WD 03/ 038873 PCT/ US02/ 32344 1 REMOVI NG AN AMORPHOUS OXI DE FROM A
MONOCRYSTALLI NE SURFACE Rel ated Applications 5 This application is a
cont i nuatworesjossspart of United States Patent Application p8arisat/3ises

09/ 502,023 filed on 10 February 2000, which application is incorporated
herein by reference. Field of the Invention 10 This invention relates
generally to a nethod for preparing a nonocrystalline surface for
deposition of a nonocrystalline oxide thereon, and nore particularly to a
met hod for renoving an anor phous oxi delfrom a m)nogé\)/stal | i ne Sﬁ}&face.
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nonoc al I i ne oxi*des on nonocrystalli'ne ubstrates have proven difficult
because ofertahMoe@ms502/6130filee dndddicbhong 2000, ddhidhaappticdtivatis ifcorpesateth t he
substrate surface in an oxygen atnosphere. This anorphous oxide | ayer
prevent s ISFYR bY&efPsense- gr owt h of monocrystal |i ne oxi des on nonocrystal | i ne
substrates. Because an ordered and stable substrate surface is needed to
facilitate the growth of high 25 quality nonocrystalline oxide |ayers, it
is desirable to renove the anor ghddof twildeentiager fromthe surface of the

substrate befqre depositi t he nocryst.alline i de ordi ngly,
a metifod of rehHY NG %%?W&ﬁ%ﬂﬁg? 8@#‘5’3‘/@” Prregégjf% ?rll?%}égérr\‘//%t? @ﬁ%i ne oY
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stabl e surface on a nonocrystalline substrate for subsequent growh of a
nonocr ystapthpgor removing an amorphous oxide from a monocrystalline surtace.

Background of the Invention

15 Single crystal oxides, such as perovskites, are attractive materials due to their
simple crystal structures and unique ferroelectric, dielectric, and optical properties. The
high quality epitaxial growth of single crystal oxides on monocrystalline substrates, such
as silicon, is desirable for numerous device applications, such as optical waveguides,
ferroelectrics, non-volatile high density memory devices, MOS devices and the like.

20 For many years, attempts to grow monocrystalline oxides on monocrystalline
substrates have proven difficult because of the easily-formed amorphous oxide layer that
forms on the substrate surface in an oxygen atmosphere. This amorphous oxide layer
prevents high quality growth of monocrystalline oxides on monocrystalline substrates.
Because an ordered and stable substrate surface is needed to facilitate the growth of high

25  quality monocrystalline oxide layers, it is desirable to remove the amorphous oxide layer
from the surface of the substrate before depositing the monocrystalline oxide layer.

Accordingly, a method of removing an amorphous oxide layer from a
monocrystalline substrate is needed. In addition, a method for forming an ordered and
stable surface on a monocrystalline substrate for subsequent growth of a monocrystalline

30  oxide layer is needed.



30 oxide layer is needed. WO 03/038873 PCT/US02/ 32344 2 Brief Description

of the Drawi ngs The present invention is illustrated by way of exanple and
not |i m twDioan388m t he acconpanying figures, in which |ik@CrafSer/zasees
indicate simlar elenments, and in which: FIG 1 illustrates, in cross
section, a sem conductor structure having a 5 nonocrystalline substrate and
a native anorphous oxide formed thereon, FIG 2 illustrates, in cross

section, a passivation material |ayer f%r med overlying the native
anor phous oxi de |l ayer of the_sem conductor structure of FIG 1; FIG 3
il lustrates, in cross secti oBricf Rescsighprehidladrawingsr ucture of FIG 2 | n
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portions of th crystalline substrate; FIG 5 illustrates, in cross
section, the si;llrgngﬂgﬁ@f{ (55> 18 CFQS8 SeRUQN.GF sepjiegndicipr stragtpre haydgdat i ve

