%?&sw gﬁaﬁﬁgg{hfogggg%ggnd ALN are

283 andcrigtalline8a A1 EBagdrifylidws the proctihas destkibed & themdtive oxide prépatation.
appreci ate that numerous changes and nodifications nmay be _ma(i!lg t%khe
preferred enBoldiEifeibackiatermg spearamesy (RBS) eavsedfeighangisgestng SgC-Al-

N composition of the films and to detect oxygen and other low level impurities. The 2 MeV

25  spectra indicated that the Si and A1 concentrations were 27 and 23 atomic % respectively.
Resonant nuclear reactions at 4.27 and 3.72 MeV indicated that the C and N concentrations
were 23 - 24 atomic % and 24 - 26 aomic % respectively. Oxygen depth profiles using a
resonance reaction at 3.0 MeV did not show any oxygen impurities throughout the bulk
SiCAIN layer. However, the data suggested the presence of a thin oxide layer at the Si

30 interface. This indicates the presence of a two-layer heterostructure which consists of a thick
SiCAIN film grown on a thin oxide interface. The FTIR spectra showed strong Si-C and Al-
N peaks at 740 and 660 cm™, respectively, corresponding to the SiCAIN bulk film. The
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Koukfet afound, a3 showapin erhy% lnieqtmg ditgusigregN fropnthe SICARN 1 lntmlr(ltfrfﬁ%lss?sl we
claim rleglzon presumagly durmg tl%e arilne;‘hn]g s%e "lznel%g%éﬁ éo]r&'&{t ?éét‘?ecﬂvely zero in this

region indicating that the interface consists only of Si, A1, O and N. In order to determine
quantitatively the composition of the interface region, it is necessary to convolve the effective
electron probe distribution with model elemental distributions. This composition profile was

20  modeled as simple step functions at the interface region. The best fit elemental step
distributions and corresponding convolved profiles for Si, A1, O and N indicate the presence
of a distinct aluminosilicate oxynitride layer with a graded composition yielding an average
stoichiometry of Sig.14A10.2800.50No.0s over the 4.0 nm thickness. This composition is
consistent with known X-silicon phases with stoichiometries ranging from Si3A16012N;

25 (Si0.13A10.260052No.00) to the more silica-rich Sij2A1,3039Ng (Sig.16A10.2300.51No.10) (16). X-
silicon condenses in a triclinic structure which can be viewed as a distorted hexagonal lattice
containing alternating chains of octahedra and tetrahedra linked to form sheets reminiscent of
the mullite (SizA1¢0;3) structure as shown in Fig. 16. In the "low" -X phase of this
"nitrogen" -mullite, the edge shared polyhedral sheets in the (100) plane are linked together

30 by tetrahedral AIN, and SiO, units. A silica-rich "high" -X phase is similar, but possesses a
faulted structure.

A typical high-resolution XTEM image of the siliconoxynitride interface
heterostructure is shown in Fig. 17, revealing the epitaxial growth of a crystalline interface

(buffer layer) which displays a microstructure indicative of a two-dimensional oxide system.
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1. A nethod for depositing an epitaxial thin filmhaving the quaternary
formul a XCZN, wherein Xis a Goup IV elenent and Zis a Goup IIl elenent,
on a subs{y@ias @ temperature between anbient tenperatune ang,3439C in a
gas source nol ecul ar beam epi t axi aI chanber, corrprl Si ng i nt rodum ng into
said chanber: (a) a gaseous fl ux a precursor wherein His

hydr ogehh&sg lscPe’iPt“éqth HH?SI%%bW?erhth9§bﬂrl 1) pubgstrgie, the &itﬁrﬁ“a]\m@‘ é‘Eﬂ/ the,i g
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subsgr a&rgsthﬁm@ Sh-a196: I@Iﬁmc%rseﬁlﬂg a%%%ul’b?cfl@femplat@ foriR1AREA MHH %‘Bw‘f'ﬁ 8 m 3,
~Wwherein Said substrate has thereon an oxide l'ayer onto 2 which the

epi t axi MCAIN.n filmis deposited. 1 7. The nethod of claim1, further
conprising t leani. sai d. substrate 2 prior .to 05|t| n of
Sl quat o nbry i sivsai Sl ladith foctty i SRl aino B G A fan: g
step comdrmah&ﬁra%%@alg UnBkp18red ] THese CRgstdIREN S d&f posbal Avade f@hg&@f n said
substrate is Si (111 ), 001 ) or a2 SiC(0001). 1 10 The nmet hod of claim
1, f ur t el pmpmes iunlguele pbéiibtl‘? f@g agumbey @frapph%non@ puchzas dpigh-x gase diedactriqsr i or

