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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, a i OTREHERRY | ilicon (Si)
surface is most desirgé%}{g%sb%s(eﬁ@%t 1%%&%W%Wn silicon for
numerous device applR&ionSedyS 6@&:}5’%§W &%@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 alsemppndiitysr steitto 2Qludhg28e82800d hikMaeeahBmaaRsilRex aildseae et al.,
Mat. Res. Soc. mm%ﬁﬁce\é%w%#n%psilﬁégﬁgs : %}é CQASIKH%%%J. W(falker and M.F.

Chisholm, "Crystalline Oxides on Silican: The First Five on(ﬂayers., fé.apee_l\?%eett. 81(14), 3014-7
(5 Oct. 1998). P&UBLaLl 193 method forifabricating ag igterts 1acluding v atumic Ay Feqf@iting an
Oxide Epitaxialslkslineesiicmetsl, siicate amtiiogenres Prepared with the Process”; and

Background 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.




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 SrTiO3 on silicon (100) using an SrO buffer layer has been 35 accompfisAeae 20P4mbo et
al., Jpn. J. App!. Phys., Vol. 37 (1998), pp. 4454-4459. 16 June 2004 2 However, the SrO buffer layer

was thick (100 Ao siaDInbSIeB.ARRISIER 0t IERNTHIoK e RYdiAORB UptH RS ) mainiained

throughout the growth. Fﬁ[ﬁr]lserm re, Sr f.OB has been grown on silicon usiing metal oxide buffer

layers (60-120 AFBHEPG  FHCEH Y Was Roy mRipipsd thrayghous thogewil.nn 1472-1477.
These thick buffer laydrarthgmmeptien$i1kiOa et drtioziowtr ansidioos. ukig ¢hick nemboridt fouffebricating
a thin, stable crygiadiieontzoiagendhosiicon. ik neRARLRIICTREICHPPRPA) he/B 4¥ippsod) FIGs.
1-2 iIIustrat§ acr sls‘ﬁg(_:fi I )fjl?é’éle%? cﬁlg{;ﬂ%s miconduqté)rsub trate having an interface formed
thereon in Accordance-with fhe presentinven ?5n?3ffég°§- fﬁﬁlﬁ &8@?8‘%@9 SRS of a
semiconductor substrat&sialarey adnsthedrfrdabrieating othinsielda enystrdlingémterfaceavithnce with the
present 15 invesifioonandeeded. 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. Brest Desrrintiong d&INEREST the atomic structure of one
embodim&#ft of

FIGs. 1-2 illustrate a cross-sectional view of a clean semiconductor substrate
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.




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 %A gf FIG, 13
including the 25 interface and the adjacent atomic layer of the substrate. Detailed6DeusIE:eripjt?oﬁ1 of the
Preferred Embodiment To form the novel interface between a silicon (Si) substrate and one or more
30 layers of a single cristal oxide or nitride, various apgroaches may be used. Several examples will

be provided for both stAFTAPGAA Bthe JLavsines avingish-like elsments arg desigantednyithdiksaving
silicon nitride (Si8iwbers theoligbputy FiGsUrfack?2 H18Mrhis axeniphmlistathenthas siclgdiggyssilline and

it is desirable fogpstRRses ﬁ&ﬁ&igﬂ%ﬁp&ﬁi@e@h@ﬂ@%ﬁ%@i?%lﬁf@e%tﬁﬁfﬂp%%?&&éﬁ%smg'e
crystal nitride be 35 %rovidted as ﬁihe interface..16 Jgne Zoomﬂir'lﬂ%@w to'the dra\gln%s in which
like elements arfe deSigNAted Wi NG RFOSSATRy o RBEPECY! iflgSoeRiien E Sildefuctor
structure irkludmtsmisiratutssgraaten thamenegual bSOl avcby Temavebof (the ysioarefidmaay be
obtained with amydesFsreritan tekelgqimpggﬁgdym,afeg@;@mﬁ}gl ; gﬁlggbm%?} gmrggigg(pt%'pz ats
a temperature t SelvEl .remaoval of t rogen from a_hydrogen
terminated Si(I)?i)S gﬁ%ﬁg&t@a{l tem 'eg}%l?g%r%(}a%t%r{%%@%ﬁ e%ql‘jvg? ?cl)cK?gﬁl %ﬁo%%s%mgv %?‘1 vacuum.
Hydrogen termif&ftaesa ?MFW(EHH%&Q@Q@W&il%ﬁn‘i'%%‘b"eﬁ%%@é@l?%ﬁé}@%% Watyling bonds
of the silicon ateomplteutiaceyi@liincstruptate. thhecintstfiited 4wl atorgstdlliadniattaie dhayba crystalline

