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: FOR FABRI CATI NG A SEM CONDUCTOR STRUCTURE | NCLUDI NG A METAL
OXI DE | NTERFACE W TH SI LI CON Field of
| nventi on 10 The present aﬁ\ps& poﬁ 6@ %é‘s 1i n general to a nethod
for fabricating a sem conductor structure including a crystalline netal
oxi de interface between a silicon sulpst i(BBeJfinggpet 2l oxi des, and nore

particularly to a

METHOD FOR FABRICATING A SEMICONDUCTOR STRUCTURE

.\a
INCLUDING A METAL OXIDE INTERFACE WITH SILICON

Field of Invention

10 The present invention relates in general to a method
for fabricating a semiconductor structure including a
crystalline metal oxide interface between a silicon
substrate and metal oxides, and more particularly to a
method for fabricating an interface including a seed

15 1layer and a high dielectric constant oxide.

Backaground of the Invention

20 An ordered and stable silicon (Si) surface is most
desirable for subsequent 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

25 next generation MOS 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.

Some reported growth of these oxides, such as BaO

30 and BaTiO3 on Si (100) were based on a BaSi2 (cubic)
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-nethod for fabricating an interface including a seed 15 |layer and a high

di el ectric constant oxide. Background of the

| nventi on 20 An ordered and stable silicon (Si) surface is nost
desirabl e for subsequent epitaxial growh of single .crystal thin filns
on silicon for nunerous device appliQations, e.g., ferroelectrics or

hi gh dielectric constant oxi des for non-vol atile high density nmenory
and 25 next generation MOS devices. It is pivotal to establish an

ordered trantembbateayper dgpagicisig seme afeurshpasinglayer of oBas@sfuent
growt h of S|n%le crystal oxides, e.g.,
using molecular beam 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.
5 McKee et al., Appl. Phys. Lett. 63(20), pp. 2818-2820 (15
November 1993); R. McKee et al., Mat. Res. Soc. Symp.
Proc., Vol. 21, pp. 131-135 (1991); U.S. Patent No.
5,225,031, dissued July 6, 1993, entitled “PROCESS FOR
DEPOSITING AN OXIDE EPITAXIALLY ONTO A SILICON SUBSTRATE
10 AND STRUCTURES PREPARED WITH THE PROCESS”; and U.S.
Patent No. 5,482,003, issued January 9, 1996, entitled
“PROCESS FOR DEPQOSITING EPITAXTIAL ALKALINE EARTH OXIDE
ONTO A SUBSTRATE AND STRUCTURES PREPARED WITH THE
PROCESS”. A strontium silicide (SrSi,) interface model
15 with a c(4x2) structure was proposed. See for example: R.
McKee et al., Phys. Rev. Lett. 81(14), 3014 (5 Octocber,
1998) . However, atomic level simulation of this proposed

structure indicates that it 1likely is not stable at

elevated temperatures.
20 Growth of SrTiO; on silicon (100) using an SrO buffer

layer has been accomplished. See for example: T. Tambo et
al., Jdpn. J. Appl. Phys., Vol. 37 (1998), pp. 4454-4459.
However, the Sr0O buffer layer was thick (100 A), thereby
limiting application for transistor films, and

25 crystallinity was not maintained throughout the growth.
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-per ovski t es.

Some reported grow h of these oxides, such as BaO 30

and BaTi@B on Si (100) were based on a BaSi 2 (cubic)

tenpl ate by depositing one fourth nonol ayer of (100) wusing nol ecul ar
beam epi taxy at tenperatures greater than 850[err]C See for exanple:
R MKee et al., Appl . Phys. Lett. 58(7), pp. 782-784 (12 August 1991);
R 5 MKee et al., Appl. Phys. Lett. 63(20), pp. 2818-2820 (15
Novenber 1993); R MKee et al., Mat. Res. Soc. Synp.
Furthermore, SrTiO3 has been grown on silicon using
thick oxide layers (60-120 A) of SrO0O or TiO,. See for
example: B. K. Moon et al., Jpn. J. Appl. Phys., Vol. 33
(1994), pp. 1472-1477. These thick buffer layers would
5 1limit the application for transistors.
Therefore, a method for fabricating a thin, stable
crystalline silicate interface with silicon is needed.
10 Summary of the Invention
The above problems and others are at least partially
solved and the above purposes and others are realized in
a method of fabricating a semiconductor structure
15 including the steps of providing a silicon substrate
having a surface, forming on the surface of the silicon
substrate a seed layer comprising a silicate crystalline
material and forming one or more layers of a high
dielectric constant oxide on the seed layer.
20
Brief Description of the Drawings
Referring to the drawings:
25

FIG. 1 illustrates a cross-sectional view of a clean

semiconductor substrate having a plurality of oxide
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Proc., Vol. 21, pp. 131-135 (1991); U. S. Patent No. 5, 225, 031, issued
July 6, 1993, entitled "PROCESS FOR DEPOSI TI NG AN OXI DE EPI TAXI ALLY
ONTO A SI LI CON SUBSTRATE 10 AND STRUCTURES PREPARED W TH THE PROCESS"; and
U. S. Pat ent No. 5,482,003, issued January 9, 1996, entitled

"PROCESS FOR DEPGCSI TI NG EPI TAXI AL ALKALI jE EARTH OXI DE ONTO A SUBSTRATE
AND STRUCTURES PREPARED W TH THE PROCESS"'. A strontiumsilicide

(SrSif[err]) interface nodel 15 with a c(4x2) structure was proposed. See
for exanpl e: 1&ers fbriked athexleon RNG.imRegccordancelwis]h, tIG LYT ™t ober
1998). However, atomc level sinulation of this proposed structure
i ndi cat es t hahventhiokely is not stable at el evated tenperatures. 20
Gowh of SrTi3 on silicon (100) using an SrO buffer
FIG. 2 illustrates a cross-sectional view of a
semiconductor substrate having an interface seed layer
5 formed of a crystalline silicate layer in accordance with
the present invention; and
FIG. 3 illustrates a cross-sectional view of a high
dielectric constant metal oxide 1layer formed on the

structure illustrated in FIG. 2 in accordance with the

10 present invention.

