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Methods Of Depositing Materials Over Substrates, And Methods Of Forming Layers
Over Substrates

TECHNICAL FIELD

[0001] The invention pertains to methods of depositing materials over substrates
and methods of forming layers over substrates. In particular aspects, the invention
pertains to methods of forming layers associated with semiconductor constructions,
such as, for example, methods of forming layers suitable for incorporation into

semiconductor capacitor devices.

BACKGRQUND OF THE INVENTION

[0002] There are numerous applications in which it is desired to form layers over
substrates. For instance, it is frequently desired to form layers over semiconductor
constructions during fabrication of integrated circuitry. Among the methods commonly
utilized for layer formation are chemical vapor deposition (CVD) processes and atomic
layer deposition (ALD) processes.

[0003) ALD technology typically involves formation of successive atomic layers
on a substrate. Such layers may comprise, for example, an epitaxial, polycrystalline,
and/or amorphous material. ALD may also be referred to as afomic layer epitaxy,
atomic layer processing, etc.

[0004] Described in summary, ALD includes exposing an initial substrate to a
first chemical species to accomplish chemisorption of the species onto the substrats.
Theoretically, the chemisorptionl forms a mon‘dlayer that is uniformly one atom or
molecule thick on the entire exposed initial substrate. In other words, a saturated
monolayer. Practically, as further described below, chemisorption might not occur on all
portions of the substrate. Nevertheless, such an imperfect monolayer is still a2
monolayer in the context of this document. In many applications, merely a substantially

saturated monolayer may be suitable. A substantially saturated monolayer is one that
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| NVENTI ON [ 0002] There are nunerous applications in which it is desired to
formlayers over substrates. For instance, it is frequently desired to form
| ayers over sem conduct or

will still yield a deposited layer exhibiting the quality and/or properties desired for such
layer.

' [0005] The first species is purged from over the substrate and a second
chemical species is provided to chemisorb onto the first monolayer of the first species.
The second species is then purged and the steps are repeated with exposure of the
second species monolayer to the first species. In some cases, the two monolayers may
be of the same species. Also, a third species or more may be successively
chemisorbed and purged just as described for the first and second species. It is noted
that one or more of the first, second and third species can be mixed with inert gas to
speed up pressure saturation within a reaction chamber.

[0006] Purging may involve a variety of techniques including, but not limited to,
contacting the substrate and/or monolayer with a carrier gas and/or lowering pressure to
below the deposition pressure to reduce the concentration of a species contacting the
substrate and/or chemisorbed species. Examples of carrier gases include Ny, Ar, He,
Ne, Kr, Xe, etc. Purging may instead include contacting the substrate and/or monolayer
with any substance that allows chemisorption byproducts to desorb and reduces the
concentration of a species preparatory to ilntroducing another species. Purging time
may be successively reduced to a purge time that yields an increase in film growth rate.
The increase in film growth rate might be an indication of a change to a non-ALD
process regime and may be used to establish a purge time limit.

[0007] ALD is often described as a self-limiting process, in that a finite number
of sites exist on a substrate to which the first species may form chemical bonds. The
second species might only bond to the first species and thus may also be self-limiting.
Once all of the finite number of sites on a substrate are bonded with a first species, the
first species will often not bond to other of the first species already bonded with the
substrate. However, process conditions can be varied in ALD to promote such bonding
and render ALD not self-limiting. Accordingly, ALD may also encompass a species

forming other than one monolayer at a time by stacking of a species, forming a layer
2



constructions during fabrication of integrated circuitry. Anong the nethods
comonly utilized for |layer formation are chem cal vapor deposition (CVD)
processes and atomc |ayer deposition (ALD) processes. [0003] 1AHBRUARY 2007
technol ogy typically involves formation of successive atomc |ayers on a
substrate. Such layers may conprise, for exanple, an epitaxial,

pol ycrystalline and/ or am)rphcius _rEaH%ri al.. ALD mag | so be referred to as
atomic | ayetmoé‘bma&&?‘e atom or molecule thick. The various aspects of the present invention

described herein are applicable to any circumstance where ALD may be desired. Itis -
further noted that local chemical reactions can occur during ALD (for instance, an
incoming reactant molecule can displace a molecule from an existing surface rather
than forming a monolayer over the surface). To the extent that such chemical reactions
occur, they are generally confined within the uppermost monolayer of a surface.

[0008] The general technology of chemical vapor deposition (CVD) includes a
variety of more specific processes, including, but not limited to, plasma enhanced CVD
and others. CVD is commonly used to form non-selectively a complete, deposited
material on a substrate. One characteristic of CVD is the simultaneous presence of
multiple species in the deposition chamber that react to form the deposited material.
Such condition is contrasted with the purging criteria for traditional ALD wherein a
substrate is contacted with a single deposition species that chemisorbs to a substrate or
previously deposited species. An ALD process regime may provide a simultaneously
contacted plurality of species of a type or under conditions such that ALD chemisorption,
rather than CVD reaction occurs. Instead of reacting together, the species may
chemisorb to a substrate or previously deposited species, providing a surface onto
which subsequent species may next chemisorb to form a complete layer of desired
material.

[0009] Under most CVD conditions, deposition occurs largely independent of the
composition or surface properties of an underlying substrate. By contrast,
chemisorption rate in ALD might be influenced by the composition, crystalline structure,
and other properties of a substrate or chemisorbed species. Other process conditions,
for example, pressure and temperature, may also influence chemisorption rate.
Accordingly, observation indicates that chemisorption might not occur appreciably on
particular portions of a substrate even though it occurs at a suitable rate on other

portions of the same substrate.



atom c | ayer processing, et c. [0004] Described in sunmary, ALD includes
exposing an initial substrate to a first chem cal species to acconplish
cheni sorption of the species onto the substrate. Theoreti cal IYFEBIRBARY 2007
chem sorption forms a nonol ayer that is uniformy one atomor nolecule
thick on the entire exposed initial substrate. In other words, a saturated
nonol ayer. Practically, as further described bel ow, chem sorption m ght not
occur on al I[po10] A problem which can occur with CVD processes is that there is frequently

less than 100% step coverage. ALD processes can frequently improve step coverage -

over CVD processes, but several difficulties are encountered during utilization of ALD

processes.

[0011] One of the difficulties associated with ALD can occur in attempting to

deliver sufficient flux of precursor within a reaction chamber for suitable step coverage

and uniformity. The difficulty can be particutarly severe when utilizing iow vapor

pressure precursor materials (such as, for example, materials volatilized from solid

sources), with low vapor pressure precursor materials typically being understood to be

materials having a vapor pressure of less than or equal to about 0.1 Torr at 100°C.

Exemplary low vapor pressure precursor materials include HfCl,, TaFs, and

pentakis(dimethylamino)tantalum (PDMAT).

[0012] Other difficulties encountered in ALD include, for example, difficulties

associated with the formation of mixed-material films (sometimes referred to as doped

films). For instance, it can be desired to form titanium-doped tantalum pentoxide

(Taz0s) or aluminum-doped hafnium oxide (HfO,). However, it can be difficult, and often

seemingly impossible, to form a homogeneous film comprising low dopant levels during

the monolayer-by-monolayer deposition of an ALD process. For instance, it can be

desired for titanium-doped Ta,Os to have about 8% TiO, incorporated within a Ta,Os

matrix. Such can theoretically be accomplished by providing about twenty pulses of a

tantalum precursor to one pulse of a titanium precursor during an ALD process.

However, the material resulting from such process will typically have an atomic layer of

TiO, sandwiched between thick Ta,0Os layers, and often the TiO, atomic layer will not

even be continuous. Accordingly, the film resulting from separate pulses of titanium and |

tantalum in an ALD process is not the desired homogeneous mixture of TiO, and Ta,Os.

Thus, it is desired to develop new approaches for forming mixed materials utilizing ALD

processes.



portions of the substrate. Neverthel ess, such an inperfect nonol ayer is
still a nonolayer in the context of this docunent, In many applications,
nerely a substantially saturated nmonol ayer may be suitable. Al EEBBUARY 2007y
saturated nonol ayer is one that 1 FEBRUARY 2007 wll still yield a

deposited | ayer exhibiting the quality and/or properties desired for such
| ayer.
[0013] Although the invention was motivated at least in part by the difficulties

discussed above relative to ALD processes, it is to be understood that the invention has
applications beyond addressing such difficulties. The invention is therefore not to be
limited to the addressing of such difficulties, or even to ALD processes, except to the

extent that such limitations are expressly recited in the claims that follow.

SUMMARY OF THE INVENTION

[0014] In one aspect, the invention encompasses dispersal of a precursor in a
supereritical fluid, introduction of the supercritical fluid/precursor mixture into a reaction
chamber, and formation of a monolayer over at least a portion of a substrate surface
utilizing the precursor.