material mgy DRI BYISHRPH G 6AH BB BYoWe AERYSTGSIGohbaaRlgRligd grmounts of a

metal, Si, and activated nitrogen, eithet simultaneously oy sequentially to the surface 12 at a
temperature less n%r (f%alt\?é?lfﬁoge&ow&% SORRX Sestisntipibs o thasuddasen or

equal to 1x10' Bt attempseatiradesichan onegualse2000Gariargrowid chamibeeviithiyphiainy metal,
but in the preferseseriiesiMRRl ARSI RI0® mBar. The metal applied to the surface 12 to form

the interface 14 may be any metal, but in the preferred embodiment comprises an
15  alkaline-earth-metal, such as barium (Ba) or strontium (Sr).

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.,




15 alkaline-earth-metal, such as barium (Ba) or strontium (Sr). As the application of the Ba, Si, and
activated nitrogen form BaSIiN2 as the interface 14, the growth is monitored using Reflection High
Energy Electron Diffraction (RHEED) techniques which are well documented in the git,anshyhich 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 crystallz!pe structures and in the present process

change rapidly 15y sippRaraisbak) aliRRSRYRJAIDSAIEE: HOMdBRIAIARASNcAh will of
course be unde,(rlfto?,(él3 Pgatg ce %%%%cgrlc manuf%%&lé% rt%glgtss is prqvided and followed, it may not
be necessary td periorm Ihe M R ‘%ﬁg psLveRitsegen R apsraibigh ucture of
the interface 14vAwa-RescfascramplesSeddronrasarigrhpHS Patint Mg He07R2  dssudsl Mayse skilled
in the art that thesierpp@raiiithsi aMethoassLFesnging R BiliHaadiniaseases arpéaraImandgsLior the

particular bog,j‘rg%qy ' invention is nat limited to rticular t eratyye or
pressure 3%!11 range. Atg%??@%?%&%ﬁﬁgﬁgr@%g 'ﬁgec)s%%grrll%r#gﬁy eg%&s)%‘lp o g}' with the

metal, silicon, afRPRiiRShak Rsrearhimsial toribs suefasenis sHigopREES laysy 1aar 2stantially,
but preferably vESORCherelep ot diglB086utnfching tpdeifical B Sthargithehsanty eachhddisprises
forming a Si subaliamd SRR IRGIAIHYACE e ARSI RY R iRt AlICAL DI e DIRIEMRRR, The laver
16 of silicon nlt{lde can be far t_ad Pur oselyinac truolg,ﬁd fashion known in the art, e.g., 16 June
2004 4 by applﬁﬁﬂ’?ﬁﬂ‘mé’? 5‘? iS4 ﬁ%‘fdﬁﬂ%ﬁ%&%?e surf4t& Gﬁfé%ﬁﬂ?‘i’ﬁ iRia mOCRlE also be
formed ot &i subrsEnEPIiERYShentbeteiobi anbistiets/ &0ven hentideast pirdaHigheatadiom. See for
example, R. Dreggataténalhakhbdr atesitviicPiPlan HRArissRefktddYthe 2rd Wi cIRMItE arlM etgod of
Forming a Si”C%’éé}%@dc%ﬂn%}’&g&.TBSc%%S'é{‘ g%gﬁga?te 10 is properly heated and the pressure in the
growth chamber has been reduced appropriately, the surface 12 of the Si substrate 10
having silicon nitride layer 16 thereon is exposed to 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.