amorphgusn%m%sdaﬁmrsuhﬁﬁat@wa TR\ stotzﬁierﬂaﬂﬁ aaé%‘@hl ine substrate
15 has been passivated by the passwatl on | ayer; % illustrates, in

cross section, HGe2 dbisiretendoctass sstionct passnvaiﬁorﬁmeerlﬁl laperfoimed averlying

nmonocrystal | i ne oxide has overl the no talline

subst r at ez%h Flaglé)r@}opfgéﬁlg?we?pf)%ﬁ?@gog ‘éCt I‘?é’iucg’lr‘leﬂgﬁciﬁrn the figures
are illustrat E(FIGOB i1RdstrRlek,Gh kcyos8 B6ktioh,ahé sémRbRdRe At Skrd \GAaSS 2k Whidaeen
drawn to scale. For exanple, the 20 di nensi ons of some of the el enents in

the fi guré@ldﬁﬁw%@r@ﬁég‘g@ea@éﬁe prap@whpuscoxide Byerer el ements to help to
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FIG. 5 111ustrates, in cross section, the semiconductor structure of FIG. 4 wherein
the native amorphous oxide layer has been removed and the monocrystalline substrate
15  has been passivated by the passivation layer; and
FIG. 6 illustrates, in cross section, the semiconductor structure of FIG. 5 wherein
a monocrystalline oxide has been grown overlying the monocrystalline substrate.
Skilled artisans will appreciate that elements in the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the
20  dimensions of some of the elements in the figures may be exaggerated relative to other

elements to help to improve understanding of embodiments of the present invention.

Detailed Description of the Drawings
A method for removing an amorphous oxide from the surface of a
25  monocrystalline substrate and producing an ordered surface on the substrate for
subsequent growth of a monocrystalline oxide is illustrated in FIGS. 1 - 6. FIG. 1
illustrates schematically, in cross section, a portion of a semiconductor structure 20 that
includes a monocrystalline substrate 22 having an amorphous oxide layer 24. In this
context, the term “monocrystalline” shall have the meaning commonly used within the
30  semiconductor industry. The term shall refer to materials that are a single crystal or that

are substantially a single crystal and shall include those materials having a relatively



illustrates schematically, in cross section, a portion of a sem conductor
structure 20 that includes a nonocrystalline substrate 22 having an

anor phouswoxB@sssiayer 24. In this context, the term "non®@Cmysbabisine”
shal | have the neaning conmmonly used within the 30 sem conductor industry.
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term"bare" is intended to enconpass such a native oxide layer. A thin
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| ayer 24 nust first be.renoved. to. expose th rystalline
y 1§ any oxides, contaminants, or other foreign materlaf gs }/s we 1 known, bare substrates

such as silicon may be highly reactive and may readily form native amorphous oxide
layer 24. The term “bare” is intended to encompass such a native oxide layer. A thin
oxide may also be intentionally grown on the semiconductor substrate, although such a
grown oxide is not essential to the process in accordance with the invention. In order to
20  epitaxially grow a monocrystalline oxide layer overlying the monocrystalline substrate,
the native amorphous oxide layer 24 must first be removed to expose the crystalline
structure of the underlying substrate.
The following process is preferably carried out by ultra high vacuum (UHV)
molecular beam epitaxy (MBE), although other epitaxial processes may also be used in
25 accordance with the present invention. In one exemplary embodiment of the invention,
monocrystalline substrate 22 is positioned with a processing chamber of an UHV MBE.
Monocrystalline substrate 22 may then be heated below the sublimation temperature of
the amorphous oxide layer 24, preferably to a temperature of about 500°C, although it
will be appreciated that heating monocrystalline substrate 22 at this point in the process
30 isnot essential to the present invention. Referring to FIG. 2, a passivation material layer