Detailed Description of the Preferred Embodiment

15 This disclosure teaches a method of fabricating a
high dielectric constant (high-k) metal oxide having an
interface with a silicon substrate. The process is based
on the solid state reaction of a metal oxide, such as

strontium oxide (Sr0Q), barium oxide (BaO), calcium oxide

20 (Ca0), zirconium oxide (ZrOz), hafnium oxide (Hfoz), or

the like, with Sioz, to form a stable silicate seed layer

necessary for the subsequent growth of alkaline-earth

metal oxide layers. Accordingly, disclosed is a new

method of growing perovskite oxides such as SrTi03,

25 BaTiO3, SrBaTiO3, CaTi03, or the like.

eet Has Been Replaced

TN

REPLACED




| ayer has been acconplished. See for exanple: T. Tanbo et al ., Jpn. J.

Appl . Phys., Vol. 37 (1998), pp. 4454-4459. However, the SrO buffer

| ayer was thick (100 A), thereby limting application for

transi stor filnms, and 25 crystallinity was not maintained throughout
the_ gr owt h. 5 3 Furt her nor e,
SrTiderr] has been grown on silicon using thi ck oxi de | ayers (60 120

A of SrOor TiJerr]. See for exanple: B. K Mon et al., Jpn. J.
Appl . Phys., Vol .T83form the novel interface between a silicon (Sl)

substrate and one or more layers of a high dielectric
constant (high-k) metal oxide, various approaches may be

used. Several examples will be provided for starting

5 with a Si substrate having silicon dioxide (Si0O,) on the

surface. The silicon dioxide is disclosed as formed as a

native oxide, or by wutilizing thermal, or chemical

techniques. Sio is amorphous rather than single

2

crystalline and it is desirable for purposes of growing

10 additional single crystal material on the substrate that

a single crystal oxide layer be provided as the
interface.

Turning now to the drawings in which like elements

are designated with 1like numbers throughout the FIGs.,

15 FIG. 1 illustrates a Si substrate 10 having a surface 12,

and a layer 14 of SiO, thereupon. In this particular

embodiment, layer 14 of 8SiO, naturally exists (native

oxide) once the silicon substrate 10 is exposed to air

(oxygen). Alternatively, layer 14 of SiO2 may be formed

20 purposely in a controlled fashion well known in the art,
e.g., thermally by applying oxygen onto the surface 12 at
a high temperature, or chemically wusing a standard
chemical etch process. Layer 14 is formed with a
thickness in a range of 5-100A thick, and more

25 particularly with a thickness in a range of 10-25A.
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(1994), pp. 1472-1477. These thick buffer layers would 5 limt the

application for transistors. Therefore, a nmethod for fabricating a
thin, stable crystalline silicate interface with silicon is needed.

10 Summary of the Invention The above probl ens
and others are at least partially sokved and the above purposes and
others are realized in a nmethod of fabricating a sem conductor

structure 15 including the steps of providing a silicon substrate
having a surface, Ther norgloseete layefraddistusisedsipriesemtly) sishstarmed a
seed | ayer conprising a silicate crystalline

by depositing an amorphous metal oxide such as SrO, BaO

or the like 18 to the surface 16 of SiO, layer 14 at 0-
900°C . More specifically, the Si substrate 10 and the

5 amorphous SiO, layer 14 are heated to a temperature below

the sublimation temperature of the SiO layer 14

2
(generally below 900°C). This can be accomplished in a

molecular beam epitaxy chamber or in a chemical or
physical vapor deposition chamber under inert ambient

10 conditions.

Once the substrate 10 is properly heated and the

surface 12 of the substrate 10 having SiO, layer 14

thereon is exposed to a beam of metal 18, such as
strontium (Sr), barium (Ba), calcium (Ca), zirconium

15 (2Zr), hafnium (Hf), or the like in an oxygen atmosphere

under O, pressure equal to or less than 1x10™" mBar to

form an amorphous oxide onto the $Si0, oxide 14 as

illustrated in FIG. 1. In a preferred embodiment, the
beam is Ba or Sr which is generated by resistively

20 heating effusion cells or from e-beam evaporation
sources. In a specific example, substrate 10 and SiO,
layer 14 are exposed to a beam of Sr and Oxygen O,. The
SrO joins the SiO, and converts Fhe Sio, layer 14 into a
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material and formng one or nore layers of a high dielectric

constant oxide on the seed |layer. 20 Brief Description
of the Draw ngs Referring to the draw ngs: 25 FIG 1
illustrates a cross-sectional view of a clean sem conduct or substrate
having a plurality of oxide 7 layers formed thereon and in

accordance with the present

seed layer 20 comprised of SrSiO4 or SrSiO3, or the 1like,

in a crystalline form as illustrated in FIG. 2.
This step provides for the formation of a stable
silicate on the silicon substrate, more particularly the

S formation of seed layer 20. The thickness of metal oxide

layer 20 is approximately the same thickness of the Sio,

oxide layer 14, more specifically in the range of 5-100A,
with a preferred thickness in the range of 10-25A. This
silicate layer is crystalline and ordered showing a 2x1

10 reconstruction.
In this particular embodiment, the application of
the Sr and oxygen to the surface 16 of layver 14 and

subsequent heating causes a chemical reaction, forming

SrSiO3 or SrSiO4, or the 1like as the seed layer 20.

15 During fabrication, this growth is monitored wusing
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. The RHEED techniques are

20 used to detect or sense surface crystalline structures
and in the present process change rapidly to strong and

sharp streaks by the forming of a few atomic layers of

the SrSiO4, SrSiO3, or the like. It will of course be

understood that once a specific manufacturing process is

25 provided and followed, it may not be necessary to perform
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I nventi on; FIG 2 illustrates a cross-sectional view of a

sem conductor substrate having an interface seed layer 5 formed of a
crystalline silicate |layer in accordance with the present invention;
and FIG 3 illustrates a cross-sectional view of a high

di el ectric constant netal oxide |ayer fogned on the structure
illustrated in FIG 2 in accordance with the 10 present invention.
Det ai | ed Description of the Preferred Enbodi nent 15 Thi s di scl osure

t eaches a nethedREEEPalrdddutiiquesa on every substrate. Alternatively,

10

15

20

25

monitoring of the crystalline structure can be
accomplished utilizing any surface sensitive technique,
such as reflection difference spectroscopy, spectroscopic
ellipsometry, or the 1like wherein the surface is
monitored by in situ techniques.