5 14 may be formed at least in one of the two suggested embodiments as follows: By applying an
alkaline-earth-metal to the surface 18 of silicon nitride layer 16 at 700- 900C, under an ultra high
vacuum. More specifically, the Si substrate 10 and the amorphous silicon nitrite I%Wlﬁ 18%re heated
to a temperature below the sublimation temperature of the silicon nitride layer 16. This can be
accomplished in a molecular 10 beam epitaxy chamberor Si substrate 10 can be at least partially

heated in a preparatiofefearingetoRl&satits: # smglssrraial ridelayehehas ARakaliasd the
heating completeaktioneealpeSvskitsitaty b6 forpiepen gitkeatde ancfdtwe0rof thiréniertface drburth

chamber has begjy (dtced ABPIRPUAhACIREHHRER it g & By ERiRL R aMR-AlGRNJitride
layer 16 thereon is exposed to a beam of metal, eferg}bl 15 alkaline-earth-metal, as illustrated in
FIG, 5. In a prof@IeRTAiRB SRR Afb TSR B a) Qs: RrErAla BoUeh R Pleating
effusion celfs or $uwinas-titsaiuns\a fesntion soeaveb tary80Spanifleratenpeniastibkprgssure lgssl silicon
n!:r@ge :ayer ig _%&Wt@&mamﬂerm&&jmweﬁH@wéﬂmmm%%mﬁ;ﬂéhe silicon
nitride layer 16 into the interface 14 ¢ isoBaSINZn ac j '. an
alkaline-earth-m&tar %lastf/ %feli‘lﬁ?é’\‘ﬁéseaﬁgb?éeé @géa%nesajl‘@ ﬁ%ﬁb‘%ﬁ%ﬁ%ﬁ%ﬁ%&%ﬁl%ﬁﬁ%esu It at
700-1000C, in adnsiesving-inseace 1 4onpikaline-easthoustal oxide,gesr Ay Ibeheylhhed with the
nitrogen to form tivddriteiddahat 4hersingltngyista oxydtdiiree 26rmayf ddafpifiNes X022 nOrentieesinterface
14 is formac(ij ONERLBAIBRYELSQf @ 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 Sr0, mB§isEngdeddGeldersidsey iﬁ‘féﬂ%%’é“i&i&ﬁh"tﬁé@ﬁ&l’é@ﬂ%&f’&‘?&e. This
alkaline-earth- matahRdamraniten afitw Sislasiis€00siari{advpniagealkaline carthimeags such as

memory cells) and al iqgrati . ' ' '
substra>':e 10. )Rifg?%;iﬁg\@é[%?gﬁg%g}&%bﬁlnﬂé%%%ggﬁgﬁegﬁeartei((r;n%?gg ﬁ?f):li g gﬁggirg ggerr? ally be
accomplished bys¥ith WA RGBS e [ATeer 40 spplierysirontium 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
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@
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surface 20 of the interface 14 of an alkaline-earth-metal and active nitrogen at less than or equal to
700C and under N2 partial pressure less than or equal to 1x10"5 mBar. 35 This alkaline-earth-metal
nitride layer 22 may, for example, comprise a thickness of 50-500 A. 16 June 2094 3, Refsggng to
FIGs. 9-12, a single crystal oxide layer 26, such as an alkaline earth-metal perovskite, may be formed
on either the surface 20 of the interface 14 or the surface 24 of the alkaline-earth-metal nitride layer

22 by either theagmtszanpwﬁarpd&em@moﬁue@%Q&@mﬁ%%ﬂﬂ%tsﬁmmﬁtﬂl@ﬁl&?fa%wpph%”d a
transition metal ,5 su titanium, aé less thgp é&;sgé%al to 700C under an oxyi(;n, partial pressure

e faatiog, gfRr 1o  dh mferfice 4 ratististhftise a

less than or equa}\3 [0 TRLPB LY
thickness of 501p00terfase stindbereuwbioh geentiniovers thetetdhenbrgycof the entgirfacinteyfadat 14 or

alkaline-earth-niigislekidfay ¢ 3RbilisOTIE htermeerateom shatdheving suuaiahoNitls g 26 may
comprises gne [S,l her odiments,.Referri FIG. 13 ide.view (looking in
the <1 105 ardoR s AT 28 S A SRR T80 s RS e
alkaline-earth-ni&sxdctag sxiredirggtiprend 3xdntheTHd SodikgatistonldicdntarbarepAdes,an relative
sizes, for illustratqe-gudReaRsJHOM larger to smaller, strontium atoms 30, silicon 15 atoms 32,
nitrogen atoms 34, and, titanjum atoms .36,. The Si substrate 1Q comprises only.silicon atoms 32. The
interface 14 comprises% m%?rgfoa (f?n.rs WHiCHR ¢ mp%@%(sﬁ%%%%f;‘% X’Péglﬂfé‘fpé‘tég Sstrontium
atoms 30), silicOeeadpssrirdheaeinirdhe intatfacs 34 mhecaieatise esingleataanisifaygon Reyter 26
comprises Gtrontutisisaioapplatiotsage adbic feanhirdiesfat L0s8REMEn Ky 88 X @ast3daland
titanium 20 ato [ Vj the injer. long view line AA of FIG. 13,
shows the arrar%gﬂ%rﬁ t éegs?ﬁ&c‘)f%ﬁlﬁr#gﬁ??g é%asni§ %ﬁ%%%ﬁg%r{%g& 329%%?1’”’“‘“‘1’ anA:

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 elements.
15




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. 25 For this discussion, a monolayer equals 6.8x1014 atoms/cm2 and
an atomic layer is one atom thick. It is seen that the interface 14 shown in the Fi&sJenengf8és 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 manyatomic layers. Note that in FIG. 13, only four
atomic layers of the Si substrate 10 and only two a@%lﬁ@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 ¢f5ili¢oBa@5 3smonolayer 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 35 metal atoms in the
<110> diretion! Each Ailiethedmhifaxicating wpemjemdiatonstrictttecSinpuishinthelResskanded to a

nitrogen atom 34 in theisigdiage sftieh KBeh2liRNin: 6 $HAE2004 6 atom 32 in the interface 14 is

bonded to two nitroger}atoms 344_'1{11 thul?l e 14, The three-fold.bonging coordination of the

e interf
nitrogen atoms at the in({%cge?f 1S 34 %‘fleegﬁﬁletﬁ} TRETRSE A RS REF GO TRILHDE A8 e total
energy of the irdiemRiClagEPf silispmanitfeesncara meistatsiig nittegentanthory g4 amba sestalywsdof

strontium, silicon, and foriiing enecée MardQaiits 3f inms barnfigrsninn ondd Gl aeface of the Si
substrateq 30, Ix in the <f1_10> direction and 2x in the <110> direction. The interface 14 has a 2xI|

reconstruction.rﬁ thod for fabricating. a thin, crystalline interface 14 with silicon 10 has been
described hereift. 8m?é[ﬁ§’c fabrcaing & sermcandueler steieturegbslaadewhemeimthsstor

applications ardntetfasecebmptisesatsiigheatoiiielagahof,sitichas titoglattocpgagupkingaétile overlying
oxide layers to the Si substrate 10 is not compromised, and
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.




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 elements. 15 16 June 2004 7 CLAIMS What is claimed is: 5 1eAtmeshpohaf
fabricating a semiconductor structure comprising the steps of. providing a silicon substrate having a

surface; forminQ)ongf%? su fa%eﬁ% he silicon substrate &n interface comprising a single atomic layer of
silicon, nitrogenor 19531[’8 P 31188 @ SRandyRtonshIrepiclaml nyhsrirothmore layers of a

single crystal m&esninganfrtérfaéatep ¢Ontprises foratingofifaieiaasing tagendempaveiiItscture of
claim 1 whereindfi,defe HReEa0RMANSEA BB AaTic{ayer of silicon, nitrogen, oxygen, 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
semiconduétor dPucturEhsfrapthadiof fabrisating afesmicentvstiot stfacrstop dhiidestersining a 2x1

reconstruction. Brmingenrirtrpdeoitalinapnses s sictor structure of claim 1 wherein the

forming the interface sigp includgs formi urfac Wltf! a 2x1 reconstruction. 6. The method of
fabricating a semicondyctor ructure{or% %%ﬁ%%y\?vrh(g;g?na ﬁ%ﬁ?&ﬁq, A hiterface step includes

forming the interface ifPiNg & hshofsmanelarsrptailicon; amd method of fabricating a
semiconductor structufemicigimmiondieyerrofhdtrépening an interface step includes forming the
interface ga chemical vapor deposition system.

