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16 June2004 1 METHOD FOR FABRICATING A SEMICONDUCTOR STRUCTURE HAVING A
STABLE CRYSTALLINE INTERFACE WITH SILICON Field of the Invention 5 The present invention
relates in general to a method for fabricating a semiconductor structure i cluding_a crystalline alkaline
earth metal silicon nitrogen based interface between a silicon substrate %&Wdégoér nitrides, and
more particularly to a method for fabricating an interface including an atomic layer of an 10 alkaline

earth metal, silicon, aﬂﬂﬁiﬁ%'ﬁ(ﬁ@m&% #@ﬁwﬁmﬁq{%ﬂwn (Si)
surface is most desira%g{{gﬁi bsequent 15 epitaxial growth of single crystal thin filmson silicon for
numerous device appl¢ations; éb‘gsq%ér%@&}ﬁﬂ%§m &%@ﬁ&ﬁ&&ﬂ@iﬁ&@@ﬂon-volaﬁIe
high density memory and logic devices. It is pivotal to establish an ordered transition layer on the Si
surface, especially for subsequent growth of sipgie.¢irelalEss: €-9-, perovskites. 20 Some reported
growth of these oxides, such as BaO and BaTiO3 on Si(100) was based on a BaSi2 (cubic) template
by depositing one fourth monolayer of Ba on Si(100) using reactive epitaxy at temperatures greater
than 850C. See for exdmfpREesenhiaration selamp in genoeal ten method fber fazizd@ingl2 August 1991);
R. McKee et alsedppndrivys: Mtt@&(ﬂﬁiuﬂmgﬁ&&sz&m&Lﬂc&im@éﬁhﬁrﬂ&&@ilﬁo@ﬁii}ﬂ@%ﬁe etal,
Mat. Res. Soc. Synp; . - RA. McKe J. Walker and M.F.
Chisholm, "CrystalI,in(Iani%cz)'rf(}i%i((z,?s\6 gr%ﬁ%%%ﬂ%;gﬁ%t ve 8’6515@8?& %fs.aﬁe‘g?‘f&t. 81(14), 3014-7
(5 Oct. 1998). P&UBLaLl 193 method forifabricating ag igterts 1acluding v atumic Ay Feqf@iting an
Oxide Epitaxialslkslineesiicmetsl, siicate amtifiogenres Prepared with the Process”; and 30 U.S.
Patent No. 5,482,003, issued January 9, 1996, entitled "Process for Depositing Epitaxial Alkaline
Earth Oxide onto a Substrate and Structurgsgregargd tgh Ithe Process". However, atomic level
simulation of this proposed structure indicataseround of the invention

An ordered and stable silicon (Si) surface is most desirable for subsequent
15  epitaxial growth of single crystal thin films on silicon for numerous device
applications, e.g., ferroelectrics or high dielectric constant oxides for non-volatile high
density memory and logic devices. It is pivotal to establish an ordered transition layer
on the Si surface, especially for subsequent growth of single crystal oxides, e.g.,
perovskites.

20 Some reported growth of these oxides, such as BaO and BaTiO; on Si(100)
was based on a BaSi, (cubic) template by depositing one fourth monolayer of Ba on
Si(100) using reactive epitaxy at temperatures greater than 850°C. See for
example: R. McKee et al., Appl. Phys. Lett. 59(7), pp 782-784 (12 August 1991); R.
McKee et al., Appl. Phys. Lett. 63(20), pp. 2818-2820 (15 November 1993); R.

25 McKee et al., Mat. Res. Soc. Symp. Proc., Vol. 21, pp. 131-135 (1991); R.A.
McKee, F.J. Walker and M.F. Chisholm, "Crystalline Oxides on Silicon: The First
Five Monolayers", Phys. Rev. Lett. 81(14), 3014-7 (5 Oct. 1998). U.S. Patent No.
5,225,031, issued July 6, 1993, entitled "Process for Depositing an Oxide
Epitaxially onto a Silicon Substrate and Structures Prepared with the Process"; and

30 U.S. Patent No. 5,482,003, issued January 9, 1996, entitled "Process for Depositing
Epitaxial Alkaline Earth Oxide onto a Substrate and Structures Prepared with the
Process". However, atomic level simulation of this proposed structure indicates
that it likely is not stable at elevated temperatures.

Growth of SrTiO, on silicon (100) using an SrO buffer layer has been
35 accomplished. T. Tambo et al., Jpn. J. Appl. Phys., Vol. 37 (1998), pp. 4454-4459.