It should be understood by those skilled in the art
that the temperatures and pressures given for these
bProcesses are recommended for the particular embodiment
described, but the invention is not limited to a
particular temperature or pressure range. As taught, seed
layer 20 comprises rows of strontium, silicon, and oxygen
atoms 1in a 2x1 configuration on a (001) surface of
silicon substrate 10, 1x in the <110> direction and 2x in
the orthogonal <110> direction.

Referring to FIG. 3, the formation of high
dielectric constant oxide layer 22 may be accomplished by
either the simultaneous or alternating supply to a

surface 21 of the seed layer 20 of a crystalline silicate

at less than or equal to 800°C, more particularly at a

temperature in a range of 350-650°C and under O, partial

-4
pressure less than or equal to 1x10 mBar.

Single crystal high dielectric constant oxide layer
22, more particularly a perovskite, is formed on surface
21 of the seed layer 20 by either the simultaneous or

alternating supply of alkaline metal (Sr, Ba etc),
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hi gh dielectric constant (high-k) nmetal oxide having an interface with
a silicon substrate. The process is based on the solid state reaction
of a nmetal oxide, such as strontium oxide (SrO, barium oxide (BaO,
calciumoxide 20 (CaO, zirconiumoxide (Zrderr]), hafnium oxide

(Hf O2), or the like, with SiJerr],gto forma stable silicate seed

| ayer necessary for the subsequent grow h of alkaline-earth net al
oxi de | ayers. Accordingly, disclosed is a new nmet hod of grow ng

perovskite oykggensushdas SranSition2metBaTi uetr ps SriBanigmer @t less
CaTiJerr], or the like.

than or equal to 800°C under an oxygen partial pressure

-4
less than or equal to 1x10 mBar. This single crystal

oxide layer 22 may, for example, comprise a thickngss of
5 50-1000A and will be substantially lattice matched with
the underlying seed layer 20.

Accordingly, disclosed is a method for fabricating a
thin, crystalline seed layer 20 with silicon 10 as been
described herein. The interface, or seed layer, 20 may

10 comprise a single atomic layer. This forcing of the
formation of a silicate layer is necessary for the
subsequent growth of a perovskite film thereon. Better
transistor applications are achieved by the interface
being thin, in that the electrical coupling effects of

15 the overlying high dielectric constant oxide layers are
not compromised, and in that the seed layer 20 is more
stable since the atoms will more likely maintain their

crystallinity in processing.
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5 To formthe novel interface between a silicon (Si) substrate
and one or nore layers of a high dielectric constant (high-k) netal

oxi de, various approaches my be used. Several exanples will be
provided for starting 5 with a Si substrate having silicon dioxide

(Sigerr]) on the surface. The silicgn dioxide is di as forned
as a native oxide, or by wutilizing th ““ B iﬁ cal
t echni ques. Sigerr] 1is anorphous rather *

crystalline dhatiisi sldemedabbse for purposes of gromnhg 10 additional
single crystal material on the substrate that a single crystal oxide
| ayer be provi dedAasndtteod ofi nfahbfbceting a semiconductor structure

comprising the steps of:

providing a silicon substrate having a surface;

5 forming on the surface of the silicon substrate a
seed layer comprising a silicate crystalline material;
and

forming one or more layers of a high dielectric

constant oxide on the seed layer.

10
2. The method of fabricating a semiconductor
structure of claim 1 wherein the forming the seed layer
step includes forming a 2x1 reconstruction.
15 3. The method of fabricating a semiconductor

structure of claim 1 wherein the step of forming a seed

layer includes forming the seed layer in UHV environment.

4, The method of fabricating a semiconductor
20 structure of claim 1 wherein the step of forming a seed

layer includes forming the seed layer in a chemical wvapor

deposition system.

5. The method of fabricating a semiconductor

25 structure of claim 1 wherein the step of forming a seed
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Turning now to the drawings in which |ike elenents

are designated with

| i ke nunbers throughout the FIG., 15 FIG 1l illustrates a Si substrate

10 having a surface 12, and a layer 14 of SiJerr] there In this
parti cul ar enbodi ment, layer 14 of Si( err] mst S
(native oxi de) once the silicon substyrate 12&\‘ air

(oxygen). Alternatively, layer 14 of SiJerr] or d 20 purposely
in a controlled fashion well known in the art, e.g., thermally by

appl yi ng oxyyeveontinehelesur feceing ain a phhEghatenpaprear udepamition
chem cally using a standard chem cal etch process. Layer 14 is
formed wthsyatem. thickness in a range of 5-100[err] thick, and

nore

25 particularly with a thickness in a range of 10-25[err].

10

15

20

25

6. The method of fabricating a semiconductor
structure of claim 1 wherein the step of forming a seed
laver comprises forming at least a single monolayer of

silicon, oxygen, and a metal.

7. The method of fabricating a semiconductor
structure of claim 6 wherein the metal is selected from
the group of strontium, barium, calcium, zirconium, and

hafnium.

8. The method of fabricating a semiconductor
structure of claim 1 wherein the step of forming a seed
layer further comprises the steps of:

forming a silicon oxide layer having a surface;

depositing a metal oxide on the surface of the
silicon oxide layer; and

heating the silicon oxide layer and the metal oxide

to form a silicate crystalline material seed layer.