position of nary V\DOB/UB 78 CT/U /3313~ 1
oD Rinh et Bl AR b ph fonth) & sl el Siiod att oo,

or a 2 &r@m«a@s’tosmogzw Ty, sdidaed nﬁﬁle@l,@l]?@}@mtdﬁﬂﬁﬁ\@%eﬁ9td§1dﬂl§fyf er |layer
is aGoup Ill nitride. 1 13. The nethod of claim 12, wherein said buffer

| ayer | Hvestigated lqneacwmsaaférle‘dltlsbwk&%b@wsﬁn 330 18300€620mde Bltheugh neet hod of
any one mcnﬁkﬂnﬁ%oh%»%m iortat da(é \%ée géviﬂeﬁ {eesgét&?lruc é’&esBR@&F% ectroni ¢

devi ce corrprl sin yere m con {ure o aiml4. 1 16.

The net limﬂogtfnealsetemiy omwwtbatrexmlt&lestrbmlc Propegtes gimilaino tHosé bfibullt gladses The
method of claiml, wherein Zis alumnum._galliumor indium 1 18. The
met hod #d zolifes The \msp@rwzﬂi ig thig ap is 'aelwd PHEPTEEST e Tt enempls o2 £ or

deposi tiigahi d: I ILOINKGERaMRALN Brdtsiad o Bl CODeheAEnSHRi(H ARG UT SOT_ i S

H3Si CN nmet ho claim epositing t I'l m XCZN,

wher ei nteifah&ird sgmuamduanam dlogs.sThade pxmiurrdgmare; B g‘dﬁéiat;lmghlc&ﬂpreéﬁhnhtyet hod of
claim1, for de ositin pita f|| Si CZN on pbstrate, wherein
sai d pr&efiFd selidscompar o ot S ATY b S e Shy A TRG A Bt (OTRPIGIbSTERT e 1 3

Si (111) whieh(C8R8dnfo @t‘rﬁ!tlgaQQ Qdd reaall Fosort e ABTIQHiaPEtrdih &hpdstd bl e more

depositing epitaxia in il on a 2 substrate, wherein’said
pr e2r sogidiSCBRBCaaMSi tnlaerlzlsaﬂ‘bmselane behaymrnnan trerihetth ehessirvs turquared bandBigSi (

I o R S S e g SR S
_el i ge nt2 \;/ﬁfch%réxhé@ﬁldw efer iR HeormaARAEm &hakib@ lﬁmmg behd BEndiR Rk rah@ﬂ ains 1
than bond compression forces.
The results of the inventors' work in this area suggest that a complex oxide material is
25  the crucial interface component that promotes epitaxial growth of SiCAIN heterostructures on
Si (111). This crystalline oxide is formed by in situ reactions using native and thermal SiO,
as templates at the Si interface. Integration of wide bandgap nitride semiconductors with Si
is readily achieved with the SICAIN/Si-A1-O-N/Si(111) system serving as an ideal buffer
layer. The structural model of Fig. 16 illustrates the transition of the interface structure from

30 silica to SICAIN through an intermediate Si3AlgO;,N; framework of a sheet-like structure.
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element_and Z is boron, alumnum galliumor indium 1 26. An
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S EHPMM

claim?25. 1 27. Theop oel ecroi c device of claim26, wherein said
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conpsi Skng.the L.t - I C : I i The net hod
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epi t axi Ayl j s f,claim33. 1 36. A superhard coating nmade by the

met hod g‘mg‘nmfﬂé‘fﬁg"g?&cf'ai m 1 - 13. 28 WD 113/1133781 PCT/ USI| 2/ 3313~ 1
37. The superhard coating of claim36, wherein Zis boron. 1 38. An

epi t axi BpitaialrXCTN nfiliesdeown ohh@rowptiHondtridé baffyr layer of clains 1 - 13, the 2
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filmhavin he formul a,3 N, wherein X.i | ) I t d Zi
Glr oup | YII gl L’l&‘h?ﬁpri e§§‘.1_e ﬁ%ﬁﬁ‘ﬁcﬁ ﬂb‘% ‘?‘X?’ﬁ'jiof% %za ﬁ#eﬁpgﬁﬁ%]ﬁﬂggé{v ‘%ﬂat er In:trs
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whet £i nSiEe001)$ubstifatas) therenmsoyr be Zlaageolasicamdsmatch befeecrathe SBCAN filmandtie ned