that it likely is not stable at elevated temperatures. Growth of SrTiO3 on silicon (100) using an SrO
buffer layer has been 35 accomplished. T. Tambo et al., Jpn. J. App!. Phys., Vol. 37 (1998), pp.
4454-4459. 16 June 2004 2 However, the SrO buffer layer was thick (100 A), thereby limiting
application for transistor films, and crystallinity was not maintained throughout tH€ gheiet2004
Furthermore, SrTiO3 has been grown on silicon using thick metal oxide buffer layers (60 120 A) of Sr

orTi. B. K. Moonameamszrd\eaffehyferwmma%mmer mﬁné BliEsggburer layers

would limit the %F%)gcatl for transistor Therefore a method for fabricat In, sta nb e crystalline
interface with SO gr Qe B ltéin] B?'tﬁ‘eaﬁf fighate a
cross-sectional view ofarthesmarenficbiQuute beerbgtrava dlmlirhg)armsmgnﬂack foetabokilde tagfifiein

accordance wnthhsfeesm)swb IRYFSr B KO MesHRiaR, %ﬁ%sﬁﬁﬂpﬁﬁ}ywe%@f?s gyggnductor
substrate h_gw % t[;ahme(;(iln om lelaﬂsmi:on nitrid alxné in accordance éMth the a%resent 15
invention; and iifuStrate a2 cross-eechonal view o fidifif é?ﬁq(?ﬂ IS Ofdyer formed
on the structures |IIustr1éQ§¥PfﬂrFslG§“’Ih84rf(§c@bm‘éﬁ@6 Wﬁhﬁ!ﬁqﬂémﬂaﬂmﬁﬂ@m@ 12 illustrate
a cross-sectionailidewishaededovskite formed on the 20 structures of FIGs. 1-8 in accordance with the
present invention. FIG. 13 illustrates a side view of the atomic structure of one embodiment of the
layers of FIG. 12 in accordance with the B?Sefent invention, FIG. 14 illustrates a top view along view

line AA of FIG. 13 of the interface. FIG lResertetion fheddrandngsview line AA of FIG. 13
including #§e 25 interface and the adjacent atomic layer of the substrate. Detailed Description of the

Preferred EmbodimenFIGsiory theshanes iHadace: R R/ Bl ShntidBRHa AR SRG ST more
having an interface formed thereon in accordance with the present invention;
FIGs. 3-6 illustrate a cross-sectional view of a semiconductor substrate having
an interface formed from a silicon nitride layer in accordance with the present
15 invention; and
FIGs. 7-8 illustrate a cross-sectional view of an alkaline-earth-metal nitride
layer formed on the structures illustrated in FIGs. 1-6 in accordance with the present
invention.
FIGs. 9-12 illustrate a cross-sectional view of a perovskite formed on the
20  structures of FIGs. 1-8 in accordance with the present invention.
FIG. 13 illustrates a side view of the atomic structure of one embodiment of
the layers of FIG. 12 in accordance with the present invention.
FIG. 14 illustrates a top view along view line AA of FIG. 13 of the interface.
FIG. 15 illustrates a top view along view line AA of FIG. 13 including the
25 interface and the adjacent atomic layer of the substrate.

Detailed Description of the Preferred Embodiment

To form the novel interface between a silicon (Si) substrate and one or more
30 layers of a single crystal oxide or nitride, various approaches may be used. Several
examples will be provided for both starting with a Si substrate having a clean surface,
and a Si substrate having silicon nitride (Si;N, or the like) on the surface. Si;N, is
amorphous rather than single crystalline and it is desirable for purposes of growing
additional single crystal material on the substrate that a single crystal nitride be
35 provided as the interface.




30 layers of a single crystal oxide or nitride, various approaches may be used. Several examples will
be provided for both starting with a Si substrate having a clean surface, and a S'&gugsrt]ratg I@ving
silicon nitride (Si3N4 or the like) on the surface. Si3N4 is amorphous rather than sing‘feecry% lline and
it is desirable for purposes of growing additional single crystal material on the substrate that a single
crystal nitride be 35 prgvided as the interface, 16 June 2004 3 Turning now to the drawings in which

like elements are desi DENAYiethR ArRRiags B HGhdiks elsments qes derignated withdenductor
structure includmgmbSis dubsgiatet1Bltavingnd 2ldhmsatdace hicohdiett §Exithaaiiadadizgnasi be

obtained with agibaea¥etiRAAhS '8 RY RIgseIVIe. LNeXA RIS S e5 Rl rs SHRARALRRIP2 at 5
a temperature greater than. or ?%rgal to 850C,é)r by removal of the h%dro%ir&grom a hy r(i)éen
terminated Si(hXT S iTRCS HORH IR PLOGPEKIEY a‘?‘?‘%‘?’@%ﬂ% e dgFeI R e Rtum.
Hydrogen fermid&¢onamtumedrsaienthaprocegeaitodionC houbygemay b ofehe bydnmendmangling bonds
of the sillicon %tmy&@gé&uféﬁ@ﬁ)&%dqlsicmPﬁtﬁd&@a@@/’f&ﬁiﬁ%ﬁﬁ@@%ﬁﬁuﬁﬁﬂB%Qﬁiﬂﬁ?td&‘ﬁ@(f@ @ﬁvstfa"ine
material may i .the arrows 4n FI1G. 1) contro mounts of a
metal, Si, and :‘e‘%&‘%ﬂ%ﬁ%&%ﬁﬁﬁg@%ﬁr‘%é‘ v&\é\e@ﬁgﬂy{lopﬁgessﬁr%@ 92 ata