9. A method of fabricating a semiconductor
structure comprising the steps of:
providing a silicon substrate having a surface;

forming amorphous silicon dioxide on the surface of

the silicon substrate; T -
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The novel

seed | ayer (discussed presently) is forned by depositing an

anor phous netal oxide such as SrO BaO or the like 18 to the surface 16

of SiA2 |ayer 14 at O- 900[ err] C. Mor e speC| ‘\ S
substrate 10 and the 5 anorphous Sierr] Iayer m
t enper ature bel ow the sublimation ugenperatu Lt

| ayer 14

10

15

20

25

sSlCIerr]

(general l'y bel ow 900[err]C). This can be acconplished in a
nol ecul ar beam epi taxy chanber or in a chem cal or

providing a metal oxide on the amorphous silicon
dioxide; and

heating the semiconductor structure to form an
interface comprising a seed layer adjacent the surface of

the silicon substrate.

10. The method of fabricating a semiconductor
structure of claim 9 wherein the heating step includes

forming the interface with a 2x1 reconstruction.

11. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing a
metal oxide and heating the semiconductor structure are

accomplished in an ultra-high-vacuum system.

12. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing a
metal oxide and heating the semiconductor structure are

accomplished in a chemical vapor deposition system.

13. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing metal
oxide and heating the semiconductor structure are

accomplished in a physical vapor deposition system.

14. The method of fabricating a semiconductor

structure of claim 9 wherein the heating step includes
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physi cal vapor deposition chanber under inert anbient 10 conditions.
Once the substrate 10 is properly heated and the surface \§\’\\ of the

substrate 10 having SiQ2 |ayer 14 thereon is ﬁ‘x& beam of
nmetal 18, such as strontium (Sr), barium (Baé}m& \ * zirconi um
15 (Zr), hafnium (H ), or the like in anjpxygen ere under (err]

pressure equal to or less than 1x10[err] nBar to * form an anorphous
oxide onto the SiO2 oxide 14 as illustrated in FIG 1. In a
preferred ernbodmimgt ant hinterfdsaminslBding & sdedhlagegendr aderhdon,
resistively 20 heating effusion cells or from e-beam evaporation
sources. | noxrYgpBei &nd axmapbé, substrate 10 and Sigerr] | ayer 14
are exposed to a beamof Sr and Oxygen (Jerr]. The
15. The method of fabricating a semiconductor
5 structure of claim 14 wherein the metal oxide is selected

from the group of barium, strontium, calcium, zirconium,

and hafnium.

16. The method of fabricating a semiconductor
10 structure of claim 9 wherein the heating step to form the
seed layer comprises the steps of:
forming a silicon oxide layer having a surface;
depositing a metal oxide on the surface of the
silicon oxide layer; and
15 heating the silicon oxide layer and the metal oxide

to form a silicate crystalline material seed layer.

17. A method of fabricating a semiconductor

structure comprising the steps of:
20 providing a silicon substrate having a surface;
forming amorphous silicon dioxide on the surface of
the silicon substrate;
providing a metal oxide on the amorphous silicon
dioxide;
25 heating the semiconductor structure to form an

interface comprising a seed layer adjacent the surface of

the silicon substrate; and
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SrOjoins the Si2 and converts the SiQ2 layer 14 into a

7 seed | ayer 20 conprised of SrSi(Jerr] or SrSiJerr], or the like,
in a crystalline formas illustrated in FIG 2. This step provides

for the formation of a stable silicate on the si|ip e, nore
particularly the 5 formation of seed lgyer 20. Thu"["w,,ﬂ!gawﬂyﬂf al
oxi de | ayer 20 is approximtely the sanme thickness o 27
oxi de layer 14, nore specifically in the range of 5-100[err],

forming one or more layers of a high dielectric

constant oxide on the seed layer.

18. The method of fabricating a semiconductor
5 sgtructure of claim 17 wherein the step of forming the
seed layer includes forming an interface having a 2xl

reconstruction.

19. The method of fabricating a semiconductor
10 structure of claim 17 wherein the step of providing a
metal oxide is accomplished in an ultra-high-vacuum

system.

20. The method of fabricating a semiconductor
15 structure of claim 17 wherein the step of providing a
metal oxide is accomplished in a chemical wvapor

deposition system.

21. The method of fabricating a semiconductor
20 structure of claim 17 wherein the step of providing a
metal oxide is accomplished in a physical vapor

deposition system.

22. The method of fabricating a semiconductor
25 structure of claim 17 wherein the metal oxide on the

amorphous silicon dioxide is selected from the group of
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with a preferred thickness in the range of 10-25[ ey licate
| ayer is crystalline and ordered show ng a 2x1 10”“"%“‘ lﬂ "III)“}“I'
In this particular enbodi nent, the application of eLSrward oxygen t
the surface 16 of |ayer 14 and subsequent heating causes a chem cal
reaction, formng SrSigerr] or Sr§gfxjerr], or the like as the
seed layer 20. 15 During fabrication, this growh is nonitored using
reflection high energy electron diffraction (RHEED) t echni ques
whi ch are webérttesumerided istrértiwm arddehi ctplciumapxbdeysd HIPrsiumy,

i.e., while perfornlng the exposin step wthin the gromh chanber. The
RHEED t echni guééear and2afséymt oxédeect or sense surface crystalline

structures and in the present process change rapidly to strong and
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shérp streaks by the formng of a few atom c |ayers of the SrSiderr],

SrSidJerr], or the like. It will of course be under st ood that once a
speci fic manufacturing process is 25 provided and followed, it nmay not be
necessary to perform 8 t he RHEED
t echni ques on every substrate. Al t er natg vel y, nmoni toring of t he
crystalline structure can be acconplished utilizing any surface
sensitive technique, such as reflection difference spectroscopy,

spectroscopi ¢ 5 METHOESBORIFABRICATING ASSEMIGONDUCTORSTRUETUREr f ace i s

INCLUDING A METAL OXIDE INTERFACE WITH SILICON

5 Abstract of the Disclosure

A method for fabricating a semiconductor structure
including the steps of providing a silicon substrate (10)

10 having a surface (12); forming amorphous silicon dioxide
(14) on the surface (12) of the silicon substrate (10);
providing a metal oxide (18) on the amorphous silicon
dioxide (14); heating the semiconductor structure to form

an interface comprising a seed layer (20) adjacent the

15 surface (12) of the silicon substrate (10); and forming
one or more layers of a high dielectric constant oxide

(22) on the seed layer (20).