[0015] In one aspect, the invention encompasses an atomic layer deposition
method in which a first precursor is dispersed in a supercritical fiuid and flowed into a
reaction chamber to form a first component deposited over a surface of a substrate. A
second precursor is flowed into the reaction chamber after the first precursor, and
separately in time from the flowing of the first precursor into the reaction chamber. The
second precursor forms a second component deposited over the surface of the
substrate, and the first and second components together form a material deposited over
the substrate. The material deposited over the substrate can be any of a number of
materials, including, for example, metal-containing materials. The metal-containing
materials can consist essentially of or consist of metal, or can be compounds containing
non-metals in addition to metals, such as, for example, metal nitrides and metal oxides.
In particular aspects, the first precursor can comprise a volatile metal-containing
compound, the second precursor can comprise oxygen, and the material formed from
the first and second precursors can comprise a metal oxide. Exemplary metal oxides

| which can be formed in accordantz'e with methodology of the present invention include

tantalum oxides, titanium oxides, aluminum oxides and hafnium oxides.



[ 0005] The first species is purged fromover the substrate and a second
chem cal species is provided to chem sorb onto the first nonol ayer of the
first species. The second species is then purged and the steptFEBRUAE2Md
W th exposure of the second species nonolayer to the first species. In sone
cases, the two nonol ayers may be of the sane species. Also, a third species
or nore may be successively chem sorbed and purged just as described for

the first anqogmiond SRQAbBEF adpect, theMPleRtibn includes a method of forming a layer
from at least two different precursors dispersed in & supercritical fluid. The supercritical
fluid having the precursors dispersed therein is flowed into a reaction chamber and
utilized to form a first material comprising components of the at least two precursors.
After t'he first material is formed, substantially all of any of the at least two precursors
remaining free within the chamber is removed, and subsequently a reactant is flowed
into the chamber to chemically convert at least some of the first material to a second
material. In particular aspects, the first material can comprise hafnium and aluminum,
and in other particular aspects the first material can comprise tantalum and titanium.
The reactant can comprise oxygen, and accordingly the second material can comprise,

for example, aluminum oxide/hafnium oxide or tantalum oxide/titanium oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Preferred embodiments of the invention are described below with
reference to the following accompanying drawings.

[0018] Fig. 1 is a diagrammatic, cross-sectional view of an exemplary apparatus
thét can be utilized for various treatments encompassed by exemplary aspects of the
present invention.

[0019] Fig. 2 is a diagrammatic, cross-sectional view of a semiconductor wafer ‘
fragment being treated at a preliminary processing stage of an exemplary method of the
present invention. |

[0020] Fig. 3 is a view of the Fig. 2 wafer fragment being treated at a processing
stage subsequent to that of Fig. 2.

[0021] Fig. 4 is a view of the Fig. 2 wafer fragment shown at a processing stage
subsequent to that of Fig. 3.

[0022] | Fig. 5 is a diagrammatic, cross-sectional view of a semiconductor wafer
fragment at a preliminary processing stage of a second embodiment method of the

present invention.



“that one or nore of the first, second and third species can be nixed with
inert gas to speed up pressure saturation wthin a reaction chamber. [0006]
Purging may involve a variety of techniques including, but not! FEBRUAR %907
contacting the substrate and/or nonolayer with a carrier gas and/or |owering
pressure to below the deposition pressure to reduce the concentration of a
species contacting the substrate and/or chem sorbed species. Exanples of
carrier gase$0028t| ude Figr 6 ig\n vieweof the Fig. 5 wafer fragment shown being treated at a

processing stage subsequent to that of Fig. 5.

[0024] Fig. 7 is a view of the Fig. 5 wafer fragment shown being treated at a
processing stage subsequent to that of stage of Fig. 6.

[0025] Fig. 8 is a view of the Fig. 5 wafer fragment shown at a processing stage

subsequent to that of Fig. 7.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0026] The invention includes various methods in which supercritical fluid is
utilized to deliver one or more precursors into a reaction chamber during a deposition
process. The supercritical fluid can be any suitable supercritical composition within
which the precursor can be dispersed. Although the supercritical fluid can be a neat
composition of precursor, typically it will not be. Instead, the supercr.itical fluid will
comprise a composition other than that of the precursor, with an exemplary supercritical
fluid being a supercritical fluid comprising, consisting essentially of, or consisting of
carbon dioxide.

[0027] As is known to persons of ordinary skill in the art, a supercritical fluid is
defined as any substance that is above its critical temperature (T;) and critical pressure
(Pe). Teis the highest temperature at which a gas can be converted to a liquid by an
increase in pressure, and P, is the highest pressure in which a liquid can be converted
to a traditional gas by an increase in the liquid temperature. In the so-called critical
region there is only one phase, and it possesses properties of both gas and liquid.
Supercritical fluids differ from traditional liquids in several aspects. For example, the
“solvating power” of a superctitical fluid can frequently be controlied by changing
temperature and/or pressure to allow a wide variety precursor materials to be dissolved.

[0028] For purposes of interpreting this disclosure and the claims that follow, the
term “supercritical fluid” is utilized to refer specifically to a portion of a composition that

isina supercritical state (i.e., is utilized to refer to the supercritical component of a
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Ne, Kr, Xe, etc. Purging may instead include contacting the substrate and/or
nonol ayer w th any substance that allows chem sorption byproducts to desorb
and reduces the concentration of a species preparatory to intdAdEBRRUARY 2007
anot her species. Purging tine may be successively reduced to a purge tine
that yields an increase in filmgrowh rate. The increase in filmgrowth
rate m ght be an indication of a change to a non-ALD process regine and may
be used t o esdmldsitioh). Aypicams tHd MR etialsrtispersed and/or dissolved within a supercritical

fluid will not be in a supercritical state, and accordingly will not be part of the
supercritical fluid. However, precursors dispersed within a supercritical fluid can, in
some instances, be in a supercritical state.

[0029] Methodologies of the present invention can be utilized in various
deposition processes, and in particular aspects will be utilized in atomic layer deposition
processes. One of the challenges in conventional ALD is in delivering enough precursor
to saturate the surface of the substrate quickly, preferably with a very square
concentration pulse. Traditional ALD utilizes gas phase delivery of precursors, which
typically provides the following limitations to the ALD process; (1) the concentration of
precursor attainable in the gas phase is limited, and can be severely limited for
precursors having a low vapor pressure (i.e., a vapor pressure of less than 0.1 Torr and
100°C), also, the concentration of precursor can be limited by the efficiency with which
gas delivery lines to a reaction chamber are heated, as improperly heated delivery lines
can result in condensation of precursor along the gas line walls in route to the chamber;
and (2) the sharpness of the precursor concentration pulse.

[0030] Particular aspects of the present invention can address both of the
above-described limitations of ALD processes by utilizing a supercritical fluid to enhance
delivery of low-volativity precursors to a reaction chamber. Specifically, dissolving or
otherwise dispersing one or more low-volatility precursors in superctritical fluid can allow
relatively high concentrations of the precursors to be attéined in a given volume.
Accordingly, supercritical fluid having one or more precursors dissolved therein can be
introduced into a reaction chamber to obtain a relatively high concentration of precursor
within the chamber. The high concentration of precursor can then be utilized in an ALD
process to form a monolayer over a substrate within the chamber.

[0031] Some aspects of the invention comprises maintaining a supercritical state
of the supercritical fluid within the reaction chamber during formation of the monolayer,

and other aspects of the invention comprise releasing the supercritical fluid from the
8



[0007] ALD is often described as a self-limting process, inthat a finite
nunmber of sites exist on a substrate to which the first species may form
cheni cal bonds. The second species might only bond to the firStFEBREARY 2807
thus may al so be self-limting. Once all of the finite nunber of sites on a
substrate are bonded with a first species, the first species will often not

pond 10 ot NeL,, e b olahd Shne? BEticARe A BARY shRRAREaMD bhd Aoich hShba! 6 g

However, procC con I ONS can "be varie pronote suc
after a desired amount of precursor has been provided within the reaction chamber. In

either event, the solubility of precursor within the fluid will typically drop substantially as
the fluid changes to a non-supercritical state, which can release a high concentration of
precursor onto a substrate surface within the reaction chamber in a short amount of
time.

[0032] "In a specific aspect of the invention, a desired volume of supercritical
fluid having one or more precursors dispersed therein is provided with a reaction
chamber under conditions at which the supercritical fluid is in a supercritical state. The
supercritical fluid is in a sense a reservoir storing a desired amount of precursor within
the reaction chamber. Subsequently, the conditions are changed so that the fluid is
released from the supercritical state, which results in precursor being released from the
fluid. The released precursor forms a high-concentration puise of precursor, which can,
in preferred embodiments, correspond substantially to a desired square pulse of
precursor in the ALD reaction chamber.