26 is deposited overlying the amorphous oxide layer 24 by MBE. The passivation



structure of the underlying substrate. The follow ng process is preferably
carried out by ultra high vacuum (UHV) nol ecul ar beam epitaxy (MBE),
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thickness of passivation material layer 26 does not reach a thickness that would prevent
or otherwise adversely affect removal of amorphous oxide layer 24. Preferably, about
one to five monolayers of passivation material layer 26, and more preferably about one
20  to 2 monolayers of passivation material layer 26, is deposited overlying the amorphous
oxide layer 24, although it will be appreciated that passivation material layer 26 may be
of any thickness suitable for facilitating the removal of amorphous oxide layer 24.
The substrate is then heated to a temperature in the range of from about 700°C to
about 900°C. FIG. 3 illustrates, in cross section, structure 20 upon being heated to about
25 700°C or higher. At this temperature, molecules from the amorphous oxide layer 24 are
liberated from the surface of monocrystalline substrate 22, forming voids 28 in
amorphous oxide layer 24. The passivation material layer 26 overlying amorphous oxide
layer 24 facilitates liberation of the amorphous oxide layer from the surface of the
monocrystalline substrate 22, thus increasing the rate of removal of the amorphous oxide
30  layer. The passivation material serves as a catalyst that promotes the ejection of

electrons from one or both of the passivation material and the amorphous oxide. This
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Following the removal of the amorphous oxide layer 24 from the surface of the
substrate, the substrate may be cooled to a temperature in the range of about 200-800°C,
preferably 350-450°C, and a monocrystalline oxide layer 42, as illustrated in FIG. 6, may
then be epitaxially grown overlying passivation material layer 26 to form structure 40.

20  Monocrystalline oxide layer 42 is preferably selected for its crystalline compatibility
with the underlying monocrystalline substrate 22. Materials that are suitable for
monocrystalline oxide 42 include metal oxides such as the alkaline earth metal titanates,
alkaline earth metal zirconates, alkaline earth metal hafnates, alkaline earth metal
tantalates, alkaline earth metal ruthenates, alkaline earth metal niobates, alkaline earth

25 metal vanadates, alkaline earth metal tin-based perovskites, lanthanum aluminate,
lanthanum scandium oxide, and gadolinium oxide. Most of these materials are
insulators, although strontium ruthenate, for example is a conductor. Generally, these
materials are metal oxides or metal nitrides, and more particularly, these metal oxide or
nitrides typically include at least two different metallic elements.

30 Structure 40 may also include an amorphous interface layer 44, which is

preferably an oxide formed by the oxidation of the surface of substrate 22 during or after



section, structure 30, which results fromthe above-descri bed process. At
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material |ayer 26 provides an ordered and 15 stable surface overlying
nonocrystal line substrate 22. Follow ng the renoval of the anorphous oxide
| ayer 24 fromthe surface of the substgate the substrate nay be cooled to
a tenperature in the range of about 200-800C, preferably 350-450C, and a

nonocrystal line oxjde |ayer 42, as strated in FIG 6, may then be
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- 5nm 5 The follow ng exanple illustrates a process, I'n accordance with
one enmbodifithetunderflyinpeilicaw ewlisirete, The prdécaby is patferablyepestonmedmducyBV st ruct ure

Sl 73 t R;IA’B]% ta{)llaje?r%tlljlg Gt eB h Ot?lgl‘ epitaxial processes may also be used in accordance with
the present invention. The silicon substrate is positioned within the processing chamber
- of an UHV MBE unit and heated to a temperature below the sublimation temperature of
silicon oxide, preferably about 500°C. Shutters in the MBE apparatus are then opened to
expose one or more strontium sources to produce a flux of strontium preferably in the
20  range of about 1 Angstrom/minute to about 10 Angstroms/minute and more preferably
about 4 Angstroms/minute. One to two monolayers of strontium is then deposited
overlying the native amorphous oxide layer. Alternatively, three to four monolayers of
strontium oxide may be deposited on the silicon substrate surface by exposing one or
more strontium sources in an atmosphere having an oxygen partial pressure in the range
25  of from about 1 x 10 torr to 1 x10™ torr.