temperature lesFR8D S decialy Rended to Jrogtingbandsal hesiisonatemsataudrsad 2tehan or
equal to 1x10' m&apl&ﬂa&hget&bﬂﬂhﬁesiﬂmth&:s’ﬂlﬁhﬁet&m fdrof dloeystadlitromdtérinbmbetany metal,

but in the peferfsie @ gupﬁ%rg(apgwmmmgaﬁ%&nﬂ?%%ﬁ@ﬁmw&ﬁﬁa) or

strontium (Sr). As th plication of the Ba, Si, and activated nitrogen form BaSIN2 as the _ interface
i
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14, the growth is
which are well d-gnademerriatuse lgss Ahmnwhisinaate KW USodagroiwth chamvbsievitidepartahe
exposing step WiteiguRa GoiviA 6haguatto 3R T eniaE ARetarhAl ﬁﬁﬁﬁgi@fﬁqﬁégﬂdéegPEEOTéﬂﬁse )
surface crystalli e in the pre Qacess change,rapjdly.to strong and sharp streaks
by the forming o{?%?.ﬁg%n%j@?gly Oﬁﬁﬁgy}égé%}% Wi gfpéguersrgg %tglﬁ)r?éé%etéoc %%?%eﬁcaga specific

manufactifing préebas-raphsmeial shh r5bavEm (BagrosEWRASE ary to perform
As the application of the Ba, Si, and activated nitrogen form BaSiN, as the

interface 14, the growth is monitored using Reflection High Energy Electron
Diffraction (RHEED) techniques which are well documented in the art and which can
be used in situ, i.e., while performing the exposing step within the growth chamber.

20  The RHEED techniques are used to detect or sense surface crystalline structures and
in the present process change rapidly to strong and sharp streaks by the forming of an
atomic layer of the BaSiN,. It will of course be understood that once a specific
manufacturing process is provided and followed, it may not be necessary to perform
the RHEED techniques on every substrate.

25 The novel atomic structure of the interface 14 will be described in subsequent
paragraphs.

It should be understood by those skilled in the art that the temperatures and
pressures given for these processes are recommended for the particular embodiment
described, but the invention is not limited to a particular temperature or pressure

30 range.

Alternatively, in forming the interface 14, oxygen may be supplied along with
the metal, silicon, and nitrogen to form a mixture. The ratio of nitrogen to oxygen
may vary substantially, but preferably would be approximately 80%.

Referring to FIGs. 3-6, another approach comprises forming a Si substrate 10

35  having a surface 12, and a layer 16 of silicon nitride thereupon. The layer 16 of
silicon nitride can be formed purposely in a controlled fashion known in the art, e.g.,




the RHEED techniques on every substrate. 25 The novel atomic structure of the interface 14 will be
described in subsequent paragraphs. It should be understood by those skilled in the art that the
temperatures and pressures given for these processes are recommended for thg pasticulapg,
embodiment described, but the invention is not limited to a particular temperature or pressure 30
range. Alternatively, in forming the interface 14, oxygery may be supplied along with the metal, silicon,

and nitrogen to @ra@ﬁ?rmgtw&omﬁaam i tRIEEIBRIPRE KERAANBY Y SHONARHTY 1444 Rigferably
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substrate 10 35 RAVIRG & atirface 13 PSHA'S Y5l X LTS AR SHurags8An PR&ULD IR of
silicon nitride cH3QBMdREFPLABTORI.i R rennedcat. falsHibh Ratont N th205:792.gsstedMay 2004 4
by applying (arr2sydpastieathls@ ORetoddhEgtiface $2icohaaitialsde TRiRRNiRiSgbs formed

on Si substrate ygi silicon Stive ni in an ultra high, vacuum. See for exgmple, R.
Droopad, eg:. al.,HEl@g_ atgr}l‘t No.,S?gg%s?g‘g? ?%gséi(gﬁ%o %ég%@%éj %“Z‘Efffzfé‘fﬁétﬁsﬁd? lg??—lcsj‘r ng a
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amorphous silicon nltng[%la}?/ﬁémﬁre heate é)%f tgtgwpﬁ%%ure elow the sublimation (ﬁgm%rature of
the silicon nitridSTAREATES PHIEG Shean 1 e bin i SRR AceIRished AU Ber or Si
substrate 19 cahcsmgpitaist phatbity predisutistatpiOramtiontdhastputialie heatédnintzan be transferred
to the growth chiepaeitivnctHasbealing waioR ke Knfminared svBaiswi ihampreindarted and

h [ : bar h 2 ' f 12 of the Si
Subatrate 10 hAGRrETATPNGE CRE RS MEAE LFRURRAT el S et

T. € 111 the
thereon Is exposed to a beam of me eferrably’ an 15

alkaline-earth-n¥EeaVta shagdesias brenacdyicd anmopriatelnihsomrfasst] 2l feati sebsizaty B} which is
generated by rdssingkilieatinigridlsien betlsepsdndserposedrto a beam of metal, preferrably an

15 alkaline-earth-metal, as illustrated in FIG. 5. In a preferred embodiment, the beam is
Ba or Sr which is generated by resistively heating effusion cells or from e-beam
evaporation sources. In a specific example, Si substrate 10 and silicon nitride layer 16
are exposed to a beam of Ba. The Ba joins the silicon nitride and converts the silicon
nitride layer 16 into the interface 14 comprising BaSiN, in a crystalline form.