FIG. 1 to accompany abstract.
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d!hubored by in situ techni ques. It should be understood by those
skilled in the art that the tenperatures and pressures given for these
processes are reconmended for the particul ar enbodi nent 10. descri bed,

but the invention is not Ilimted to a particul ar tenperature or
pressure range. As taught, seed | ayer 20 conprises rows of strontium
silicon, and oxygen atons in a 2x1 cdﬂfiguration on a (001) surface of
silicon substrate 10, 1x in the <110> direction and 2x in 15 the

ort hogonal <110> direction. Referring to FIG 3, the
formation of high di el ectric constant oxide |layer 22 may be
acconpl i shed by ifther the simultaneous or altgwmﬁgng supply to a
surface 21 of the sé&eq\l ayer 20 of a crystalline siflficate

2 T4

110

FIG. 1

21~
- 1~20 ,
110
FIG. 2
22
21\
1T~20
A-10
FIG. 3
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20 at less than or equal to 800[err]C, nore particularly at @y A
Fgﬁberature in a range of 350-650[err]C and under (err] pari ﬁgﬁﬂdﬁmﬂﬁNE?SHﬂﬁn
-4 pressure | ess than or equal to 1x10[err] nBar. {| iISingle '
crystal high dielectric constant oxide |ayer 22, nore pagt cdﬂ‘@rﬂ@;é%;n‘m
perovskite, is fornmed on surface 25 21 off the seed |ayer 20Qjby _either the
si mul t aneous or alternating supply of alkaline netal (Sr T
oxygen, and a transition netal, such as titanium at |ess
to 800[ err] C under MEFHORy §6R PABRIEGATHNEGs3uSBMICONDUCTOR STRUCTURE

| Spmevr——

INCLUDING A METAL OXIDE INTERFACE WITH SILICON

Field of Invention

10 The present invention relates in general to a method
for fabricating a semiconductor structure including a
crystalline metal oxide interface between a silicon
substrate and metal oxides, and more particularly to a
method for fabricating an interface including a seed

15 1layer and a high dielectric constant oxide.

Backaground of the Invention

20 An ordered and stable silicon (Si) surface is most
desirable for subsequent 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

25 next generation MOS 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.

Some reported growth of these oxides, such as BaO

30 and BaTiO3 on Si (100) were based on a BaSi2 (cubic)



-4 " less than or equal to 1x10[err] nBar . This single crj e
oxi de | ayer 22 may, for exanple, conprise a thickness of 5 5 g%@ﬁQHMENT SHEET
and will be substantially lattice natched with t he underl y§ npj seet ey
| ayer 20. Accordingly, disclosed is a nethod for fabrfic t1qgﬂuw ﬂMl
thin, crystalline seed layer 20 with silicgopn 10 as been dgsgri bed

herein. The interface, or seed layer, 20 may 10 conprise a S|ngle a

| ayer. This forcing of the formation of a silicate | ayd

necessary for template §ubs@qmeaitgm@mpheoﬁqmthwnnnolayérqutBarenn 1

Better transi stor applications are achieved by the interface bei ng

thin, in that @88)el adimcal mebephlag ebpamt s epiltaxy t et oveenyengtingh
di el ectric constant oxide |layers are
greater than 850°C. See for example: R. McKee et al.,

Appl. Phys. Lett. 59(7), pp. 782-784 (12 August 1991); R.
5 McKee et al., Appl. Phys. Lett. 63(20), pp. 2818-2820 (15
November 1993); R. McKee et al., Mat. Res. Soc. Symp.
Proc., Vol. 21, pp. 131-135 (1991); U.S. Patent No.
5,225,031, issued July 6, 1993, entitled “PROCESS FOR
DEPOSITING AN OXIDE EPITAXTALLY ONTO A SILICON SUBSTRATE
10 AND STRUCTURES PREPARED WITH THE PROCESS”; and 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”. A strontium silicide (SrSi,) interface model
15 with a c(4x2) structure was proposed. See for example: R.
McKee et al., Phys. Rev. Lett. 81(14), 3014 (5 October,
1998) . However, atomic level simulation of this proposed

structure indicates that it 1likely is not stable at

elevated temperatures.
20 Growth of SrTiO3 on silicon (100) using an SrO buffer

layer has been accomplished. See for example: T. Tambo et
al., Jpn. J. Appl. Phys., Vol. 37 (1998), pp. 4454-4459,
However, the SrO buffer layer was thick (100 A), thereby
limiting application for transistor films, and

25 crystallinity was not maintained throughout the growth.



not conprom sed, and in that the seed layer 20 is nore stabl e since the

atons will nore likely maintain their crystallinity in §r |

20 What is clained is: 1. A nethod éﬁ?ﬂiﬁtﬂ@VT SHEET

fabricating a  sem conductor structure conprising the§stfeps of:

providing a silicon substrate having a sur{ ace; 13 MOV 2001
.

Furthermore, SrTiO3 has been grown on silkicon—using

thick oxide layers (60-120 A) of SrO or TiO,. See for
example: B. K. Moon et al., Jpn. J. Appl. Phys., Vol. 33
(1994), pp. 1472-1477. These thick buffer layers would

5 1limit the application for transistors.
Therefore, a method for fabricating a thin, stable

crystalline silicate interface with silicon is needed.

10 Summary of the Invention

The above problems and others are at least partially

solved and the above purposes and others are realized in

a method of fabricating a semiconductor structure

15 including the steps of providing a silicon substrate
having a surface, forming on the surface of the silicon
substrate a seed layer comprising a silicate crystalline
material and forming one or more layers of a high

dielectric constant oxide on the seed layer.