[0033] If the supercritical fluid utilized in a process of the present invention
consists of CO,, the critical pressure will be about 73 atmospheres, and the critical
temperature will be about 32°C. ALD reaction chambers can be configured to maintain
such pressure and temperature, and in particular aspects swagelock fittings can be
utilized in connecting lines to the reaction chamber in ordet to accommodate pressures
suitable to maintain the supercritical state of CO.. The CO,, critical temperature of 32°C
is actually lower than process temperatures frequently utilized in ALD reaction
chambers, and can be easier to maintain than conventional ALD temperatures. An
advantage of utilizing CO as the supercritical solvent in methodology of the present
invention can be that GO, will generally not contaminate films formed utilizing such
methodology as would other solvents, such as, for example, hydrocarbon solvents.

[0034] Methodology of the present invention can be utilized with numerous

precursors, including, for example, precursors comptising one or more metals. The
' 9



and render ALD not self-limting. Accordingly,

ALD may al so enconpass a

species form ng other than one nonol ayer at a tine by stacki REBARY
species, formng a |layer 2 1 FEBRUARY 2007 nore than one ato%g%lﬁﬁ m)?ecu
thi ck. The various aspects of the present invention described herein are

applicable to any circunstance where ALD may be desired. It is

metal-containing precursors can be utilized to form materials consisting of, or consisting
essentially of metal; or alternatively can be utilized to form materials comprising metal
and non-metal elements, such as, for example, metal nitrides or metal oxides. In
particular aspects, methodology of the present invention is utilized with aluminum-

containing, hafnium-containing, tantalum-containing or titanium-containing precursors.

[0035] Exemplary aspects of the invention are described with reference to
Figs. 1-8.
[0036] Referring initially to Fig. 1, such shows an apparatus 100 that can be

utilized for an exemplary deposition process in accordance with an aspect of the present
invention The apparatus 100 includes a reaction chamber 102. A wafer holder 104 is
provided within the reaction chamber, and is shown supporting a wafer 12. An inlet 106
extends into chamber 102 and an outlet 108 extends out of the chamber.

[0037] Reactant materials are flowed into chamber 102 through the inlet 1086,
with the direction of reactant material flow being exemplified by an arrow 110. The
chamber is exhausted by removing materials from the chamber through outlet 108, wifh
a direction of flow of removed materials being illustrated by arrow 112. A valve 114 is
provided across inlet 106 for controlling flow of materials through the inlet, and a valve
116 is provided across outlet 108 for controlling flow of materials through the outlet. A
pump (not shown) can be provided downstream of outlet 108 to assist in exhausting
materials from within reaction chamber 102.

[0038] ~ Apparatus 100 can be utilized for either CVD processes or ALD
processes. In an exemplary aspect, apparatus 100 is configured for utilization in an
ALD process. In such aspect, two or more precursor compositions are alternately
pulsed into the reaction chamber to deposit one or more layers of material over
substrate 12.

[0039] A pair of precursor compositions 120 and 122 are shown provided

exteriorly of chamber 102 and in fluid communication with inlet 106 through a valve 124.

10
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further noted that |ocal chem cal reactions can occur during ALD (for
I nstance, an inconm ng reactant nol ecule can displace a nolecule from an
exi sting surface rather than formng a nonol ayer over the surtfBEBRUARY 2002
extent that such chem cal reactions occur, they are generally confined
wi thin the uppernost nonol ayer of a surface. [0008] The general technol ogy
of chem cal vapor deposition (CVD) includes a variety of nore specific
processes, i MelvadPsgan betonfigureditorseledively jet phiy one obthh AreeBEO CYAMPOSItions
120 and 122 into chamber 102 at a time. - '
[0040] In operation, one of the precurgor compositions 120 and 122 is flowed
into chamber 102 to a desired concentration within the chamber. For purposes of this
discussion, precursor composition 120 will be referred to as the precursor composition
which is first flowed into the reaction chamber. After composition 120 is flowad within
the reaction chamber, precursor from the composition forms a monolayer over an
exposed surface of substrate 12. Typically there will be excess precursor within
reaction chamber 102 so that some precursor remains free within the reaction chamber
after the monolayer has been formed. The precursor which remains free within the
chamber is substantially entirely flushed from within the chamber. Subsequently, the
second precursor composition 122 is flowed into chamber 102. The second precursor
composition 122 is flowed into chamber 102 until a desired concentration of precursor
from second composition 122 is achieved within the reaction.chamber. The precursor
from composition 122 then ihteracts with the monolayer formed from the precursor of
composition 120 to either form another monolayer over the first monolayer, or to
chemically convert the composition of the first monolayer to a new composition. After a
component from precursor 122 is formed over substrate 12, substantially all of the
precursor from composition 122 can be flushed (or in other words purged) from within
chamber 102.
[0041] The term “substantially all” is utilized above to indicate that enough of the
free precursor is removed from within the reaction chamber 1o alleviate, and preferably
prevent, chemical reaction from occurring between precursor of first composition 120
and precursor of second composition 122 in any portion of chamber 102 except across
the reactive surface over substrate 12. Thus, precursors from compositions 120 and
122 will be free in reaction chamber 102 at different and substantially non-overlapping

times relative to one another in particular exemplary ALD applications of the present

invention. Specifically, second precursor composition 122 can be considered to be
11



and ot hyer S. CVD IS commnly ﬁsed to form non-sel ectively a conpl ete,
deposited nmaterial on a substrate. One characteristic of CVDis the
si mul t aneous presence of nultiple species in the deposition chEEBRUARNE007
react to formthe deposited material. Such condition is contrasted with the
purging criteria for traditional ALD wherein a substrate is contacted with
a single deposition species that chem sorbs to a substrate or previously
deposi ted sflewedisto ghamheD!} sapasaiely bgimafrarafirspprecirder corsponitibn A2b@od| vy

vice versa), in that the first and second precursor compositions are not provided

simultaneously within the reaction chamber. Such aspect of the invention pertains to

ALD processes. Itis to be understood that the invention can also have application to

CVD processes, and in such processes the first and second precursor compositions can

be provided within reaction chamber 102 at the same time.

[0042] The alternating flow of precursor compositions 120 and 122 can be, in

particular aspects, considered a single iteration of an ALD process. Specifically, a

si.ngle iteration of an ALD process for forming a deposit over substrate 12 can comprise

flowing first precursor composition 120 into reaction chamber 102, purging first

precursor composition 120 from reaction chamber 102, flowing second precursor

composition 122 into reaction chamber 102, and purging second precursor composition

122 from reaction chamber 102. Multiple iterations of such process can be performed to

form a desired material over substrate 12 to a desired thickness.

[0043] One or both of precursor compositions 120 and 122 comprise one or

more precursors dispersed in a supercritical fluid. In a particular aspect, first precursor

composition 120 comprises one or more metal~containing precursors dispersed in

supercritical CO,. At least one precursor within composition 120 can, for example, have

a vapor pressure of less than or equal to about 0,1 Torr at 100°C, and the dispersal of

such precursor within the superecritical fluid can allow a much higher concentration of the

precursor to be obtained in a given volume than could occur without the supercritical

fluid. For instance, the concentration of precursor that can be dissolved in supercritical

fiuid is frequently 1000 times greater than a concentration of precursor obtainable in gas

phase without the supercritical fluid. Although the supercritical dispersion of various

aspects of the invention can be particularly useful for low-volatility precursors, the

supercritical dispersion can also be useful even for high volatility precursors.

Specifically, dispersion of precursor in a supercritical fluid can enable formation of g

more saturated monolayer than a non-supereritical feed.
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contacted plurality of species of a type or under conditions such that ALD
chem sorption, rather than CVD reaction occurs. Instead of reﬁ@%@#ﬁARYZOO
together, the species may chenmisorb to a substrate or previously deposite
species, providing a surface onto which subsequent species may next

chem sorb to forma conplete layer of desired material. [0009] Under nost

CVD condi ti ofga41d€POSHI08buRE GEetts, MedRdtrdclIEPEmRRBIIoR 26 BSimprises,
consists essentially of, or consists of one or more suitable metal-containing precursors
(such as, for example, meta! halide, or metal organic materials) dispersed in a
supercritical fluid comprising, predominately comprising, consisting essentially of, or

- consisting of COz. Exemplary metals which can be utilized in the one or more
precursors of composition 120 include hafnium, titanium, aluminum and tantatum.