The silicon substrate is then heated to a temperature of at least 720°C. The
strontium (or strontium oxide) serves as a catalyst that increases the rate of removal of
the silicon oxide from the surface of the silicon substrate. The strontium promotes the
ejection of electrons from one or both of the strontium layer and the silicon oxide layer.

30  This results in a dipole field between the strontium layer and the silicon oxide layer. The

dipole field weakens the Si-O bonds of the silicon oxide layer which causes the silicon
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strontium oxide is used to passivate the silicon substrate surface, the process may be
continued so that the strontium oxide reacts with the silicon substrate to form volatile
Si0, leaving a strontium-terminated silicon substrate. This strontium layer forms a
template for the subsequent growth of an ordered monocrystalline oxide layer.

20 Following the removal of the amorphous silicon oxide from the surface of the
silicon substrate, in accordance with one embodiment of the invention, the substrate is
cooled to a temperature in the range of about 200-800°C, preferably 350-450°C, and a
monocrystalline oxide layer of strontium titanate is grown on the template layer by
MBE. The MBE process is initiated by opening shutters in the MBE apparatus to expose

25  strontium, titanium and oxygen sources. The ratio of strontium and titanium is
approximately 1:1. The partial pressure of oxygen is initially set at a minimum value to
grow stoichiometric strontium titanate at a growth rate of about 0.1 — 0.8 nm per minute,
preferably about 0.3 — 0.5 nm per minute. After initiating growth of the strontium
titanate, the partial pressure of oxygen is increased above the initial minimum value.

30  The stoichiometry of the strontium titanate can be controlled during growth by

monitoring RHEED patterns and adjusting the fluxs. The overpressure of oxygen causes



deconposes into a volatile species that is |liberated fromthe
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silicon oxide is liberated fromthe silicon substrate surface, voids, such
as voids 28 illustrated in FIG 3, begin to formin the native anorphous
silicon oxide layer. Wthout stronti urr%(or stronti um oxi de) overlying the
silicon oxide |ayer, the voids would 10 continue to grow into the silicon
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oxygen Cagl%?slscal vapor deposition (PVD), chemical solution deposition (CSD), pulsed laser

deposition (PLD), or the like. Further, by a similar process, native amorphous oxides

may be removed from other monocrystalline substrates such as germanium, mixed

20  silicon and germanium, mixed silicon and carbon, mixed germanium and carbon, mixed
silicon, germanium and carbon, and the like. In addition, by a similar process other
monocrystalline oxide layers such as alkaline earth metal titanates, zirconates, hafnates,
tantalates, vanadates, ruthenates, and niobates, alkaline earth metal tin-based perovskites,
lanthanum aluminate, lanthanum scandium oxide, and gadolinium oxide, can also be

25  grown.

In the foregoing specification, the invention has been described with reference to
specific embodiments. However, one of ordinary skill in the art appreciates that various
modifications and changes can be made without departing from the scope of the present
invention as set forth in the claims below. Accordingly, the specification and figures are

30 toberegarded in an illustrative rather than a restrictive sense, and all such modifications

are intended to be included within the scope of present invention.



WO 03/038873 PCT/ US02/ 32344 8 the grow h of an anorphous silicon oxide
interface |ayer at the interface between the underlying substrate and the
stronti unvoioB@assatre | ayer. This step nay be applied either pcaarsonsp3as after
the growmh of the SrTiO3 |ayer. The growh of the silicon oxide interface

| ayer results fromthe diffusion of oxygen through the strontiumtitanate

| ayer to the 5 interface where the oxyggn reacts with silicon at the
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oxide layer conmprising strontiumtitanate by the process of nolecular beam
epi taxy. Tenpidesser anrthérseripidon Bewaf, rrehteanded kycayhemheakxclugpve
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as gejgranium m xed 20 silicon and germanium m xed silicon and carbon,