at a ratio predeterm ned to, produce a.fil m hayi e gdesjre ndgap. 1
70, A 2511 DisubstetimIRarierss itRous eI EIRhg! SRAR i SETLD T o IR ai m
39. 1 4 i PRI PR r i Iedy Si : i ant um wel |
struct ur Sy B ELRA Bl 8RR 1 Bl b T

sem congreféread bufifde layyr is hbinmetinodtride (AIN) AmABY bufferdgyer- madrbeaisposited biyr oni ¢

device of claim42, selected fromith rau onsi st i 2. 14 ~emditing
di odes, Methods lkﬁ‘?‘?ﬁ‘&ig‘st?‘e Feqsdg%ﬁ#@gP%n&F%ﬁlﬂ@aCﬁ%ﬁ‘“&ﬁgbﬂ%?@ﬂ&%%?%@% et

det gt Obg 1.@.1&%9%&%@[ Method 4or fHRRINGRIIBOHetct Epitixal layerinahe tabritonsdfbst rat e
has thereon a Si surface, the 2 nmethod further conprising the steps of 3

~ (c) depoispudustpr deyices; hareip indorpasaiet Ay ssfereage. Aenenglly Hae Sllopbulfer pxfe: and 4

d ling, th i.ted Al i : it f 5
oo i Do enied BT Slre R BN ot 45 SRR G -y
i nter f agfy®R dr\eded 15 dviaporatisn FEdni ah effustorf€ell abdeofmbineddvia! Ncdiehefrédh a wher ei n

the Si Oz Surface is native oxide |layer having 4 a thickness of about 1 nm
radio-frequency plasma source. Both typés of deposition take place in a conventional MBE

25 chamber.

cYally [ b

In certain instances, the epitaxial film is deposited on a buffer layer on the silicon
substrate. In these instances, the buffer layer provides improved lattice matching for epitaxial
growth of the film. Deposition on AIN/Si(111) substrates, for example, is virtually
homoepitaxy which leads to a low density of misfit and threading dislocations desirable in

30 semiconductors useful in a variety of optoelectronic and microelectronic applications.

Preferred buffer layers are the Group III nitrides, aluminum nitride (AIN), germanium nitride
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1 47. The method of claim44, wherein the SiOz surface is a thermally
produced 2 oxide layer. r having a thickness of about 4 nm 29 WO
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element. 1 55. A sem conductor structure conprising a sem conduct or

substrate angdiir bf’é)f@fed%n(ﬁﬁﬂﬂﬁéﬁt@df 188 ptdientsmeatio@povide @mothbé forgirepating he
formul a XCZN, where X is a G oup 5 elenent and Z is a Goup LI] elenent.
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el enment . %%‘(E@f a <05 30 WOO03/1133781 PCT/US02/3313.1 1, 59. A wide
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sem conduct or structure conprising a substratge of ﬁéﬁ%ﬁe P gr@terl al, a
2 | &y er Prsruises, BGPENn e 3 QESHEOYSHECQERT B alesypr gHles W f ace of

the subgifalaGy: g%%mméaré Ay iMRAE G%Mﬁ@xﬁmér%ﬁt%wm gfekbison the

crystal I'i'ne oxi ere IS a G oup N elenment and is a Goup
|11 el exheleby iheﬁﬁrecu“r'km asémlcammh;rouWnesmrfumu epitaxiad €eCiiNghindilml the m 60,

whrein the seniconductor, 2 terial is Si, an oxide is,Si0 62. The
seni condipstrate. Jepperatire durrs MgireasuPR 1s FS&.‘M%@O%\,@&P% Hretfﬁr@b%t’eﬁ%eei“s | ess 2

than t egbcﬂ}?\l\g%‘%’ﬁ%o‘é" g\!fbdstrlltqu’smlgi? p?é?@?aﬁ quI'('Fltlgror &@1@%@06]? 1Re&R4idi ng to

claim 62, erelrn the oxi nonol ayers th

L. ARb . Aothetindfaliedd, a transition metal, Ti, or Zr, e.g., may be supplled from an effusion cell to

9. A9(9. A". A& . A 9. AL9. A9%A%ALA%_ tA L. A% A{9. A'L. A 9. A% AsL. AsL.
As9. A 9 foqm gg\sqpep\gﬁqwter[r(lry oPm/pg@ds(p ferent metal atoms.