[0045] As discussed previously, a supercritical fluid exists in the supercritical
state when critical conditions of pressure and temperature are exceeded. [f composition
120 conﬁprises precursors disbursed in supercritical fluid, the supercritical state of the
fiuid can be maintained as the fluid flows from a source of composition 120 to inlet 106.
Such can be accomplished by maintaining suitable pressure and temperature along a
passageway through which the composition 120 traveis to maintain the composition in
the supercritical state.

[0046] Chamber 102 can be configured so that the conditions within the
chamber are at or above the critical conditions of the superecritical fluid so that the
supercritical fluid is maintained in a supercritical state as the fluid enters chamber 102.
The fluid can thus function as a reservoir to maintain a desired a desired concentration
of precursor within the reaction chamber. In such aspect of the invention, composition
120 is flowed into chamber 102 to the desired precursor concentration while maintaining
the supercritical state of the fluid. Once the concentration is achieved, the supercritical
state of the fluid can continue to be maintained while precursor interacts with a surface
of substrate 12 to fofm a desired monolayer. In other aspects, one or more conditions
within the reaction chamber can be changed and dropped below a critical condition so
that the supercritical fluid transforms to a non-supercritical state within the reaction
chamber. For instance, a pressure within the reaction chamber can be dropped to
below a critical pressure to transform the supercritical fluid to a non-supercritical state.

[0047] As the fluid transforms to the non-supercritical state, the solvent

properties of the fluid drop significantly (frequently by several orders of magnitude)
13



conposition or surface properties of an underlying substrate. By contrast,
chem sorption rate in ALD m ght be influenced by the conposition,
crystalline structure, and other properties of a substrate or IGHHREARE2E07
species. O her process conditions, for exanple, pressure and tenperature,
may al so influence chem sorption rate. Accordingly, observation indicates

e o o A o DRt G CRY RSl B kS €07 of 2
chamber 102. Such sharp pulse of precursor can enhance an ALD process of the
present invention relative to prior art ALD processes.

[0048] In the processing described above, the supercritical state of a
supercritical fluid is maintained as the fluid enters chamber 102. It is to be understood
that the invention encompasses other aspects in which the chamber is configured so
that a supercritical fluid transforms to a non-supercritical state as the fluid ﬂéws into the
chamber. In other words, the chamber is operated so that one or more conditions in the
chamber are below critical conditions of the supercritical fluid. In such. aspects, the
supercritical fluid is utilized to retain precursor in solution during transport of the
precursor to the reaction chamber, but is not utilized as a reservoir for storing precursor
within the reaction chamber. |

[0049] Second precursor composition 122 can, alternatively or additionally to the
first precursor composition, comprise a precursor dispersed in a supercritical fluid. t
can be particularly useful for composition 122 to comprise a supercritical fluid in aspects
in which a precursor utilized in composition 122 has low volatility.

[0050] In an exemplary process, first precursor 120 comprises a metal (such as,
for example, one or mare of hafnium, aluminum, tantalum or titanium) in a supercritical
fluid, and is utilized to form a metal-containing monolayer over a surface of substrate 12.
Second precursor composition 122 comprises an oxidant (such as, for example, one or
more oxygen-containing materials, which can include, for example H,O and O;) and is
utilized for converting at least some of the metal of the metal-containing monolayer to
oxide. In particular aspects, the second precursor composition (which can also be
referred to as a reactant composition) is utilized for converting substantially all, or even
all, of the metal of the metal-containing monolayer to metal oxide. The oxidant of
second precursor composition 122 is typically not dispersed in a supercritical fluid.

[0051] If composition 120 comprises a metal-containing precursor and is utilized

to form a metal-containing monolayer, the metal formed in the monolayer can be
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portions of the same substrate. 3 1 FEBRUARY 2007 [0010] A probl em which
can occur with CVD processes is that there is frequently |l ess than 100% ste
coverage. ALD processes can frequently inprove step coverage & FEBRUARY 200
processes, but several difficulties are encountered during utilization of
ALD
referred to és being a metal-containing component formed from the precursor of
composition 120. Also, if the precursor of composition 122 is an oxygen-containing
precursor, an oxide formed from reaction of the precursor from composition 122 with the
metal-containing layer can be referred to as containing an oxygen component from the
precursor of composition 122.
[0052] Reaction chamber 100 is described diagrammatically in Fig. 1, and itis to
be understood that the reaction chamber can encompass numerous configurations in
addition to those shown. Forinstance, precursors can be introduced into reaction
chamber 100 through a showerhead (not shown), and reaction chamber 100 can be
configured so that an inert gas is flowed into chamber 102 during the purging of
materials from the chamber, and/or during the flow of precursor compositions into the
chamber.
[0053] An exemplary embodiment of the invention is described with reference to
Figs. 2-4. Referring initially to Fig. 2, a semiconductor wafer fragment 10 is illustrated at
a preliminary processing stage. Wafer fragment 10 comprises a semiconductor
substrate 12. Substrate 12 can comprise, consist essentially of, or consist of
monocrystalline silicon lightly-doped with background p-type dopant. To aid in
interpretation of the claims that follow, the terms “semiconductive substrate” and
“semiconductor substrate” are defined to mean any construction comprising
semiconductive material, including, but not limited to, bulk semiconductive materials
such as a semiconductive wafer (either alone or in assemblies comprising other
materials thereon), and semiconductive material layers (either alone or in assemblies
comprising other materials). The term “substrate” refers to any supporting structure,
including, but not limited to, the semiconductive substrates described above.
[0054] Substrate 12 has an upper surface 14, and is shown being treated with a
treatment composition 20. Composition 20 forms a layer 18 over at least a portion of

upper surface 14, and in the shown aspect layer 18 is formed across an entirety of

upper surface 14.
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processes. [0011] Ohe é’f“ht'he difficulties associated wth ALD can occur in
attenpting to deliver sufficient flux of precursor within a reaction
chanber for suitable step coverage and unifornmity. The diffi cuUFEBREARYR007
particularly severe when utilizing | ow vapor pressure precursor materials
(such as, for exanple, materials volatilized fromsolid sources), with |ow
vapor pressure precursor materials typically being understood to be
[0055] Treatment composition 20 comprises one or more appropriate
precursors, and in particular aspects comprises the composition 120 described with -
reference to Fig. 1 (e.g., comprises one or more metaljcontaining precursors dispersed
in a supercritical fluid), or comprises one or more precursors released from a
composition 120 that contained the one or more precursors in combination with
supercritical fluid.
[0056] Layer 18 can be considered to comprise at least a component of a
precursor from composition 20. In particular aspects, the component is only a portion of
the precursor while in other aspects the component is an entirety of the precursor,
[0057] Layer 18 can be a monolayer, and typically will be a monolayer if the
treatment of substrate 12 with composition 20 occurs in a true ALD process. The
interaction of composition 20 with surface 14 to form monolayer 18 can correspond to a
physical interaction and/or a chemical interaction, and in particular aspects will
correspond to chemisorption.
[0058] Composition 20 can comprise any suitable precursor which leads to
formation of a desired layer 18. In particular aspects, layer 18 will comprise a metal
(i.e., will be a metal-containing layer), and in such aspects the precursor comprises the
metal desired in layer 18. Exemplary metals which can be incorporated into the
precursor, and ultimately layer 18, include aluminum, hafnium, titanium and tantalum. In
specific aspects, the precursor of composition 20 can comprise, consist essentially of, or
consist of one or more of TiFs, titanium isopropoxide, PDMAT, TaFs, tantalum
methoxide, and HfCl,.
- [0059] If treatment composition 20 comprises more than one precursor, the
treatment composition can be utilized to form a mixed metal layer 18. In particular
aspects, the precursors within treatment composition 20 comprise an aluminurm-
containing precursor and a hafnium-containing precursor, and in some aspects the

precursors within treaiment composition 20 consist essentially of, or consist of the

aluminum-containing precursor and the hafnium-containing precursor. In such aspects,
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materi al s having a vapor pressure of less than or equal to about 0.1 Torr at
100C. Exenplary | ow vapor pressure precursor materials include H C 4i TaF5,
and pent aki s(di met hyl ani no)tant al um ( PDMAT). [0012] O her dif i EEBRUARY 2007
encountered in ALD include, for exanple, difficulties associated with the
formation of m xed-material filns (sonmetines referred to as doped filns).

For i nst anC(?:élyeir t|8 8gnnbeb %rr(rj]gg {orc%gnptri(s)e,fc%F\é%tteisggnr%iiahjyrgf%%%gsigtacqta%'m"i'mn'[\) grr\]c} oxi de
hafnium. In other aspects, the precursors within treatment composition 20 can
comprise, consist essentially of, or consist of a titanium-containing precursor and a
tantalum-containing precursor. In such aspects, layer 18 can be formed to comprise,
consist essentially of, or consist of titanium and tantalum.