m xed germani um and carbon, mxed silicon, germanium and carbon, and the
like. In addition, by a simlar process other nonocrystalline oxide |ayers
such as al kaline earth netal titanates, zirconates, hafnates, tantalates,
vanadat es, ruthenates, and niobates, alkaline earth netal tin-based
perovskites, [|anthanum al um nate, |anthanum scandi um oxi de, and gadol i ni um
oxi de, can also be 25 grown. In the foregoing specification, the invention
has been described with reference to



speci fic enbodi nents. However, one of ordinary skill in the art appreciates
that various nodifications and changes can be nade w thout departing from
t he scopewofo3sss7present invention as set forth in the clrarmsobadsaw.
Accordingly, the specification and figures are 30 to be regarded in an
illustrative rather than a restrictive sense, and all such nodifications
are intended to be included within the:ﬁpope of present invention. WO

03/ 038873 PCT/ US02/ 32344 9 Benefits, other advantages, and solutions to
probl ens & been descri bed above wth regard to specific enbodi nents.
However, the B%ﬁ%fits, advant ages, solutions to problens, and any
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becone nore pr ] : Lt i red, or
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PCT/ US02/ guavdlatilp@peapgs thteps hiberated Arame sdid durddcer enovi ng an anor phous oxi de
froma surface of a nonocrystalline substrate, the nethod conprising: 5
depositing a passivation material overlying said anorphous oxi de; and
heating s2id sUhtasehdioftchamh 15,a&j}fér@ﬁ@eﬁ@ﬂ%&ﬂ%?%f@ﬁﬁfteg%@mﬁﬁlgi nto at
| east, one volatile species that is |iberated fromsaid surface. 2. The

met hot? of claim 1, wherein said heati ng is performed after said depositing.

10 3. The3 net hqﬂe %etffddadf@lalm l\f\%%%n{]sa%ghgatﬁ%% i:)g rimsed%leﬂi%grsaq‘g%eggsritiinngg sai d

deposi ting.

4. The method of claim 1, further comprising epitaxially growing a monocrystalline

oxide layer overlying said surface of said monocrystalline substrate.

15
5. The method of claim 4, further comprising forming an amorphous oxide interface
layer overlying said monocrystalline substrate and underlying said monocrystalline oxide
layer.

20 6. The method of claim 1, further comprising heating said monocrystalline substrate

to a temperature below the sublimation temperature of said amorphous oxide layer before

said depositing.

7. The method of claim 1, wherein said monocrystalline substrate comprises one of
25  silicon, germanium, a combination of silicon and germanium, a combination of silicon

and carbon, and a combination of silicon, germanium and carbon.

8. The method of claim 1, wherein said passivation material comprises at least one
of an alkali earth metal, an alkali earth metal oxide, an alkaline earth metal, and an

30  alkaline earth metal oxide.
9. The method of claim 8, wherein said passivation material comprises one of

strontium and strontium oxide.



4. The nmethod of claim 1, further conprising epitaxially growing a
nonocrystalline oxide |ayer overlying said surface of said nonocrystalline
subst r at ew0D5/038873The met hod of claim 4, further conprisi ngCirarsnt/saz4an

anor phous oxide interface |ayer overlying said nonocrystalline substrate
and underlying said nonocrystalline oxide |ayer. 20 6. The nmethod of claim
1, further conprising heating said m)nqﬁrystal | ine substrate to a
tenperature bel ow the sublimation tenperature of said anorphous oxide |ayer
before said depositing. 7. The nethod of claim1, wherein said

nonocrystal line substrate conprises one of 25 silicon, germanium a

conbi nat i of 78l : I . i k il car bon,
and a congp'nat iTgl'ﬁ dtl)?%s.q |ca(;ﬁlfaﬁ{’g%;{ré h%ﬂ%ﬂﬁ]ngn fc}gré%l!(i;%‘rbng-e C%#eﬂr%ggt]ﬁolgﬁgf claim
1, wher ei onsaf dkplasséavthtmaial tivatagas, alkaloengarthsesalatircbeasy, allbne edrthametal kal i