m ]Vg;jq 'ggglﬁfrgg@&fdgg? f‘]éﬁﬁ glﬂléﬁaegig%mks@hcm seddimtaabgalaateabeal cal ca
in XTEM images in Figs. 6 and 7. Fig. 6 is an XTEM image of GeCAIN film grown on 6H-
SiC(0001) substrate showing epitaxial interface and Ge precipitate. Fig. 7a shows a

25  crystalline film with Ge precipitate, and Fig. 7b shows the transition from cubic Si(111) to
hexagonal structure of the film at the interface. The diffraction data indicate that this material
consists of cubic Ge particles and disordered hexagonal crystals containing all the constituent
elements, Ge, Al, C and N, according to EELS analyses. RBS analyses revealed that while
the Al, C and N contents are nearly equal, the Ge concentration is substantially higher than

30 theideal 25 % value. Similar to the growth of SICAIN on Si(111) substrates with intact

native oxide layers, the XTEM images of GeCAIN/Si interfaces are as depicted in Fig. 7.
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minor loss of C-N during deposition of the precursor. Altemnatively, the replacement of

weaker Al-C bonding (which is present in an ideally stoichiometric SiICAIN solid solution)

by stronger Si-C bonding at some lattice sites may account for the excess Si over Al. Oxygen
30 resonance at 3.05 MeV confirmed the absence of any measurable O impurities in the bulk.

Forward recoil experiments showed only background traces of H, indicating the complete

elimination of H ligands from the precursor during growth. Depth profiling by secondary ion
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5  examine the bonding properties of the constituent elements in all films. Results are
illustrated in Fig. 9. The FTIR spectrum shows two broad peaks at wavenumbers 740 cm’
and 660 cm™ corresponding to Si-C and Al-N lattice vibrations respectively. These
wavenumbers are significantly lower than those of pure Si-C (800 cm™) and pure Al-N (690
cm’'), consistent with the formation of an extended alloy between the two binary systems. A

10  lower intensity peak is also observed at 600 cm” and is assigned to Al-C type lattice
vibrations. Bands between 800 — 900 cm’' are assigned to Al-C type lattice vibrations.
Bands between 800 ~ 900 cm™ which would correspond to Si-N stretching absorptions are
not clearly resolved in the spectrum in Fig. 9. However, their presence cannot be ruled out
because it is likely that they overlap with the broad onset of the Si-C absorption. The

15  spectrum in Fig. 9 does not show any additional peaks attributable to Si-H vibrations between
2200 — 2100 cm™', confirming the elimination of the H ligand from the precursor.

Absorption spectra taken from Fourier transform infrared spectroscopy (FTIR) show

major peaks due to Si-C and Al-N lattice vibrations and minor peaks due to Al-C and Si-N
vibrations, in agreement with the wurtzite structure and chemical bonding of the SiCAIN

20  film.
(3) Cross-sectional transmission electron microscopy

The microstructure of the films was studied by cross-sectional transmission electron
microscopy (XTEM). A typical high-resolution XTEM image of the epitaxial growth of
SiCAIN on an a-SiC(0001) substrate is shown in Fig. 1. The characteristic .. ABAB..

25  stacking of the 2H wurtzite structure is clearly visible in the grains of the film shown in Fig.
1. A model atomic structure proposed for the SICAIN epitaxial film is shown in Fig. 5. A
typical XTEM image of a SICAIN film grown on a Si(111) substrate is shown in Figs. 3 and
4a revealing columnar grains ~25 nm wide extending from the film/substrate interface
through the entire layer. The XTEM images of the SiCAIN film grown on Si(111) include

30  some columnar grains with a-lattice planes oriented normal instead of parallel to the interface
(Fig. 3).
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(5) Energy loss spectroscopy of SICAIN films

Electron energy loss spectroscopy (EELS) with nanometer beam size was used to

10  study the uniformity of elemental distribution throughout the film. Typical elemental profiles
scanned across the columnar grains in the film are shown in Fig. 10 which is an EELS
elemental profile scan of Si, Al, C and N sampled across 70 nm over a SiCAIN film showing
the distribution of all four constituent elements. The corresponding RBS atomic
concentrations for Si, Al, N, and C are 29, 21, 26, and 24 at. % respectively. The lower C

15  content detected by EELS is due to preferential depletion of C from the lattice sites by the
electron beam. The region where the scan took place on the film is shown as a white line in
the lower XTEM image

All four constituent elements, Si, Al, C and N, appear together in every nanometer-
scale region probed, without any indication of phase separation of SiC and AIN or any

20  segregation of individual elements in the film.