20
Brief Description of the Drawings
Referring to the drawings:
25

FIG. 1 illustrates a cross-sectional view of a clean

semiconductor substrate having a plurality of oxide



5 formng on the surface of the silicon substrate a

conprising a single crystal silicate material, conpri si ng

formng on the silicon substrate a silicon oxi de | ayel ng a
surface; 10 depositing a netal oxide on the surfacejo h% KoY
silicon oxide |ayer; and hegting the silicon oxif d

t he net

silicon oxide |ayer and netal oxide into the single 15

al

oxi de thereby converting substantially all ,

silicate natelbpymkrsafdrmed therdor imit imeaocondarcéaydith mhaapmeqﬁmt

crystal

hi gh

10

15

20

25

di el ectric constant oxide on the seed | ayer.
invention;

FIG. 2 illustrates a cross-sectional view of a
semiconductor substrate having an interface seed layer
formed of a crystalline silicate layer in accordance with
the present invention; and

FIG. 3 illustrates a cross-sectional view of a high
dielectric constant metal oxide layer formed on the
structure illustrated in FIG. 2 in accordance with the

present invention.

Detailed Description of the Preferred Embodiment

This disclosure teaches a method of fabricating a
high dielectric constant (high-k) metal oxide having an
interface with a silicon substrate. The process is based
on the solid state reaction of a metal oxide, such as

strontium oxide (SrO), barium oxide (BaO), calcium oxide
(Ca0Q), =zirconium oxide (Zroz), hafnium oxide (Hfoz), or
the like, with Si02, to form a stable silicate seed layer

necessary for the subsequent growth of alkaline-earth

metal oxide layers. Accordingly, disclosed 1is a new

method of growing perovskite oxides such as SrTiO3,

BaTiO3, SrBaTiO3, CaTiO3, or the like.

ﬁ%@jﬁﬁfﬂ

Ve Ty,



2. The nethod of fabricating a sem conductor 20 structure of 'REPDAEEMFNT °HEE¥
wherein the formng the seed | ayer step includes formng aj2 S VnkER
reconstruction. 3. The nethod of fabricating a .

sem conduct or structure of claim1l wherein the step of fornin1é3§@éd2@m

25 layer includes formng the seed | ayer ign UHV environnent. e

4. The nmethod of fabricating a sem conductor structyre of claiml

wherein the step of formng a seed
To form the novel interface between a silicon (8i)

substrate and one or more layers of a high dielectric
constant (high-k) metal oxide, wvarious approaches may be

used. Several examples will be provided for starting

S5 with a Si substrate having silicon dioxide (81i0,) on the

surface. The silicon dioxide is disclosed as formed as a

native oxide, or by utilizing thermal, or chemical

techniques. SiO2 is amorphous rather than single

crystalline and it is desirable for purposes of growing

10 additional single crystal material on the substrate that

a single crystal oxide layer be provided as the
interface.

Turning now to the drawings in which like elements

are designated with like numbers throughout the FIGs.,

15 FIG. 1 illustrates a Si substrate 10 having a surface 12,

and a layer 14 of SiO2 thereupon. In this particular

embodiment, layer 14 of SiO2 naturally exists (native

oxide) once the silicon substrate 10 is exposed to air

(oxygen). Alternatively, layer 14 of SiO2 may be formed

20 purposely in a controlled fashion well known in the art,
e.g., thermally by applying oxygen onto the surface 12 at
a high temperature, or chemically wusing a standard
chemical etch process. Layer 14 is formed with a
thickness in a &range of 5-100A thick, and more

25 particularly with a thickness in a range of 10-25A.



| ayer includes formng the seed |layer in a chem cal vapor
system 5. The nethod of fabricating a sem conduct
structure of claiml wherein the step of formng a seed I
formng in a physical vapor deposition system 10
method of fabricating a sem conductor g structure of c
the step of formng a seed | ayer conprises formng at | ea

'Oﬁﬁﬁfﬁﬁbéﬂ;@m SHEET

ayer i ncl udes
6.1 3 Tih&Y 2631
hi .1 _wherein
5t a single

nonol ayer of silicon, oxygen, and a netal. 15 7

Jhe....method

of fabricating aTheemomidexdast layer (discussed presently)

by depositing an amorphous metal oxide such as

is formed

SrO, BaO

or the like 18 to the surface 16 of SiO2 layer 14 at 0-

900°Cc . More specifically, the Si substrate 1

0 and the

5 amorphous SiO2 layer 14 are heated to a temperature below

the sublimation temperature of the SiO2

(generally below 900°C). This can be accompli

layer 14

shed in a

molecular beam epitaxy chamber or in a chemical or

physical vapor deposition chamber under inert ambient

10 conditions.

Once the substrate 10 is properly heated and the

surface 12 of the substrate 10 having SiO2

thereon is exposed to a beam of metal 18,

strontium (Sr), barium (Ba), calcium (Ca),

layer 14
such as
zirconium

15 (Z2r), hafnium (Hf), or the like in an oxygen atmosphere

under O, pressure equal to or less than 1x10

‘ mBar to

form an amorphous oxide onto the SiO2 oxide 14 as

illustrated in FIG. 1. In a preferred embodiment, the

beam is Ba or Sr which is generated by resistively

20 heating effusion cells or from e-beam evaporation

sources. In a specific example, substrate 10

and SiO2

layer 14 are exposed to a beam of Sr and Oxygen O,. The

SrO joins the SiO, and converts the Sio, layer

14 into a



structure of claim6 wherein the netal is selected from t‘he—ﬂf*ouEp”e"f-wmm-w
strontium barium calcium zirconium and haf nium 20 | REPLACEMENT SHEE
met hod of fabricating a sem conduct or structure congrirsrnygtthe—-
steps of: providing a silicon substrate having a surfece1 3 NGV 2001

f ormi ng anor phous silicon dioxide on the surface of 25 the §iljficon ™
substrat e; providing a netal oxide on the anorphousysiTricon

di oxi de; and B

seed layer 20 comprised of SrSiO4 or SrSiO3, or the like,

in a crystalline form as illustrated in FIG. 2.
This step provides for the formation of a stable
silicate on the silicon substrate, more particularly the

5 formation of seed layer 20. The thickness of metal oxide

layer 20 is approximately the same thickness of the SiO2

oxide layer 14, more specifically in the range of 5-1004,
with a preferred thickness in the range of 10-25A. This
silicate layer is crystalline and ordered showing a 2x1

10 reconstruction.
In this particular embodiment, the application of
the Sr and oxygen to the surface 16 of layer 14 and

subsequent heating causes a chemical reaction, forming

SrSiO3 or SrSiO4, or the like as the seed layer 20.