20  Alternatively, an alkaline-earth-metal may be provided to the surface 18 at lower
temperatures, annealing the result at 700-1000°C, in an ultra high vacuum. In another
embodiment, oxygen may be supplied with the nitrogen to form the interface 14,
resulting in a crystalline form of BaSi[N,_O,],.

Once the interface 14 is formed, one or more layers of a single crystal oxide,

25  nitride, or combination thereof, may be formed on the surface of the interface 14.
However, an optional layer of an alkaline-earth-metal oxide, such as BaO or SrO, may
be placed between the interface 14 and the single crystal oxide. This alkaline-earth-
metal oxide provides a low dielectric constant (advantageous for certain uses such as
memory cells) and also prevents oxygen from migrating from the single crystal oxide

30 to the Si substrate 10.

Referring to FIGs. 7 and 8, the formation of alkaline-earth-metal nitride layer
22 may be accomplished by either the simultaneous or alternating supply to the
surface 20 of the interface 14 of an alkaline-earth-metal and active nitrogen at less
than or equal to 700°C and under N, partial pressure less than or equal to 1x10” mBar.

35  This alkaline-earth-metal nitride layer 22 may, for example, comprise a thickness of
50-500 A.




evaporation sources. In a specific example, Si substrate 10 and silicon nitride layer 16 are exposed to
a beam of Ba. The Ba joins the silicon nitride and converts the silicon nitride layer 16 into the interface
14 comprising BaSiN2 in a crystalline form. 20 Alternatively, an alkaline-earth- el]éllnr%a%f)% provided
to the surface 18 at lower temperatures, annealing the result at 700-1000C, in an ultra high vacuum.
In another embodiment, oxygen may be supplied with the nit n to form the interface 14, resulting

( roge
in a crystalline form of BE&TRMSeISshit %é‘%ﬁé’é‘éﬁ@’%&)ﬂ@ﬁ?@r@ﬂ% M arAtkelirens a single
crystal oxide, 2earthigestal maovskittonathbecdfofnredpibeifhenthe amfice 2066 decahthidacdddane 14.
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This alkaline-eartRderdyinsintgeassdf 2y ﬂ*ﬁ?ﬁ%eéﬁhrﬂ}ﬂ@l esidpirvenhidtsbeuldbeo 500 A. 16
June 2004 5 Refadéngdodtiasti-didgtenglalayrialaydti2dayey 2tmprishsamevatkadéniayeastnmetal

peroyskitelqlay gﬁgpg&%gcﬁﬁl&mgr the .surface ZQ of the interface 14 or 'Fhe surface 24 of the
alkaline-earth-metal nitride layer 22 béﬂelther the simultaneous_ or _alternating supply

ous, f
alkaline-earth-metal oxiB&festingda H Qtr%ﬁ'sqﬁ(YFFW&%‘R@?)&BH%?%M?%?&Q%& or equal to
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matched with the tunde g interface 14 or alkaline-earth-metal oxide 22. 1t should be

understood that SeesifgTdl RISERAIVE RUEPRSFE: BRrhIaTEeniR STRALSH SE D alegpe AD; filicon

15  atoms 32, nitrogen atoms 34, and titanium atoms 36. The Si substrate 10 comprises

only silicon atoms 32. The interface 14 comprises metal atoms (which in the
preferred embodiment are illustrated as strontium atoms 30), silicon atoms 32, and
nitrogen atoms 34. The alkaline-earth-metal nitrogen layer 26 comprises strontium
atoms 30, nitrogen (or a combination of nitrogen and oxygen) atoms 34, and titanium
atoms 36.

Referring to FIG. 14, a top view of the interface along view line AA of FIG.
13, shows the arrangement of the strontium, silicon, and nitrogen atoms 30, 32, 34.

Referring to FIG. 15, a top view along line AA of FIG. 13, shows the interface
14 and the top atomic layer 11 of the Si substrate 10.

For this discussion, a monolayer equals 6.8x10' atoms/cm” and an atomic

layer is one atom thick. It is seen that the interface 14 shown in the FIGs. comprises a
single atomic layer, but could be more than one atomic layer, while the Si substrate 10
and the alkaline-earth-metal metal nitrogen layer may be many atomic layers. Note
that in FIG. 13, only four atomic layers of the Si substrate 10 and only two atomic
layers of the alkaline-earth-metal metal nitride layer 26 are shown. The interface 14
comprises a half monolayer of the alkaline-earth-metal, a half monolayer of silicon,
and a monolayer of nitrogen. Each strontium atom 30 is substantially equally spaced
from four of the silicon atoms 32 in the Si substrate 10. The silicon atoms 32 in the
interface 14 are substantially on a line and equally spaced between the alkaline-earth-
metal atoms in the <110> direction. Each silicon atom 32 in the top layer of atoms in
the Si substrate 10 is bonded to a nitrogen atom 34 in the interface 14 and each silicon