The EELS results are accurate to within 10 at. % and thus confirm that the film
contains a solid solution of SiICAIN. The minor elemental variations observed in Fig. 10 may
be due to compositional inhomogeniety across grain boundaries. While the EELS elemental
concentrations for N, Al, and Si in all samples are close to those obtained by RBS (certainly

25  within the 10 % error associated with the technique) the EELS elemental concentration of C
is consistently lower by a significant amount than the RBS value. This is due to the
preferential depletion of C from the lattice sites by the finely focused intense electron beam.
An EELS spectrum featuring K-shell ionization edges representing the o* transition for both
C and N is shown in Fig. 11. Peaks corresponding to n* transitions charactenstic of sp

30  hybridization are not observed at these edges, indicating the absence of sp> hybridization are
not observed at these edges, indicating the absence of sp’ hybridized carbon and related

planar C-N networks generally associated with the decomposition of the unimolecular
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ultraviolet (VUV) ellipsometry.
(7) Surface Morphology

Atomic force microscope images illustrated in Fig. 12a and 12b show a relatively
10  smooth as-grown surface of a SICAIN thin film grown according to the method of the present
invention. The complete lack of facets on the as-grown surface indicates that the

predominant growth direction is basal-plane, i.e. (0001), oriented.
(8) Hardness measurements

The SiCAIN solid solution films can also serve as superhard coatings for protection of
15  surfaces against wear and erosion. The hardness of the films was measured using a Hysitron
Triboscope attached to a Digital Instruments Nanoscope II1 atomlc force microscope. The
hardness in this case is defined as the applied load divided by the surface area of the
impression when a pyramidal-shaped diamond indentor is pressed normally into the film
surface. Using the hardness value of 9 GPa measured for fused silica as a standard, the
20 indentation experiments yielded an average hardness of 25 GPa for the SiCAIN films, close
to that measured for sapphire under the same experimental conditions. The reported Vickers
hardness for SiC and AIN are 2813 and 12 +1 Gpa, respectively (1).
Those skilled in the art will appreciate that numerous changes and modifications may
be made to the preferred embodiments of the invention and that such changes and
25  modifications may be made without departing from the spirit of the invention. It is therefore
intended that the appended claims cover all such equivalent variations as fall within the true

spirit and scope of the invention.
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5 (a) a gaseous flux of a precursor H3XCN, wherein H is hydrogen or

6 deuterium;

7 and

8 (b) a vapor flux of Z atoms;

9 whereby said precursor and said Z atoms combine to form epitaxial XCZN on
10 said substrate.

1 2. The method of claim 1, wherein said temperature is about 550°C to 750°C.

1 3. The method of claim 1, wherein said substrate is silicon or silicon carbide.

1 4. The method of claim 3, wherein said substrate is Si(111), Si(0001) or a-

2 SiC(0001).

1 5. The method of claim 3, wherein said substrate is a large-diameter silicon
2 wafer.
1 6. The method of claim 3, wherein said substrate has thereon an oxide layer onto

2 which the epitaxial thin film is deposited.

1 7. The method of claim 1, further comprising the step of cleaning said substrate

2 prior to deposition of said quaternary film.

1 8. The method of claim 7, wherein said cleaning step comprises hydrogen
2 etching.
1 9. The method of claim 5, wherein said substrate is Si(111), S1(0001) or a-

2 SiC(0001).

1 10. The method of claim 1, further comprising depositing a buffer layer on said

2 substrate prior to deposition of said quaternary film.
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2 -13.

1 15. A microelectronic or optoelectronic device comprising the layered

2 semiconductor structure of claim 14.

1 16. The method of claim 1, wherein X is silicon, germanium or tin.

1 17. The method of claim 1, wherein Z is aluminum, gallium or indium.

1 18. The method of claim 1, wherein Z is boron.

1 19. The method of claim 1, for depositing thin film XCZN, wherein X is silicon

2 and said precursor is H3SiCN.

1 20.  The method of claim 1, for depositing the thin film XCZN, wherein X is

2 germanium and said precursor is HyGeCN.

1 21.  The method of claim 1, for depositing epitaxial thin film SICZN on a
2 substrate, wherein said precursor is H3SiCN, the Z atoms are aluminum and the substrate is

3 Si(111), Si(0001) or a-SiC(0001).

1 22.  The method of claim 1, for depositing epitaxial thin film GeCZN on a
2 substrate, wherein said precursor is D3GeCN, the Z atoms are aluminum and the substrate is

3 Si(111), Si(0001) or a-SiC(0001).

1 23.  An epitaxial thin film having the formula XCZN, wherein X is a Group IV
2 element and Z is a Group III element or a transition metal, made by the method of any one of
3 clams1-13.
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2 claim 25.