[0060] It can be desired that layer 18 contain tantalum doped with a small
amount of titanium. In such aspects, treatment composition 20 can consist essentially
of, or consist of titanium-containing precursor and tantalum-containing precursor, with
the ratio of the titanium-containing precursor to the tantalum-containing precursor being
from about 5:95 to about 10:90, and with an exemplary ratio being 8:92. Layer 18 can
then be formed to comprise from about 5 atomic percent (atomic%) to about 10 atomic%
titanium, with the remainder being tantalum.

[0061] The precursors of treatment composition 20 are preferably provided to
high concentration proximate surface 14 of substrate 12, and in a rapid pulse (i.e., are
provided in a sharp concentration pulse, or in other words are provided in a relatively
square concentration pulse). Such can be accomplished by initially dispersing the
precursors in a supercritical fluid, as described with reference to the apparatus 100 of
Fig. 1.

[0062] Referring next to Fig. 3, a second precursor composition 22 is utilized to
treat construction 10, and convert layer 18 (Fig. 2) to a layer 24. Second composition
22 can correspond to, for example, the precursor composition 122 described with
reference to Fig. 1, or a precursor released from a composition containing precursor in
supercritical fluid. In particular aspects, precursor compositit?n 22 will comprise an
oxidant. Precursor 22 can, for example, comprise, consist essentially of, or consist of
one or both of O3 and H;O. The oxidant can be utilized to treat a metal-containing layer
18 to convert metal of the layet 1o metal oxide. For instance, if layer 18 comprises,
consists essentially of, or consists of one or more of hafnium, aluminum, titanium and

tantalum; the layer 24 can comprise, consist essentially of, or consist of one or more of
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(Ta205) or al um num doped hafni um oxi de (Hf O2). However, it can be
difficult, and often seemngly inpossible, to forma hom)genei)ialglﬁliulj,*rﬁ‘,{2007
conprising | ow dopant |evels during the nonol ayer-by-nonol ayer deposition
of an ALD process. For instance, it can be desired for titanium doped Ta2Cb
to have about 8% Ti Q2 incorporated within a Ta2G nmatrix. Such can

eSS BT sl e B b e B Bl o
process. the precursor composition 22 can comprising a nitridizing reagent, and can be utilized to
convert metal of layer 18 to a metal nitride-containing material 24.

[0063] Referring to Fig. 4, construction 10 is illustrated after muitiple iterations of
the processing utilized to form layer 24 so that a stack 30 containing several layers 24 is
formed. The iterations of forming layer 24 can be repeated until stack 30 reaches a
desired thickness. Each of the layers 24 can be considered to be a material deposited
over substrate 12 utilizing a single iteration of the processing described with reference to
Figs. 2 and 3. Such material can comprise, in particular exemplary aspects, one or
more metal oxides containing an oxygen component from precursor 22 and a metal
component from precursor 20; and in additional or alternative particular aspects one or
more metal nitrides containing a nitrogen component form precursor 22 and a metal
component from precursor 20.

[0064] Figs. 5-8 illustrate methodology of the present invention incorporated into
an exemplary process of capacitor fabrication. Referring initially to Fig. 5, a
semiconductor construction 40 comprises a substrate 42 having an electrically insulative
material 44 thereover. Substrate 42 can comprise, for example, a monocrystalline
silicon lightly-doped with a background p-type dopant. Insulative material 44 can
comprise, for example, borophosphosilicate glass (BPSG).

[0065] An electrically conductive pedestal 46 extends through insulative material
44, Pedestal 46 can comprise any suitable electrically conductive material, including,
for example, metal, metal compounds, and/or conductively-doped silicon. Pedestal 46
is connected to a transistor device 48. Specifically, pedestal 46.is ohmically connected
with a source/drain diffusion region of the transistor device 48.

[0066] A conductive layer 50 is over pedestal 46 and electrically connected with
pedestal 46. Conductive layer 50 can comprise any suitable conductive matetial or
combination of materials, including, for example, metal, metal compounds and/or

conductively-doped silicon.
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However, the material resulting fromsuch process wll typically have an
atom c layer of Ti Q2 sandw ched between thick Ta205 | ayers, and often_the
Ti02 atomic layer will not even be continuous. Accordingly, tHFEBRYARY 2007
resulting fromseparate pulses of titaniumand tantalumin an ALD process
I's not the desired honogeneous m xture of Ti02 and Ta205. Thus, it is

desired to devel op new approaches for form ng m xed materials utilizing ALD
processes. [0067] Although substrate 42, insulative material 44 and conductive material 50

are shown as homogeneous materials, it is to be understood that each of them can
comprise multiple sub-components (not shown). For example, substrate 42 can
comprise numerous levels of conductive and insulative materials, insulative material 44
can camprise multiple layers of insulative materials, and conductive layer 50 can
comprise multiple layers of conductive materials.

[0068] Referring to Fig. 6, construction 40 is treated with a precursor
composition 52 to form a layer 54 over the layer 50. Layer 54 is shown to be electrically
conducti\{e, and in particular aspects will comprise two or more metals. Layer 54 can be |
formed, for example, as a monolayer through ALD.

[0069] Precursor composition 52 contains a mixture of separate precursors.
Two separate precursors 56 and 58 are shown diagrammatically in Fig. 6 as being
combined to form the precursor composition 52. The individual precursars 56 and 58
can be metal-containing precursors, with precursor 56 comprising a different metal than
does precursor 58.

[0070] In a particular aspect, precursor 56 can comprise aluminum and
precursor 58 can comprise hafnium. The ratio of alum_inum to hafnium can be such that
the metal-containing layer 54 is formed 1o have a small concentration of aluminum (less
than 10 atomic%) within a hafnium material, sa that the hafnium material is effectively
aluminum-doped.

[0071] In another aspect, precursor 56 can comprise titanium and precursor 58
can comprise tantalum. The ratio of the titanium-containing precursor to the tantalum-
containing precursor can be such that layer 54 is formed to have less than about 10
atomic% titanium. For instance, layer 54 can be formed can be formed to have a ratio
of titanium to tantalUm of from about 5:95 to about 10:90 (by atomic%), and such ratio
can be the same as the ratio of titanium-containing precursor to tantalum-cantaining

precursor in the precursor composition 52. Suitable titanium-containing precursors
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41 FEBRUARY 2007 [0013] Although the invention was notivated at least in
part by the difficulties discussed above relative to ALD processes, it |

it is to
be understood that the invention has applications beyond addrbggpﬁy%?pm
difficulties. The invention is therefore not to be limted to the
addressing of such difficulties, or even to ALD processes, except to the

include, for example, TiFs and titanium isopropoxide; and suitable tantalum-containing
precursors include TaFs, tantalum ethoxide and TDMAT.

[0072] The precursors of composition 52 are preferably dispersed in a
supercritical fluid prior to or during the treatment of Fig. 6, and accordingly composition
52 can be utilized in methodology described with reference to Fig. 1. The superecritical
fluid can comprise, consist essentially of, or consist of, for example, CO.. In one
exemplary aspect of the invention, precursor composition 52 can consist essentially of
supercritical CO, having an aluminum-containing precursor and a hafnium-containing
precursor dispersed therein. In another exemplary aspect, precursor composition 52
can consist essentially of supercritical CO, having a titanium-containing precursor and a
tantalum-containing precursor dispersed therein. One of the advantages of the present
invention relative to prior art methodologies can be that multiple precursors can be
mixed in a desired ratio in the precursor composition 52, and difficulties commonly
associated with premixing precursors in terms of matching vapor pressure and
decomposition temperature can be avoided utilizing the supercritical fluid methodologies
of the present invention.

[0073] If composition 52 comprises a supercritical fluid, the superecritical fluid
can, as discussed above with reference to Fig. 1, remain in a supercritical state during
formation of layer 54, or can be released to a non-supercritical state within a reaction
chamber to provide a pulse of precursor compositions utilized to form layer 54.

[0074] Although layer 54 is shown and described as containing at least two
metals and as being formed from two or more metal-containing precursors in the
embaodiment of Fig. 6, it is to be understood that the invention includes other aspects in
which layer 54 is formed from only a single metal-containing precursor (or from two or
more metal-containing precursors which contain the same metal as one another) so that
layer 54 consists essentially of, or consists of a single metal. In particular aspeéts, layer
54 can be formed to comprise, consist essentially of, or consist of one or more of

hafnium, aluminum, titanium and tantalum.
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extent that such limtations are expressly recited in the clains that
fol low. SUMVARY OF THE | NVENTI ON [0014] In one aspect, the invention

enconpasses di spersal of a precursor in a supercritical flui d,lﬁﬁﬁl}%ﬁgtzp‘??n
of the supercritical fluid/precursor mxture into a reaction chanber, and
formati on of a nonol ayer over at |east a portion of a substrate surface
utilizing the precursor.