T kil ua,ﬂ:&lﬂ;iﬁﬂi@



e AR ELS b b idiks i Ll 1 R 31

10 other-embodiments. Referring to FIG. 13, a side view (looking in the <1_10> direction) of the
atomic configuration of the Si substrate 10, interface 14, and alkaline-earth-metal metal oxygen layer
26 is shown. The configuration shown comprises, in relative sizes, for illustrative, gugpasesyfpm
larger to smaller, strontium atoms 30, silicon 15 atoms 32, nitrogen atoms 34, and titanium atoms 36.
The Si substrate 10 comprises only silicon atoms 32. The interface 14 comprises metal atoms (which

in the preferre%mtmim@fatlaf@dﬂé@tr@ta%mﬁqawlﬂma%&@@@ﬂlm&%&% ogen

atoms 34. The kaln}elé-) rth-metal né en Ia 26.comprises strontium atoms 30, nifrogen (or a

combination of nitrogen a dl%%gg%?%r 81'39, dﬁffgﬁﬁﬂﬁm}’ﬁsﬁo‘rﬁ‘%‘%@rﬁﬁ?&?@%@‘@ Y4, a top
view of the intethigdnigstagesamchivs m&whmatlysoQOrean@mém@Mmmym 4silicon,
and nitrogen ateias éiﬂm&&rfg%ts@ﬁiﬁ[ftygmeﬁiﬁerﬂa'ée614%M§Mé@si98®4'8€%ﬁﬁﬂ%ﬂ€br§%\ﬁ’s the
interface 1@ an%@g Qp lg,olayfr 1 r?fa eIS| %ﬁbstratenl(g)n 2 dIS (’[ﬁﬁl(ﬁ]é %H?monolayer

'[

equals 6.8x1014 at c and an atomlc ayer iIsone atom t |s Sag SHEe 14
shown in the F1&, léb’mH?%é‘slQ>§ﬁgfélﬁmﬁ:2&yéﬁh§lﬂld@aldlb@memam@r&mdm|hdayer while

the Si substratex% r@&ql,t,%@ Bﬁllne earth metal metal nitrogen layer may be many atomic layers.
Note that in FIG. 13, oql s of the Si subqlrate 10 and . twoQ, atomic 30 layers of
the alkaline-earth-metal m Xl da]{ 4 PN RE 'iﬂt[%rf%ﬁ? ﬁ%’éé@l}?ﬁlf

monolayer of th@%@%#ﬂﬁ&a@ﬁ&tﬁmﬂdlﬁmywmw aeﬁmgéﬁm@nutamof Bettsgen. Each
strontium3agom ﬁﬁlﬁﬁb&)slb@libadimﬁwautyﬂﬁﬁﬁé‘@dyfﬂﬁﬁxf@ﬂfaeé thebaﬂfg)matqmﬂa&eﬂﬁ tecicaubstrate

10. The silicon in ually spaced between
the alkaline- ear?rzl) rgg?g}ﬁagg%%}il%{% %g{ %?ré:a%fl{c?r? %E éo}ﬂﬁa om 3% npﬁ1£§)pgfay§r of atoms
in the Si substr’a’téhibq‘f BsHacr b nmeRsiable finsg Fh‘iﬁ??ﬁ?e%’c@‘l@ Likely seaindaiadheirs June
2004 6 atom 3zrystalitydarf prectssisgdidealkalinmeaitiogembRimitridgdn-tasddiattafad dlsdhe

acts as a diffusion barrier to oxygen and other elements.
15




three-fold bonding coordination of the nitrogen atoms at the interface 14 is satisfied in this interface
structure, which greatly lowers the total energy of the interface layer 14, thus enhancing its stability.
The interface 14 comprises rows of strontium, silicon, and 5 nitrogen atoms 30, 32, 34ng 30841
configuration on a (001) surface of the Si substrate 10, Ix in the <f1_10> direction and 2x in the <110>
direction. The interface 14 has a 2xl reconstruction. A method for fabricating a thin, crystalline
interface 14 with silicon 10 has been described hefelrAIM8 interface 14 may comprise a single atomic
layer. Better 10 transistor applications are achieved by the interface 14 being thin, in that the electrical
coupling of the QygLiviv@2xidg Javers to the Si substrate 10 is not compromised, and in that the
interface 14 is more stable since the atoms will more likely maintain their crystalinity in processing.
This alkaline earth metal-Si-nitrogen-based interface also acts as a diffusion barrier to oxygen and
other eleménts.115 16 dumethodof fabricating ¥bmi¢orlartedtisichuie dompitisigg ohéalsisasing a

semiconductor structug&&qmggigiggiéaﬁ SIBRS AL hRvR 'Qgﬁaggicon substrate having a surface;

forming on the surface ftqg s(l)lhc&n SHRStrat?ﬁ‘,n inlter acebcomdorisinq%a ingle atamic layer of silicon,
nitrogen or a mixture o niro en_an%soxfé:gr?, AR AP S HE S S & IPRENING FT8ea single
crystal material 3p0¥e laver ricilisenpniftegensma tnisttup o€ aiimogersendiospigertond wuottak addlaim 1

wherein the interface ormiijsefcosingie MipericBy smelsioan! RiteARN. RO RReARLa Mmetal. 3. The
method of fabricating a semiconductor structure of claim 1 wherein the 15 material comprises one of a

nitride, an oxide%]a:?a a miﬁtl#]e of a nitride and an oxide. 4. The method of fabricating a semiconductor
structure of clai %f%?}?ﬁﬁ%‘%% SRraicardustep sHuRtueofginimgl avhereindbaistruction. 20 5.
The method of fatsitastrpmpeaseicositghatatickyer of siticon] mitrepei #x9gen, and a metal.