earth netal, an al i rth.netal oxide, an al kaline eart tal, and an
S0 alar 1 Aarnal ket onfth ety Phee st Ting SR mER Bitfnates, dlkH e pall

passi vat | aietdIMicHakd] alk MR daftR SncPd] &/ aRidatcst AIRMidLLRB Rkt A Obsb U PR B¥digRs, WO
03/ 038873 PCT/ US02/ 32344 11 10. The nethod of claim4, wherein said

nmonocr yst &nthanemoadivgénate tepthagem sgendivmgixidep aed gddodiniva pxide.ear t h net al
titanates, alkaline earth metal zirconates, al kaline earth metal haf nat es,
al kaline earth netal tantal ates, al kaline earth netal ruthenates, alkaline

earth 5 nmetal mMheledtlsd ofafidial 1, Mheedh bdld Medtalg soanaial Ratin@tKaldniiRrafet h

metal tin;based perovskites, |anthanum al um nate, |anthanum scandi um
oxi de, aniP adengernifrne e 700°C torkeun24036d of claim 1, wherein said
heat i conprises heating to a tenperature in the range of from about 700C

to about 900C. 10 12. The nethod of claim1, further conprising heating
sai d surfage sdhtmatthabofctlaim 1, further comprising heating said surface so that said

passivation material passivates said monocrystalline substrate and forms an ordered layer

thereon.

15 13. The method of claim 1, wherein said depositing is performed by the process of

ultra high vacuum molecular beam epitaxy.



passivation material passivates said nonocrystalline substrate and forns an
ordered | ayer thereon. 15 13. The nethod of claim1, wherein said

deposi ti rgoiog/opssrs or med by the process of ultra high vackomusot/zsw ar beam
epi taxy. WD 03/038873 PCT/ US02/ 32344 12 14. A nethod of fabricating a

sem conductor structure utilizing a nonocrystalline substrate having an
anor phous oxi de forned thereon, the neggod conprising: depositing a
passivation material overlying said subStrate and said anorphous oxide; 5

heat i ng siﬁ nocrystalline substrate so that said anorphous OXIde | ayer
deconposes™i nt & RethPg g5 fabgRatingsy sepyieendyplor steactyrg filizigg pimpenogrystrlintom sai d
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overlying sald nono rysta I ne substrate me renovi ng an
anor phous oxi ddefasgimga passivatiopghatbtialrered vilng tsaidtsebsttateeandrsatdneodorpbogsr | si ng:
depositing. passivation material overlying said nonocrystalline surface;
and heat:ﬂa ®sai d nonocrystal line substrate, wherein said paSS|vat|on

mat erisl pr Omh@a‘imtghﬁld%&%fﬁfhll@ﬁe RbSEAE 9§ fhat £é?di7h1%1ﬂh6é‘§6x19é‘ 15 the
passivation material and theé anorphous oxide, said ejection o electrons

pr oduci ngdcforrmog@ﬂ iptof atddadt dnstwodatiie spEictes et ¢4 Weratehfromtseid mbneogstallise
annrphouslﬂg{ @ qullltatlng the deconposition of the anorphous oxide into
vol atil e % get 654End resulting in the passivation of the nonocrystalline

substrate by t BepdRamPi aabhdefystElifY dxddle overlying said monocrystalline substrate.

10 15. A method of removing an amorphous oxide from a monocrystalline substrate, the
method comprising:
depositing a passivation material overlying said monocrystalline surface; and
heating said monocrystalline substrate,
wherein said passivation material promotes the ejection of electrons from at least one of
15  the passivation material and the amorphous oxide, said ejection of electrons producing a
dipole field between said passivation material and the amorphous oxide facilitating the
decomposition of the amorphous oxide into volatile species and resulting in the

passivation of the monocrystalline substrate by the passivation material.