[0075] If layer 54 is formed in a reaction chamber (such as the reaction chamber

102 described with reference to Fig. 1), some of the precursor utilized to form layer 54
can remain free within the reaction chamber after formation of the layer. Substantially
all of the free precursor can then be removed from the reaction chamber, and
subsequently layer 54 can be treated with a reactant to convert at least some of the
materials of layer 54 to another material. In such aspect, layer 54 can be referred to as
comprising a first material, and at least some of the layer can be considered to be
chemically converted to a second material. In particular aspects, essentially all, or
entirely all, of layer 54 is converted to the second material.

[0076] Fig. 7 shows construction 40 as the metals of layer 54 (Fig. 6) are treated
with a reactant composition 60 to chemically convert layer 54 to a new material 62
(shown as an electrically insulative material). Reactant 60 can, for example, comprise
oxygen, and can be utilized to convert metals of layer 54 to metal oxides. Accordingly, if
layer 54 consists essentially of, or consists of titanium and tantalum, layer 62 can
consist essentially of, or consist of a mixture of tantalum oxide and titanium oxide. In
particular aspects, the ratio of titanium oxide to tantalum oxide within layer 62 will be
from about 5:95 to about 10:90, with an exemplary ratio being about 8:92. An
advantage of processing the present invention relative to prior art methadologies is that
the titanium oxide will be dispersed uniformly without the tantalum oxide, rather than
being laminarly interspersed relative to the tantalum oxide.

[0077] In another exemplary aspect of the invention, layer 54 can consist
essentially of, or consist of aluminum and hafnium, and layer 62 can consist essenfially
of, or consist of aluminum oxide and hafhium oxide. The aluminum oxide can be
present to an atomic% of less than or equal to 10 atomic% and the hafnium oxide can
be present to an atomic percent of greater than or equal to 90%. The aluminum oxide
can be uniformly distributed throughout the hafnium oxide.

[0078] Layer 62 can be utilized as a dielectric material in a capacitor

construction. Such is illustrated in Fig. 8. Specifically, a second conductive material 64
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[0015] In ohé aspect t helnvent I on enconpasses an atom c | ayer deposition
nmethod in which a first precursor is dispersed in a supercritical fluid and
flowed into a reaction chanber to forma first conponent depdsﬁ@%‘-”é@é’rzoy
surface of a substrate. A second precursor is flowed into the reaction
chanmber after the first precursor, and separately in time fromthe flow ng
of the first precursor into the reaction chanber. The second precursor
forms a secadstbrmedpeereitediépuaictiald2oaretrspace fsam fisst eorolictiveenaterial 50 by the

dielectric material 62. First conductive material 50 can be considered to be a first

capacifor electrode, second conductive material 64 can be considered to be a secpnd

capacitor electrode, and dielectric material 62 can be considered to be a capacitor

dielectric separating electrodes 50 and 64 from one another. Although second

electrode 64 is shown formed directly against dielectric material 62, it is to be

understood that the invention includes other aspects (not shown) in which one or more

additional dielectric materials are formed over dielectric material 62 ptior to formation of

second electrode 64.

[0079] The capacitor construction comprising materials 50, 62 and 64 can be
incorporated into a DRAM device. Specifically, the capacitor construction can be
connected to a first source/drain region of transistor device 48, a gate (not shown) of the
transistor device can be considered to be a wordline, and a second source/drain region
of the transistor device can be connected to a bitline (not shown).

[0080] The shown capacitor construction:comprising materials 50, 62 and 64 is
but one of many capacitor constructions that can be formed utilizing methodology of the
present invention. Other capacitor constructions can have other shapes, including, for.
example, container shapes. Also, it is to be understood that a capacitor device is but
one exemplary device that can be formed utilizing methodology of the present invention,
and other devices can also be formed utilizing such methodology.

[0081] The invention can be utilized for numerous applications. For instance,
methodology of the present invention can form porous films, with desired “doping”, while
alleviating and even avoiding contamination from solvents that would otherwise be
utilized in prior art methodologies. Materials formed in accordance with methodology of

the present invention can be patterned (via, for example, a selective etch) in further

processing (not shown).
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substrate, and the first and second conponents together forma materi al
deposited over the substrate. The material deposited over the substrate can
be any of a nunber of materials, including, for exanple, netalllEBREARYG07
materials. The metal -containing materials can consist essentially of or
consi st of metal, or can be conpounds containing non-netals in addition to
nmetal s, such as, for exanple, netal nitrides and netal oxides. In
particul ar aspects, the first precursor can conprise a volatile

met al - cont ai ni ng

CLAIMS

The invention claimed is:
1. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a precursor dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid having precursor dispersed therein into the reaction
chamber; the precursor interacting with the surface of the substrate to form a monolayer
over at least a portion of the surface of the substrate;

wherein the precursor is part of a mixture of precursors dispersed within the
superecritical fluid, and two or more precursors from the mixture interact with the surface of
the substrate to form the monolayer; and

wherein the precursors within the mixture ‘of precursors comprise an aluminum-

containing precursor and a hafnium-containing precursor.

2. The method of claim 1 wherein the precursors within the mixture of precursors consist

essentially of the aluminum-containing precursor and the hafnium-containing precursor.
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conmpound, the second precursor can conprise oxygen, and the naterial forned
from the first and second precursors can conprise a netal oxide, X
netal oxides which can be formed in accordance\Mtklnethodolodeﬁng§Y207
present invention include tantalum oxides, titanium oxides, alum num oxi des
and hafni um oxi des. 5 1 FEBRUARY 2007

3. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a precursor dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid having precursor dispersed therein into the reaction
chamber; the precursor interacting with the surface of the substrate to form a monolayer
over at least a portion of the surface of the substrate;

wherein the precursor is part of a mixture of precursors dispersed within the
supercritical fluid, and two or more precursors from the mixture interact with the surface of
the substrate to form the monolayer,;

wherein the precursors within the mixture of precursors consist essentially of a
titanium-containing precursor and a tantalum-containing precursor; and

wherein a 'ratio of the titanium-containing precursor to the tantalum-containing

precursor is from about 5:95 to about 10:90.
4. The method of claim 3 wherein the titanium-containing precursor is titanium fluoride or

titanium isopropoxide, and the tantalum-containing precursor is

pentakis(dimethylamino)tantalum, TaFs or tantalum ethoxide.
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[0016] In another aspect, the invention includes a nethod of form ng a | ayer
fromat |east two different precursors dispersed in a supercritl %k x&
The supercritical fluid having the precursors di spersed thereilrﬁl?ﬁiR g 407
into a reaction chanber and wutilized to forma first material conprising
conponents of the at |east two precursors. After the first material is
formed, substantially all of any of the at | east two precursors remnaining
free within the chanber is renoved, and subsequently a reactant is flowed

5. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a precursor dispersed therein,

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid having precursor dispersed therein into the reaction
chamber; the precursor interacting with the surface of the substrate to form a monolayer
over at least a portion of the surface of the substrate; and

wherein one or more conditions within the reaction chamber are below critical
conditions of the supercritical fluid during formation of at least some of the monolayer so
that the supercritical fluid is not in a supercritical state within the reaction chamber during

formation of at least some of the monolayer.

6. The method of claim 5 wherein the one or more conditions within the reaction chamber
which are below the critical conditions of the supercritical fluid include a pressure which is

below the critical pressure of the supercritical fluid.