1 27.  The optoelectronic device of claim 26, wherein said semiconductor is SICAIN
2 or GeCAIN.

1 28. A microelectronic device comprising the epitaxial thin film semiconductor of
2 claim 25.

1 29.  The microelectronic device of claim 28, wherein said semiconductor is

2 SiCAIN or GeCAIN.

1 30. A multi-quantum-well structure, comprising an epitaxial {film semiconductor

2  ofclaim 25.

1 31. A light-emitting or laser diode comprising the multi-quantum well structure
2 ofclaim 30.

1 32.  The method of any one of claims 1 - 13, for depositing epitaxial thin film

2 having the formula (XC) 0.5.a(ZN)(0.5+ 2y, Wherein a is chosen to be a value 0<a> 0.5, and Z is
3 the same or different in each occurrence, comprising in addition the step of introducing into

4  said chamber a flux of nitrogen atoms and maintaining the flux of said precursor, said

5  nitrogen atoms and said Z atoms at a ratio selected to produce quaternary semiconductors

6 having said chosen value of a.

1 33.  An epitaxial thin film made by the method of claim 32.

1 34.  An optoelectronic device comprising the epitaxial thin film of claim 33,

1 35. A microelectronic device comprising the epitaxial thin film of claim 33.

1 36. A superhard coating made by the method of any one of claims 1 - 13.
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1 41. A light-emitting or laser diode comprising the multi-quantum well structure
2  ofclaim 40.

1 42.  An optoelectronic device comprising a semiconductor made by the method of
2 claim.37.

1 43. An optoelectronic device of claim 42, selected from the group consisting of

2  light-emitting diodes, laser diodes, field emission flat-panel displays and ultraviolet detectors

3  and sensors.

44,  The method of claim 1, wherein the substrate has thereon a SiO; surface, the
method further comprising the steps of:
(c) depositing a plurality of monolayers of Al on the SiO; surface; and

(d)  annealing the deposited Al monolayers prior to the deposition of

ST, TR S VS I S R

XCZN.

—

45.  The method of claim 44 for preparing a crystalline Si-O-Al-N interface on the

2 silicon substrate.

_. 46.  The method of claim 44, wherein tﬁe SiO; surface is native oxidé layer having
4  athickness of about 1 nm.

1 47.  The method of claim 44, wherein the SiO; surface is a thermally produced

2 oxide layer. r having a thickness of about 4 nm.
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4 hydrogen or deuterium.

1 51. The precursor of claim 50, having the formula H3SiCN.
1 52. The precursor of claim 50, having the formula H3GeCN.
1 - 53. A crystalline Si-O-Al-N interface on silicon substrate as a substrate for growth

2 of epitaxial film having the formula XCZN wherein X is SiAICN epitaxial film grown on a

3 silicon substrate having a Si-O-Al-N interface.

1 54.  An epitaxial thin film substrate for a layer of Group III nitride thereon, the
2 film having the formula XCZN, wherein X is a Group IV element and Z is a Group III

3 element.

1 55. A semiconductor structure comprising a semiconductor substrate and a layer
2 deposited on the substrate of a material of the formula XCZN, where X is a Group TV

3 clement and Z is a Group III element.

1 56. A wide bandgap semiconductor of the formula XCZN, where X is a Group IV

2  element and Z is a Group III element.

1 57.  The semiconductor of claim 56, wherein the bandgap of said semiconductor is
2 from about 2eV to about 6eV.

1 58. A semiconductor structure comprising a semiconductor substrate and a layer
2 deposited on the substrate of a material having the formula (XC)(0.5-a) (ZN)(0.5+s), Where -x is a

3 Group III element, Z is a Group IV element, and 0 < a < 0.5.
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1 60. A semlconductor structure comprising a substrate of semiconductor matenal a

2 layer of crystalline oxide of the semiconductor material on a surface of the substrate and a |
3 layer of material having the formula XCZN on the crystalline oxide layer, where X is a
4

Group IV elementand Z is a Groﬁp III element.

1 61.  The semiconductor structure according to claim 60, whrein the semiconductor

material is Si and the 6xide 1s S10;.

N

62.  The semiconductor structure according to claim 60, wherein the oxide is less

2 than ten monolayers thick.

1 63.  The semiconductor structure according to claim 62, wherein the oxide is two

2 monolayers thick.
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