3. The method of fabricating a semiconductor structure of claim 1 wherein the
15 material comprises one of a nitride, an oxide, and a mixture of a nitride and an oxide.

4. The method of fabricating a semiconductor structure of claim 1 wherein the
forming the interface step includes forming a 2x1 reconstruction.

20 5. The method of fabricating a semiconductor structure of claim 1 wherein the
forming the interface step includes forming a surface with a 2x1 reconstruction.

6. The method of fabricating a semiconductor structure of claim 1 wherein the
forming an interface step includes forming the interface in an ultra-high-vacuum
25  system.

7. The method of fabricating a semiconductor structure of claim 1 wherein the
forming an interface step includes forming the interface in a chemical vapor
deposition system.

30
8. The method of fabricating a semiconductor structure of claim 1 wherein the
forming an interface step includes forming the interface in a physical vapor deposition
system.




forming the interface step includes forming a surface with a 2x1 reconstruction. 6. The method of
fabricating a semiconductor structure of claim 1 wherein the forming an interface step includes
forming the interface in an ultra-high-vacuum 25 system. 7. The method of fabrigating& 2004
semiconductor structure of claim 1 wherein the forming an interface step includes forming the
interface in a ch nﬁbal vapor d??osi,tion system. 30 8. &he method of fabricating a semiconductor
structure of clairft 1 WHEIETRCH QT faPRFAY 2 seaceRduciorisEnsus ffieking thehereitdde in a physical
vapor depositiofonpingran igertave 2094 @mprifescfonainga sfiglerineting layse QuagRkestglishuicture of
claim 1 whereindfidernikgeeh, MariachisitnR campisesforming a single atomic layer comprises
silicon, nitrogen, oxygen, and an alkaline-earth-metal. 5 10. The method of fabricating a
semiconductor structure of claim 1 wherein forming an interface step comprises the steps of: forming
a half of a Mond8yer ofkaeibad efdabricatingla soniceniudterstiatue nbtdyien ofsHigen and forming

a monolayer of fottagead thicHaEbetepibReRIdabiiclpgdr: semiconductor structure of claim 1

wherein the forming aﬁ)mgag% ersa rises the step, of forming one or more monolayers of a
mixture of oxygen anc)l/&itro,g n. 1@ 1%. € metho %) d%lfégff:ﬁﬁ s sdfi@unductor structure of claim 1

wherein the single cry@aPRgRMal{hAneaelagret silicsaeandr a mixture of oxides and nitrides. 13.
The method of fabricatfogrargeaicomslageo bftitesgen.of claim 1 wherein the single crystal material
compriseg gne or more layers of oxides, nitrides, or a mixture of 20 oxides and nitrides. 14. The

method of fabricating a semicpnductor structure of claim 1 wherein the single
A" metho op Hl%ncat}ng a sem?conguctor structure of clairrgl 1 wherein the

forming an interface step comprises the step of forming one or more monolayers of a
mixture of oxygen and nitrogen. ‘

15  12. The method of fabricating a semiconductor structure of claim 1 wherein the single
crystal material comprises oxides, nitrides, or a mixture of oxides and nitrides.

13. The method of fabricating a semiconductor structure of claim 1 wherein the single
crystal material comprises one or more layers of oxides, nitrides, or a mixture of
20  oxides and nitrides. '

14. The method of fabricating a semiconductor structure of claim 1 wherein the single
crystal material comprises alkaline-earth-metal oxides.

25  15. The method of fabricating a semiconductor structure of claim 1 wherein the single
crystal material comprises perovskites.

16.  The method of fabricating a semiconductor structure of claim 1 wherein the
forming an interface step comprises forming a single atomic layer comprises silicon,
30 nitrogen, and an alkaline-earth-metal.

17.  The method of fabricating a semiconductor structure of claim 16 wherein the
alkaline-earth-metal is selected from the group of barium and strontium.
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crystal material comprises alkaline-earth-metal oxides. 25 15. The method of fabricating a
semiconductor structure of claim 1 wherein the single crystal material comprises perovskites. 16. The
method of fabricating a semiconductor structure of claim 1 wherein the forminglandiaterfageistep
comprises forming a single atomic layer comprises silicon, 30 nitrogen, and an alkaline-earth-metal.
17. The method gf fabricating a semiconductor structure of claim 16 wherein the alkaline-earth-metal
is selected from the grotF6ModRiHAEAGRERS Arsmicondutngsersaor gonprisingtwmstepsfabricating a
semiconductor structurprevidipgsirsijitn stdparatt: haoiddinaguafadicon substrate having a surface;