7. The method of claim § wherein the one or more conditions within the reaction chamber
are below the critical conditions as the supercritical fluid is flowed into the chamber so that
the supercritical fluid transforms to the non-supercritical state upon being flowed into the

chamber.
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into the chanber to chemcally convert at |east sone of the first materi al
to a second material. In particular aspects, the first material can

conprise hafniumand alum num and in other particul ar aspect s1 FRERUARY 2007
material can conprise tantalumand titanium The reactant can conprise
oxygen, and accordingly the second material can conprise, for exanple,

al um num oxi de/ haf ni um oxi de or tantal um oxi de/titani um oxide. BRI EF

DESCRI PTI ON OF THE DRAW NGS

8. The method of claim 5 wherein:

the supercritical fluid is flowed into the chamber in the supercritical state and under
conditions suitable to maintain the supercritical fiuid in the supercritical state; and

after the supercritical fluid is flowed into the reaction chamber, conditions within the
reaction chamber are changed to reduce the one or more conditions within the reaction

chamber to below the critical conditions of the superecritical fluid.
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[0017] Preferred enbodi nents of the invention are described below wth
reference to the foll ow ng acconpanying drawings. [0018] Fig. 1 is a

di agrammatic, cross-sectional view of an exenplary apparatus t hEEBRYAR)2007
utilized for various treatnments enconpassed by exenplary aspects of the
present invention. [0019] Fig. 2 is a diagrammtic, cross-sectional view of
a sem conduct or waf er

9. A method of depositing material over a substrate, comprising:
providing a first precursor and a second precursor different from the first precursor;
providing an atomic layer deposition reaction chamber having a substrate therein,
the substrate having a surface;
performing at least one iteration of the following sequence:
flowing the first precursor into the chamber to form a first component
monolayer deposited over a surface of the substrate;
after forming the first component monolayer, purging substantially all
of any of the first precursor remaining free in the chamber from the
chamber;
after purging substantially all of the first precursor from the reaction
chamber, flowing the second precursor into the chamber to form a second
component over the surface of the substrate;
after forming the second component, purging substantially all of any of
the second precursor remaining free in the chamber from the chamber;
wherein at least one of the first and second precursors is dispersed in a supercritical
fluid as it is flowed into the reaction chamber;
wherein the first precursor comprises a metal;
wherein the first component monolayer comprises the metal;
wherein the second precursor comprises oxygen; and

wherein the second component comprises the oxygen.
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fragnent being treated at a prelimnary processing stage of an exenplary

met hod of the present invention. [0020] Fig. 3 is a viewof the Fig. 2
waf er fragment being treated at a processing stage subsequent fSEPﬁyN{}ﬁOW
Fig. 2. [0021] Fig. 4 is a viewof the Fig. 2 wafer fragnent shown at a
processi ng stage subsequent to that of Fig. 3.

10. The method of claim 9 wherein:
the first precursor comprises hafnium;
the first component monolayer comprises hafnium from the first precursor; and
the oxygen of the second precursor reacts with the hafnium of the first componentto

form hafnium oxide.

11. The method of claim 10 wherein the first precursor is HfCl, and the second precursor

is H20 or Oa.

12. The method of claim 9 wherein:
the first precursor is part of a mixture of precursors;
the precursors within the mixture comprise two or more different metals; and

the first component monolayer comprises the two or more different metals.

13. The method of claim 12 wherein the mixture of precursors consists essentially of an

aluminum-containing precursor and a hafnium-containing precursor.

14. The method of claim 12 wherein the mixture of precursors consists essentially of a

titanium-containing precursor and a tantalum-containing precursor.
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[0022] Fig. 5 is a diagrammtic, cross-sectional view of a sem conductor
wafer fragnment at a prelimnary processing stage of a second enbodi nent
met hod of the present invention. 6. 1 FEBRUARY 2007 [0023] Fi YFEBRUARY 2007

view of the Fig. 5 wafer fragnment shown being treated at a

15. The method of claim 14 wherein a ratio of the titanium-containing precursor to the

tantalum-containing precursor is from about 5:95 to about 10:90, by atomic percent.

16. The method of claim 14 wherein the titanium-containing precursor is titanium fluoride

or titanium isopropoxide, and the tantalum-containing precursor is TaFs, tantalum ethoxide

or pentakis(dimethylamino)tantalum.
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processi ng stage subsequent to that of Fig. 5. [0024] Fig. 7 is a view of
the Fig. 5 wafer fragnment shown being treated at a processing SARRUA 00
subsequent to that of stage of Fig. 6. [0025] Fig. 8 is a viewof" % E?(g} 5
waf er fragment shown at a processing stage subsequent to that of Fig. 7.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS

17. A method of depositing material over a substrate, comprising:
providing a first precursor and a second precursor different from the first precursor,
providing an atomic layer deposition reaction chamber having a substrate therein,
the substrate having a surface;
performing at least one iteration of the following sequence:
flowing the first precursor into the chamber to form a first component
monolayer deposited over a surface of the substrate;
after forming the first component monolayer, purging substantially all
of any of the first precursor remaining free in the chamber from the
chamber,
after purging substantially all of the first precursor from the reaction
chamber, flowing the second precursor into the chamber to form a second
comﬁonent over the surface of the substrate;
after forming the second component, purging substantially all of any of
the second precursor remaining free in the chamber from the chamber;
wherein at least one of the first and second precursors is dispersed in a supercritical
fluid as it is flowed into the reaction chamber; and
wherein one or more conditions within the reaction chamber are below critical
conditions of the supercritical fluid as the supercritical fluid is flowed into the chamber so
that the superecritical fluid transforms to a non-supercritical state upon being flowed into the

chamber.
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[ 0026] The invention includes various nethods in which supercritical fluid
Is wutilized to deliver one or nore precursors into a reaction chanber
during a deposition process. The supercritical fluid can beamﬂf@ﬁﬁ?éﬁyémm
supercritical conposition within which the precursor can be dispersed.

Al t hough the supercritical fluid can be a neat conposition of precursor,
typically it wll not be. Instead, the supercritical fluid will conprise a
conposition other than that of the precursor, with an exenplary
supercriti cal

18. A method of depositing material over a substrate, comprising:

providing a supercritical fluid comprising a first precursor dispersed therein;

providing a second precursor;

providing an atomic layer deposition reaction chamber having a substrate therein,
the substrate having a surface;

flowing the supercritical fluid having the first precursor dispersed therein into the
chamber to form a first component monolayer deposited over a surface of the substrate;

flowing the second precursor into the chamber after the flowing the first precursor
into the reaction chamber and separately in time from the flowing of the first precursor into
the reaction chamber, the second precursor within the reaction chamber forming a second
component deposited over the surface of the substrate, the first component monolayer and
the second component together forming the material deposited over the substrate;

wherein the first precursor comprises a metal;

wherein the second precursor comprises oxygen; and

wherein the material deposited over the substrate comprises an oxide of the metal

from the first precursor,

19. The method of claim 18 wherein the first precursor comprises hafnium, titanium or

tantalum.
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fluid being a supercritical fluid conprising, consisting essentially of, or

consisting of carbon dioxide. [0027] As is known to persons of '
skill in the art, a supercritical fluid is defined as any subs&%ﬂgf}izopg

above its critical tenperature (Ta) and critical pressure (PO). T" is the
hi ghest tenperature at which a gas can be converted to a liquid by an

I ncrease in pressure, and POis the highest pressure in which a liquid can
be converted

20. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising at least two different precursors dispersed
therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface; |

flowing the superecritical fluid into the reaction chamber and forming a first material
comprising components of the at least two different precursors, the first material being
formed over at least a portion of the surface of the substrate; after forming the first
material, some of the at least two precursors remaining free in the chamber;

removing substantially all of the at least two precursors remaining free from within
the chamber;

after removing substantially all of the at least two precursors, flowing a reactantinto
the chamber to chemically convert at least some of the first material to a second material;
and

wherein one of the at least two different precursors comprises hafnium and another
of the at least two different precursors comprises aluminum; and wherein the first material
comprises hafnium from said one of the precursors and aluminum from said other of the

precursors.

21. The method of claim 20 wherein the first material consists essentially of the hafnium

and the aluminum.
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to a traditional gas by an increase in the liquid tenperature. In the
so-called critical region there is only one phase, and it possesses
properties of both gas and liquid. Supercritical fluids differlFEBRUARY 2007
traditional liquids in several aspects. For exanple, the "solvating power”
of a supercritical fluid can frequently be controlled by changi ng
tenperature and/or pressure to allow a wide variety precursor naterials to
be di ssolved. [0028] For purposes of Interpreting this disclosure and the
clainms that follow, .the
22. A method of forming a layer over a substrate, comprising:
providing a supercritical fluid comprising at least two different precursors dispersed
therein;
providing a reaction chamber having a substrate therein, the substrate having a
surface;
flowing the supercritical fluid into the reaction chamber and forming a first material
comprising components of the at least two different precursors, the first material being
formed over at least a portion of the surface of the substrate; after forming the first
material, some of the at least two precursors remaining free in the chamber;
removing substantially all of the at least two precursors remaining free from within
the chamber,;
after removing substantially all of the at least two precursors, flowing a reactant into
the chamber to chemically convert at least some of the first material to a second material;
wherein one of the at least two different precursors comprises titanium and another
of the at least two different precursors comprises tantalum;
wherein the first material comprises titanium from said one of the precursors and
tantalum from said other of the precursors; and
wherein the reactant comprises oxygen; and

wherein the chemical conversion of at least some of the first material comprises

oxidation of at least some of the tantalum and titanium of the first material.
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term"supercritical fluid" is utilized to refer specifically to a portion of

a conposition that is in a supercritical state (i.e., is utili I
to the supercritical conponent of a 7 1 FEBRUARY 2007 conposi tfﬁﬂ?wﬂe‘;%‘”

Typically, the materials dispersed and/or dissolved within a supercritical
fluid will not be in a supercritical state, and accordingly will not be part
of the

23. The method of claim 22 wherein the first material consists essentially of the titanium

and the tantalum.