11. The method of fabricating a semiconductor structure of claim 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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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. 16 June 2004 8 9. The
method of fabricating a semiconductor structure of claim 1 wherein the forminglandiaterfageistep
comprises forming a single atomic layer comprises silicon, nitrogen, oxygen, and an
alkaline-earth-megal. 5 10. The method of fabricating a $emiconductor structure of claim 1 wherein
forming an interfdte stépEIHpHiSt fabricatngasemisrnducionatrusturarompaisingtharsteps of:
alkaline-earth-metal; fonovidjreg haiflzoa subswity havihgikcmirfaesd forming a monolayer of nitrogen. 10

11. The method of fabrfg%m%q,ﬁggﬁgﬁ%%ggyg]w&cgﬁ@m}amﬁ 0 the farming a{%ii{éterface
step comprises E)he tes%r(%f forrgltillg Qiée or m\?re monolayers of'a” mixture of oxygen andhi rogen. 15
12. The method of fabrica mego B SLSH & ucture of claim 1 wherein the single crystal material

comprises 8xides, nitrideViging amalkaiot saidesmtal oittiesilitsn Hitedectiiasbnbidbecating a
semiconductor stixtiéDbgidéand WheatR e single crystal material comprises one or more layers of
oxides, nitrides, or a mﬁgmg Q axides and nitrides. 14. The method_of fabricating a semijconductor
structure of claim 1 wherein ﬁ?g%sfﬁcgﬁé o&y‘é‘fg?rrﬁa ec??‘érfctgrrt]lé)%gg WIEATRGS. SOMRIRINER SIBEs. 25 15,
The method of BOFES1AYeE abiRsras b swsFase of ihesicanisnbstiaterein the single crystal material

comprises perovskites. 16. The method of fabricating a semiconductor structure of claim 1 wherein the

10 19.  The method of fabricating a semiconductor structure of claim 18 wherein the
heating step includes forming the interface with a 2x1 reconstruction.

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




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. 35 165 B4 18. A
method of fabricating a semiconductor structure comprising the steps of: providing a silicon substrate
having a surface; forming one of silicon nitride, silicon axide, or a mixture of oxide and nitride on the
surface of the siﬁéo@ﬁ&%@, of fabriratinemssmignsectomnstmstare oftbkisilit8rwhitrida thélicon oxide,

or a mixture of bridmgstipitidedanthening inteHR0Y HANHICANIRIH Gl fosmoraiigLface

comprising a single, ,%'ﬁlgéi?,faﬁaigﬁgn% e surface af the silicon substrate. 10 19. The method of
fabricating a semico%ctor Structure of ¢ allmel w (rer#é]tlaﬁf'the heating step includes forming the

interface with a 2x1 reconstruction. 20. The method of fabricating a semiconductor structure of claim
18 wherein&he 2feps dfhsrovitling of fabkiitingastntivetahwitsk beatingebe Gaimq@NEHetsmstructure are

15 accomplisherldata SRR ERISHkcRie WIS, WSIRILAL dRbYigptig @ semiconductor
structure of claim 18 Wlf'c%%}ﬂ tﬁ%ﬁ}eﬁs of§rolviding)%réa %—eart -meta and heating the
semiconductor structure are ‘accomp IShBETR AVER 5 '%B%%’system. 20 22. The method
of fabricating a semicofRiring ahalfiofa sranalayarsfsiticem tnd steps of providing an

alkaline-earth-metal antiheagngribacieniconsitdgestructure are accomplished in a physical vapor
deposition gystem. 25 :

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.




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 strygtusg af %’d

wherein heating step includes forming an interface step comprises the steps of: forming a hal of a
monolayer of an alkaline-earth-metal; forming a half ofta monolayer of silicon; and forming a
monolayer of n|t1289en ‘ﬁd‘”ﬁb%@ﬂﬁ@!ﬁéﬂl& ?a%ﬂi@mnéw@ﬁmmgmnpnmumthem‘tqlmmf 18 wherein
heating step includes fpmﬂitﬁrgdmﬁcf&cmsmﬁqmﬁﬂg%sm@d&eps of. forming a half of a monolayer

of an alkaline-earth- m;%?&vltﬂﬂg'é}gﬁﬂaﬂ}g EM%%%ertgf shggc ap 15{?5%%‘3?5}%% nolayer of
u

nitrogen and oxygen od of abrlcatlng a semlcon uctor struc erein

heating step includes Rfﬁ?ﬂ B sleen s itEass iR ferat aninistirc o rompgisinaacinglo gtomio 27.
The metho@ of fatieréacinydhsbnivufate ctbthstsilicoresobstiaiter 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 fabrigatin ctor structure of claim 27 wherein the 25 alkaline-earth-metal is
selected from thgeggr%%plg%lgﬁrl?rg%% %ﬁlﬁ%ni%”ﬁf{ o3 smetyreRf daimeAtdheosterelating a

semiconductor SERLIRE Sikis Bﬁ%’tﬁ@gﬁéﬁg Evrmranititegfacsititorimibdespeoidimg ex peeface;
providing an alkaline-earth-metal on the surface of the silicon substrate; and