forming one of siicon iéengstie B iflendliaiBU IR HE ANFIIAS AN he.suiace gfihe
silicon substrate; 5 providing ap alkaline-earth-metal on the silicon nitride, si?lcon ox?d]e, or a mixture of
on tﬁ % oﬁ]tg

oxide and nitride; and %ea%?ng SEHeBRBOS S ructure to form an interface comprising a single

atomic laye? adjacent theo¥isiag amilikdindicantsatstatare thdsiliconhetriddhdtchfakideatng a
semiconductor stixtiéDbgiddankBnitiaecunhihe heating step includes forming the interface with a 2x1

reconstruction. 20. Thqlga% ricating a semicondugtor structure of claim 18 wherein the steps
of providing an alkaline-eart -%é)‘%%gﬁgrhgg%ﬁ{gs ecg%?ng%g%%%i%ﬁrga&ﬁF@%ﬁ%&:@&ﬁ\lﬁlished in

an ultra-high-va@laimicdg¥at adigqent the sarfase o theovilisen gubsisatdconductor structure of claim 18
wherein the steps of providing an alkaline-earth-metal and heating the semiconductor structure are

accomplishgd im g, chemieal¥aRt SieRBsitignh ﬁ[g&tho of fabricating a
semiconductor %trgtcture of clajm, 18 wherein t%ésgsg@p%&g?fﬁrtggg Ing aneg(?&g{?ﬁ%-ggr Q%%Pafha?nd

heating the semiS3na6 e &%@SF&%%W%BYH pRydicerensiBictigRosition system.

20.  The method of fabricating a semiconductor structure of claim 18 wherein the
steps of providing an alkaline-earth-metal and heating the semiconductor structure are
15 accomplished in an ultra-high-vacuum system.

21.  The method of fabricating a semiconductor structure of claim 18 wherein the
steps of providing an alkaline-earth-metal and heating the semiconductor structure are
accomplished in a chemical vapor deposition system.

20
22. The method of fabricating a semiconductor structure of claim 18 wherein the
steps of providing an alkaline-earth-metal and heating the semiconductor structure are
accomplished in a physical vapor deposition system.

25




25 16 June 2004 10 23. The method of fabricating a semiconductor structure of claim 18 wherein the
heating step includes forming an interface having a single atomic layer of silicon, nitrogen, oxygen,
and an alkaline-earth-metal. 5 24. The method of fabricating a semiconductor strucdurdRs d9fA 18
wherein heating step includes forming an interface step comprises the steps of: forming a half of a
monolayer of an_alkaline-earth-metal; forming a half oft@ monolayer of silicon; and forming a
monolayer of nitfdgetlergeBod pk fatsieatinamrsemicandyeioratmistid ol wheréitlalm 18 wherein

heating step incheatingateprigcandint &sfadesiennerrises he SRaoidaipinga bligia monolayer
of an alkallne-eq{mé%a&xgggmlggdagngrﬁ% ifemanglayer of silicon; and 15 forming a monolayer of
€ method of fa

nitrogen and oxygen. 26. T ricating a semiconductor structure of claim 18 wherein
heating step includes forming one or more monolayers of a mixture of oxygen and nitrogen. 20 27.
The metho& of fafricatifecarsthait of falwiocating s seaiodnthicnot StmbrieibfbRiKeming&tan includes

forming an interiaeenavieg idHRRCBERTHE AYRIGERIIGR) cgﬁ{?ggé},tﬁggt%szél}éaline-fearth-metal. 28.
The method of fabncat&n asen%%?Pd ctor structure.of claim 27 wherein t alkaline-earth-metal is
dnpiie e halk of & moRolaves g -garbancia

selected from the group of béatium and s nethod of fabricating a
semiconductor structur@%ﬁ%ﬁ&ﬁﬁ ti@ spepelayepadialinepaasiicon substrate having a surface;
providing an alkaline-efstmingtehondhg etofsaedhe silicon substrate; and providing silicon and
nitrogen tq form an interface comprising a single atomic 5 interface with the surface of the silicon
substrate.

25.  The method of fabricating a semiconductor structure of claim 18 wherein
heating step includes forming an interface step comprises the steps of:

forming a half of a monolayer of an alkaline-earth-metal;

forming a half of a monolayer of silicon; and

. 15 forming a monolayer of nitrogen and oxygen.

26. The method of fabricating a semiconductor structure of claim 18 wherein heating

step includes forming one or more monolayers of a mixture of oxygen and nitrogen.

20 27.  The method of fabricating a semiconductor structure of claim 18 wherein the
heating step includes forming an interface having a single atomic layer of silicon,
nitrogen, and an alkaline-earth-metal.

28.  The method of fabricating a semiconductor structure of claim 27 wherein the
25  alkaline-earth-metal is selected from the group of barium and strontium.