15 During fabrication, this growth is monitored wusing
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. The RHEED techniques are

20 used to detect or sense surface crystalline structures
and in the present process change rapidly to strong and

sharp streaks by the forming of a few atomic layers of

the SrSiO4, SrSiO3, or the like. It will of course be

understood that once a specific manufacturing process 1is

25 provided and followed, it may not be necessary to perform



12 - heati ng the sem conductor structure to convert

REPLACEMENT SHEE
| e to T

substantially all of the anorphous silicon dioxide and met —
forman interface conprising a crystalline seed | ayer adjaden Hhﬁe TPRTEP
surface of the silicon substrate. 5 9. The nethod |of nOY 2001 |
fabricating a sem conductor structurg of claim9 wherein {t'h gt
step includes forming the interface with a 2x1 reconstructijon: 10

10. The method of fabricating a sem conductor struct fet-aim

9 wherei n t he t3icc[FHEED ptovhfiid@ed on ety substeraved healtagnatevely,
sem conductor structure are
monitoring of the crystalline structure can be
accomplished utilizing any surface sensitive technique,
such as reflection difference spectroscopy, spectroscopic
5 ellipsometry, or the 1like wherein the surface is
monitored by in situ techniques.

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

10 described, Dbut the invention is not 1limited to a
particular temperature or pressure range. As taught, seed
layer 20 comprises rows of strontium, silicon, and oxygen
atoms in a 2x1 configuration on a (001) surface of
silicon substrate 10, 1x in the <110> direction and 2x in

15 the orthogonal <110> direction.

Referring to FIG. 3, the formation of high
dielectric constant oxide layer 22 may be accomplished by

either the simultaneous or alternating supply to a

surface 21 of the seed layer 20 of a crystalline silicate

20 at less than or equal to 800°C, more particularly at a

temperature in a range of 350-650°C and under 0, partial

-4
pressure less than or equal to 1x10 mBar.

Single crystal high dielectric constant oxide layer
22, more particularly a perovskite, is formed on surface
25 21 of the seed layer 20 by either the simultaneous or

alternating supply of alkaline metal (Sr, Ba etc),



acconpl i shed in an ultra-high-vacuum syst em 15 11. §The mettiod—

of Pgbricating a seniconguctor structure of claim9 ,eBE?#ﬁQ&WﬁNT SHEET
steps of providing a nmetal oxide and heating the sem conqudror

structure are acconplished in a chem cal vapor deposition %s‘ empi z@q
12. The nethod of fabricating a semgonductor st rudt ure of claim

9 wherein the steps of providing netal oxide and heatinfg."the

sem conductor structure are acconpl i shed in a physical qvapor

deposi tion systengen, a2%l a trai@sitionTheetaist hackh ofs ¢atwnioat) g bess

sem conduct or structure of claim9 wherein the heating step includes

than or equal to 800°C under an oxygen partial pressure
-4
less than or equal to 1x10 mBar. This single crystal

oxide layer 22 may, for example, comprise a thickness of
5 50-1000A and will be substantially lattice matched with
the underlying seed layer 20.

Accordingly, disclosed is a method for fabricating a
thin, crystalline seed layer 20 with silicon 10 as been
described herein. The interface, or seed layer, 20 may

10 comprise a single atomic layer. This forcing of the
formation of a silicate layer is necessary for the
subsequent growth of a perovskite film thereon. Better
transistor applications are achieved by the interface
being thin, in that the electrical coupling effects of

15 the overlying high dielectric constant oxide layers are
not compromised, and in that the seed layer 20 is more
stable since the atoms will more likely maintain their

crystallinity in processing.

20



13 formng an interface including a seed |ayer of silicon, . ——oXygeir=="
and a netal . The nethod of fabricating h pgpiAGEIAERT SHEET

From tha gr oup ifsééﬂmﬂlﬁmllﬂitllﬂlmﬂ aY‘S.eLﬁ{ i rontum  |afd et arany |

s i

What is claimed is: b

1. A method of fabricating a semiconductor
structure comprising the steps of:

providing a silicon substrate having a surface;

5 forming on the surface of the silicon substrate a
seed layer comprising a single crystal silicate material,
comprising the steps of:

forming on the silicon substrate a silicon
oxide layer having a surface;

10 depositing a metal oxide on the surface of the

silicon oxide layer; and

heating the silicon oxide layer and the metal
oxide thereby converting substantially all of the
silicon oxide layer and metal oxide into the single

15 crystal silicate material; and

forming one or more layers of a single crystal high

dielectric constant oxide on the seed layer.

2. The method of fabricating a semiconductor
20 structure of claim 1 wherein the forming the seed layer

step includes forming a 2x1 reconstruction.

3. The: method of fabricating a semiconductor
structure of claim 1 wherein the step of forming a seed

25 1layer includes forming the seed layer in UHV environment.




15. 'The nmethod of fabricating a sem conductor 10 structuf&s

wherein the heating to formthe seed | ayer conpr f
formng a silicon r”wjﬂ I' a surface;

oxi de on the surfajm ””, ﬂ’"FCOI’I oxi de | ayer; and
the silicon oxide Iayer and ?he’ netal oxige to forma §
crystalline material seed | ayer. 16. A nethod
fabricating a sem conductor structure conprising thg_ s
provi ding a silicoh. suBber ateetind ngof sfidbadsating a S@mﬁﬂ@@daﬂﬁpﬁhous

silicon dioxide on the surface of the silicon substrate;
structure of claim 1 wherein the step of formlng a seed

layer includes forming the seed layer in a chemical vapor

deposition system.