10 31. 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
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 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.




providing silicon and nitrogen to form an interface comprising a single atomic 5 interface with the
surface of the silicon substrate. 30. The method of fabricating a semiconductor structure of claim 29
the step of providing silicon and nitrogen to form an interface also includes providintuoxyp@m lo 31.
The method of fabricating a semiconductor structure of claim 29 wherein the steps of providing an
alkaline-earth-mf al and providing silicon and nitrogenze accomplished in an ultra-high-vacuum
system. 32. The ethoglﬁ%he‘iﬂ%@%é%mtéﬁlsﬂnfémr%ruﬁmwzﬁlinhémmﬁnjtﬁ@teps of
providing an alkgfieradingtkilicetahuah diprtpenlinigpsticaprisasithi ke oare accomplished in a chemical
vapor deposition systemg'l' Qﬁgﬁhg%gh%&%glﬁgﬂ Qn gtoer tructure of claim 29 wherein
the steps of providing an alkalin %gﬁg%h-metal and providing silicon andn togen are 20 accomplished
in a physical vapor depgglﬁfd’rgﬁg I 3 gnamolaserpf sdicen; method of fabricating a
semiconduéor structurfoBRilginTEnelareeipf titrogeaviding silicon and nitrogen 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 5 formi f.nitrogen. 35. The method of fabricating a semiconductor
structure of claig§| Zg%vﬁllg%?ﬁ?éﬁ?oﬁ%ﬁ]bn 5 Pr?flel}fggéﬁé%@ﬁ UoHprEe: Bl  BheseiRiths one or more
monolayers of alOFTHRS aTHNtEEfaes StaRCAMBKes. the tep THformutigohe iaKoatinmal s edaductor
structure of claimmiX8uvehefieiry glea anibuidisgeailicon and nitrogen step comprises forming a single
atomic laygg of silicon, nitrogen, and an alkaline-earth-metal. 15 37. The method of fabricating a
semiconductor %tgu Ctur’?h%frﬁle%hngds c?f \%%%rgz{tr}r}g g 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



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 2xl 20 reconstruction. 39. The method of fabricating a semiconductor
structure of claim 30 wherein the providing silicon and nitrogen step comprises1 é'%‘f@p%ogﬁforming 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®¥ fabricating a semiconductor structure of claim
8 wherein the heatingEPHIREORENIRI CASTING AVGEMI CONBEGEORCEORIBDTURE THOD FOR

FABRICATING A SEMICONRUQTORBIRURVSREL HANA YCrRRFABE R TYY STTAEENE
INTERFACE WITH SILICON Abstract of the Disclosure A method for fabricating a semiconductor

structure comprises the steps of providing bg'{lric n %?esﬁ?stc |S_Igluogl) having a surface (12); forming on
the surface of the silicon substrate an inter acea(izﬁ comprisi 5 e:single atomic layer of silicon,

nitrogen, ahd a metal; and forming one or more layers of a single crystal oxide (26) on the interface.
The interface cmpribed fon fafoicititey e sehidtedociragaturidapistal i thepeonpidaiMgrl. where
Mis a metal. IngsGeomeke RPN IS 4 omprises an., atomic layer. of silicon, a metal, and
a mixture of nitrogen and qx g()l(riwj in then %r%ﬂﬁéﬁ[ﬁ@ﬁﬁ%ﬁ%gﬂ]ﬁhﬁ lérrgi: ¥§ %‘?n%\‘éf’&nd Xis
oferr]X<1. FIGSY} Sg@&f‘omdg gg%g 4)cqmpyising a single atomic layer of silicon, nitrogen, and a

metal; and forming one or more layers of a single crystal oxide (26) on the interface.
10  The interface comprises an atomic layer of silicon, nitrogen, and a metal in the form

MSIN,, where M is a metal. In a second embodiment, the interface comprises an
atomic layer of silicon, a metal, and a mixture of nitrogen and oxygen in the form
MSI[N,_,0,],, where M is a metal and X is 0<X<1.

FIG. 10 accompanies this abstract.