30. The method of fabricating a semiconductor structure of claim 29 the step of providing silicon and
nitrogen to form an interface also includes providing oxygen. lo 31. The method of fabricating a
semiconductor structure of claim 29 wherein the steps of providing an alkaline-egghy

providing silicon and nitrogen are accomplished in an ultra-high-vacuum system. 32. The method of
fabricating a semiconductor structure of claim 29 wherein the 15 steps of providing an
alkaline-earth-metal ant prethertof fatrinetingiavamigonductorsonspiisheanipriaiogeheisalpsagfor
deposition system. 33. ﬁbeidiﬁgmﬁil&fdﬂlsﬁbﬁwtg HaSﬁIglsgnﬁugéor structure of claim 29 wherein the
steps of providing an a lgg: pare 2 accomplished in a
physical vapor deposn%ir??&tem 16 June 2004%\62‘ 2%‘%1 et ean%t{*‘?gso %%Iﬁﬁ gtgaéf’nl‘l’:%‘?1ductor
structure of claim 29 wﬁé‘?‘éﬁ%"ﬁ?&}l REH i Eormr-ap dntaa Eec‘iﬂﬂmﬁ@@gthélgépgtofﬁMmmg a
half of a m&wola‘ﬁéﬁ&%thathn%&chmﬁdmlwﬁommmmf of a monolayer of silicon; and 5 forming
a monolayer of nitrogen. 35 The method of fabricating a semiconductor structure of claim 29 wherein
the forming an g&eﬁf Q P ises the st(%%of forming one or mgre monolayers of a mixture of
oxygen and nitrogen e me 'hc"gl £ A BRI et Srustrs Abrlaim R e stemph 29 wherein
the providing siREQH4AE ﬂlﬂ@@é&@@ﬂ%&?ﬁﬁﬁ@@@fmmgr&mw atcimdes pyevidirsilioxygenitrogen,
and an alkaline-earth-metal. 15 37. The method of fabricating a semiconductor structure of claim 36

wherein the, alkgjine-eqffh;Mx %@h@%ﬁ&gﬂlﬁ%ﬂ{nithe rfoup %2 barlL{lrpr antdcza'ﬁr%g a}n%lag%{%g%nm;&od

of fabricating a Semiconductqr structure o ereln & providin
comprises formMEPS P AEFALDS &R %%1%#@86%&%ﬁ6ﬂvmgmb%mmam@mng a
semiconductor ggcomphsbed|aimn3dtvaHeghisviiceum system.

32. The method of fabricating a semiconductor structure of claim 29 wherein the
15  steps of providing an alkaline-earth-metal and providing silicon and nitrogen are
accomplished in a chemical vapor deposition system.

33. The method of fabricating a semiconductor structure of claim 29 wherein the
steps of providing an alkaline-earth-metal and providing silicon and nitrogen are
20  accomplished in a physical vapor deposition system.




prdviding silicon and nitrogen step comprises the steps of forming a half of a monolayer of an _
alkaline-earth-metal; 25 forming a half of a monolayer of silicon; and forming a monolayer of mtro_gen
and oxygen. 40. The method of fabricating a semiconductor structure of claim 8 ¥éhatein themsheating
step includes forming a surface with a 2x1 reconstruction. 30 METHOD FOR FABRICATING A
SEMICONDUCT R STRUCTURE HAVING A STABLE2CRYSTALLINE INTERFACE WITH SILICON
Abstract of the DigclosUe methaded Rhrisingasgmicandustorsioonse of tlanc dfhplisesinhhesteps of

providing a S|Ilcmmsﬂmgﬂécéu)admtﬁng@mwép@er&&)s@m&i@&ﬁwe surface oflthe Zilficon substrate
an interface (14) comp i C 0 ) meta and forming one or
ﬂﬁﬂgg IRGIE GHR MSHNUGECS BAl ﬂgaﬁéém%é{@

more layers of a single alo %&é 6) on the mterface ace comprlses an atomic layer of
silicon, nitrogen, and a m érfgnﬁ\ A RBARYTF ol isemARds metal. In a second embodiment, the

interface comprises anfaBingaayendaytiodfimittogenal, and a mixture of nitrogen and oxygen in the
form MSi[N[err]O[err]][err], where M is a metal and X is O[err]X<1. FIG. 10 accompanies this abstract.

35. The method of fabricating a semiconductor structure of claim 29 wherein the
forming an interface step comprises the step of forming one or more monolayers of a
mixture of oxygen and nitrogen.

10
36.  The method of fabricating a semiconductor structure of claim 29 wherein the
providing silicon and nitrogen step comprises forming a single atomic layer of silicon,
nitrogen, and an alkaline-earth-metal.

15 37.  The method of fabricating a semiconductor structure of claim 36 wherein the
alkaline-earth-metal is selected from the group of barium and strontium.

38.  The method of fabricating a semiconductor structure of claim 29 wherein the
providing silicon and nitrogen step comprises forming an interface having a 2x1
20  reconstruction.

39.  The method of fabricating a semiconductor structure of claim 30 wherein the
providing silicon and nitrogen step comprises the steps of:
forming a half of a monolayer of an alkaline-earth-metal;
25 forming a half of a monolayer of silicon; and
forming a monolayer of nitrogen and oxygen.

40. The method of fabricating a semiconductor structure of claim 8 wherein the
heating step includes forming a surface with a 2x1 reconstruction.
30