5
5. The method of fabricating a semiconductorxr
structure of claim 1 wherein the step of forming a seed
layer includes forming in a physical vapor deposition
system.
10
6. The method of fabrigating a semiconductor
structure of claim 1 wherein the step of forming a seed
layer comprises forming at least a single monolayer of
silicon, oxygen, and a metal.
15
7. The method of fabricating a semiconductor
structure of claim 6 wherein the metal is selected from
the group of strontium, barium, calcium, zirconium, and
hafnium.
20
8. A method of fabricating a semiconductor

structure comprising the steps of:
providing a silicon substrate having a surface;
forming amorphous silicon dioxide on the surface of

25 the silicon substrate;

providing a metal oxide on the amorphous silicon

dioxide; and



roviding a netal oxT de on the anorphous silicon di oxi d¢g n
Eeating gthe sen1 structgre to convert sub tBEEEEEthQ;,HEET "
of the anorphous s H"IH ,’(ﬂ”’ud metal oxide to forgn gn
conprising a crysta1 | icneL
| ayer adj acent the surface of the sili conypsubstrat e; an
formng one or nore |ayers of a single crystal high di ej ectric constant
oxi de on the seed | ayer. ———

heating the semiconductor structure to convert
substantially all of the amorphous silicon dioxide and
metal oxide to form an interface comprising a crystalline

seed layer adjacent the surface of the silicon substrate.

9. The method of fabricating a semiconductor
structure of claim 9 wherein the heating step includes

forming the interface with a 2xl1 reconstruction.

10 10. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing a
metal oxide and heating the semiconductor structure are

accomplished in an ultra-high-vacuum system.

15 11. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing a
metal oxide and heating the semiconductor structure are

accomplished in a chemical vapor deposition system.

20 12. The method of fabricating a semiconductor
structure of claim 9 wherein the steps of providing metal
oxide and heating the semiconductor structure are

accomplished in a physical vapor deposition system.

25 13. The method of fabricating a semiconductor

structure of claim 9 wherein the heating step includes



17. 'The nmethod of fabricating a sigiconductor structure QBERHRQHWEET SHEET
u

e e oo RN

fabricating a sem

providing a
system 15

seed | ayer includes forim g am—

structure of claim17 wherej|n]the stép

ction. 10 18. | The p@t@gg @%1

metal oxide is acconplishgd in an ultra-high-vacuum
19. The nmethod of fabricating a sem copductor

structure of claim17 wherein the step of providing a metal oxide
acconpl i shed fomimg ehenim@drfampoincluding a seed layer of silicon,

10

15

20

25

oxygen, and a metal.

14, The method of fabricating a semiconductor
structure of claim 14 wherein the metal oxide is selected
from the group of barium, strontium, calcium, zirconium,

and hafnium.

15. The method of fabricating a semiconductor
structure of claim 9 wherein the heating step to form the
seed layer comprises the steps of:

forming a silicon oxide layer having a surface;

depositing a metal oxide on the surface of the
silicon oxide layer; and

heating the silicon oxide layer and the metal oxide

to form a silicate crystalline material seed layer.

16. A method of fabricating a semiconductor
structure comprising the steps of:

providing a silicon substrate having a surface;

forming amorphous silicon dioxide on the surface of
the silicon substrate;

providing a metal oxide on the amorphous silicon
dioxide;

heating the semiconductor structure to convert
substantially all of the amorphous silicon dioxide and

metal oxide to form an interface comprising a crystalline




deposition system
sem conduct or

nmet al
system

structure of claim 17 wherein the netal oy de on the

15

oxi de
25

10

15

20

25

20. The method of fabricatipdRERLACEMENT

SHEET

strucnly", 17 wherein the step of}| provrdirnmga
is acco "H ,F H hysi cal vapor de )0&1|$|m; 2001

e ¥

21." The mre abri cating a sem cohdficto

seed layer adjacent the surface of the silicon substrate;
and
forming one or more layers of a single crystal high

dielectric constant oxide on the seed layer.

17. The method of fabricating a semiconductor
structure of claim 17 wherein the step of forming the
seed layer includes forming an interface having a 2x1

reconstruction.

18. The method of fabricating a semiconductor
structure of claim 17 wherein the step of providing a

metal oxide is accomplished in an ultra-high-vacuum

system.

19. The method of fabricating a semiconductor
structure of claim 17 wherein the step of providing a
metal oxide is accomplished in a chemical vapor

deposition system.

20. The method of fabricating a semiconductor
structure of claim 17 wherein the step of providing a
metal oxide 1is accomplished in a physical vapor

deposition system.

21. The method of fabricating a semiconductor

structure of claim 17 wherein the metal oxide on the




anorphous silicon di g |s selected fromthe group of ﬁﬁgﬁ SUEET
stronti um oxi de, cal 3 oni um oxi de, and ha ‘ “’ =
5 22. The nethe @ ing a sem conductor struct ure of
claim9 wherein the step of héatmn sem conduct or stryctpupekly¥ 748}

conprises formng at |east a S|ngle ngnol ayer of siliconp, joxygen, and aj

net al . 10 23. The nmethod of fabricating a semiconductor
structure of claim 17 wherein the step of heating the se¢m _conduct or

structure comméomsisod®r sihjcah ldastide is séhgteedvdiebayetheof gsobp Coff,
oxygen, and a netal.
barium oxide, strontium oxide, calcium oxide, zirconium

oxide, and hafnium oxide.

5 22. The method of fabricating a semiconductor
structure of claim 9 wherein the step of heating the
semiconductor structure comprises forming at least a

single monolayer of silicon, oxygen, and a metal.

10 23. The method of fabricating a semiconductor
structure of claim 17 wherein the step of heating the
semiconductor structure comprises forming at least a

single monolayer of silicon, oxygen, and a metal.
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METHOD FOR FABRICATING A SEMICONDUCTOR STRUCTURE

INCLUDING A METAL OXIDE INTERFACE WITH SILICON

Abstract of the Disclosure

A method for fabricating a semiconductor structure
including the steps of providing a silicon substrate (10)
having a surface (12); forming amorphous silicon dioxide
(14) on the surface (12) of the silicon substrate (10);
providing a metal oxide (18) on the amorphous silicon
dioxide {(14); heating the semiconductor structure to form
an interface comprising a seed layer (20) adjacent the
surface (12) of the silicon substrate (10); and forming
one or more layers of a high dielectric constant oxide

(22) on the seed layer (20).

FIG. 1 to accompany abstract.