24. The method of claim 23 wherein the oxidation forms the second material to consist of

tantalum oxide and titanium oxide.
25. The method of claim 22 wherein said one of the precursors is titanium fluoride or

titanium isopropoxide; and wherein said other of the precursors s

pentakis(dimethylamino)tantalum, TaFs or tantalum ethoxide.
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supercritical fluid. However, precursors dispersed within a supercritical
fluid can, in sone instances, be in a supercritical state. [0029]

Met hodol ogi es of the present invention can be utilized in vari ouW¥EBRUARY 2007
deposition processes, and in particular aspects will be utilized In atomc

| ayer deposition processes. One of the challenges in conventional ALDis in
del i vering enough precursor to saturate the surface of the substrate

qui ckly, preferably with a very square

26. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising at least two different precursors dispersed
therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a first material
comprising components of the at least two different precursors, the first material being
formed over at least a portion of the surface of the substrate; after forming the first
material, some of the at least two precursors remaining free in the chamber;

removing substantially all of the at least two precursors remaining free from within
the chamber;

after removing substantially all of the at least two precursors, fiowing a reactantinto
the chamber to chemically convert at least some of the first material to a second material;

wherein one of the at least two different precursors comprises titanium and another
of the at least two different precursors comprises tantalum;

wherein the first material comprises titanium from said one of the precursors and
tantalum from said other of the precursors; and

wherein a ratio of said one of the precursors to said other of the precursors within

the supercritical fluid is from about 5:95 to about 10:90.
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concentration pulse. Traditional ALD utilizes gas phase delivery of
precursors, which typically provides the followng |[imtations to the ALD
(1) the concentration of precursor attainable in the IJAEBRUARY 2087

process;
[imted,

pressure (i.e., a vapor pressure of less than 0.1 Torr and 100C), also,

and can be severely limted for precursors having a | ow vapor

t he

concentration of precursor can be [imted by the efficiency wth which gas
delivery lines to a reaction chanber are heated, as inproperly heated
delivery lines

27. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising at least two different precursors dispersed
therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the superecritical fluid into the reaction chamber and forming a first material
comprising components of the at least two different precursors, the first material being
formed over at least a portion of the surface of the substrate; after forming the first
material, some of the at least two precursors remaining free in the chamber;

removing substantially all of the at least two precursors remaining free from within
the chamber;

after removing substantially all of the at least two precursors, flowing a reactant into
the chamber to chemically convert at least some of the first material to a second material;

wherein one of the at least two different precursors comprises titanium and another
of the at least two different precursors comprises tantalum;

wherein the first material comprises titanium from said one of the precursors and
tantalum from said other of the precursors; and

wherein a ratio of titanium to tantalum within the first material is from about 5:95 to

about 10:90.

36



can result in condensation of precursor along the gas line walls in route to
the chanber; and (2) the sharpness of the precursor concentraty I

[ 0030] Particular aspects of the present invention can address %ﬁ#ﬁﬁﬂ?§?ﬁ0W7
above-described Iimtations of ALD processes by utilizing a supercritical
fluid to enhance delivery of |lowvolativity precursors to a reaction
chanber. Specifically, dissolving or otherw se dispersing one or nore

| ow-vol atility precursors in supercritical fluid can all ow

28. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising at least two different precursors dispersed
therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a first material
monolayer comprising components of the at least two different precursors, the first material
monolayer being formed over at least a portion of the surface of the substrate; after
forming the first material monolayer, some of the at least two precursors remaining free in
the chamber;

removing substantially all of the at least two precursors remaining free from within
the chamber;

after removing substantially all of the at least two precursors, flowing a reactantinto
the chamber to chemically convert at least some of the first material monolayer to a second
material; and

wherein the reactant comprises oxygen, and wherein the chemical conversion of at
least some of the first material monolayer comprises oxidation of at least some of the first

material monolayer.
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relatively high concentrations of the precursors to be attained in a given
vol unme. Accordingly, supercritical fluid having one or nbre precursors

di ssol ved therein can be introduced into a reaction chanber td IERBYARY 2007
relatively high concentration of precursor wthin the chanber. The high
concentration of precursor can then be utilized in an ALD process to forma
nonol ayer over a substrate within the chanber. [0031] Sone aspects of the

i nvention conprises naintaining a supercritical state

29. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising at least two different precursors dispersed
therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a first material
monolayer comprising components of the at least two different precursors, the first material
monolayer being formed over at least a portion of the surface of the substrate; after
forming the first material, .some of the at least two precursors remaining free in the
chamber;

removing substantially all of the at least two precursors remaining free from within
the chamber,;

after removing substantially all of the at least two precursors, flowing a reactantinto
the chamber to chemically convert at least some of the first material monolayer to a second
material; and

wherein one or more conditions within the reaction chamber are below critical
conditions of the supercritical fluid at some time while the supercritical fluid is in the
chamber so that the superecritical fluid transforms to a non-supercritical state vwithin the

reaction chamber.
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of the supercritical fluid within the reaction chanber during formation of
t he nonol ayer, and other aspects of the invention conprise releasing the
supercritical fluid fromthe 8 1 FEBRUARY 2007

30. The method of claim 29 wherein the one or more conditions within the reaction
chamber which are below the critical conditions of the supercritical fluid include a pressure

which is below the critical pressure of the supercritical fluid.

31. The method of claim 29 wherein the one or more conditions within the reaction
chamber are below the critical conditions as the supercritical fluid is flowed into the
chamber so that the supercritical fluid transforms to the non-supercritical state upon being

*

tlowed into the chamber.

32. The method of claim 29 wherein:

the supercritical fluid is flowed into the chamber in the supercritical state and under
conditions suitable to maintain the supercritical fluid in the supercritical state; and

after the supercritical fluid is flowed into the reaction chamber, conditions within the
reaction chamber are changed to reduce the one or more conditions within the reaction

chamber to below the critical conditions of the supercritical fluid.
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33. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid cbmprising a titanium-containing composition and a
tantalum-containing composition dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface,

flowing the supercritical fluid into the reaction chamber and forming a material
comprising titanium from the titanium-containing composition and tantalum from the
tantalum-containing composition, the material being formed over at least a portion of the
surface of the substrate; and

exposing the material to oxygen to convert at least some of the tantalum in the
material to tantalum oxide, and to convert at least some of the titanium in the material fo

titanium oxide.
34. The method of claim 33 wherein substantially all of the tantalum in the material is

converted to tantalum oxide, and wherein substantially all of the titanium in the material is

converted to titanium oxide.
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35. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a titanium-containing composition and a
tantalum-containing composition dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a material
comprising titanium from the titanium-containing composition and tantalum from the
tantalum-containing composition, the material being formed over at least a portion of the
surface of the substrate; and

flowing an oxygen-containing composition into the reaction chamber after forming
the material, the oxygen-containing composition interacting with tantalum and titanium of

the material to form tantalum oxide and titanium oxide.

.36. The method of claim 35 wherein some free titanium-containing composition and free
tantalum-containing composition remains within the chamber after forming the material, the
method further comprising purging substantially all of the free titanium-containing
composition and free tantalum-containing composition from within the chamber prior to the

flowing of the oxygen-containing composition into the chamber.
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37. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a titanium-containing composition and a
tantalum-containing composition dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a material
comprising titanium from the titanium-containing composition and tantalum from the
tantalum-containing composition, the material being formed over at least a portion of the
surface of the substrate; and

wherein a ratio of the titanium-containing composition to the tantalum-containing

composition within the supercritical fluid is from about 5:95 to about 10:90.
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38. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a titanium-containing composition and a
tantalum-containing composition dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a material
comprising titanium from the titanium-containing composition and tantalum from the
tantalum-containing composition, the material being formed over at least a portion of the
surface of the substrate; and

wherein a ratio of the titanium to the tantalum within the material is from about 5:95

to about 10:90.
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39. A method of forming a layer over a substrate, comprising:

providing a supercritical fluid comprising a titanium-containing composition and a
tantalum-containing composition dispersed therein;

providing a reaction chamber having a substrate therein, the substrate having a
surface;

flowing the supercritical fluid into the reaction chamber and forming a material
comprising titanium from the titanium-containing composition and tantalum from the
tantalum-containing composition, the material being formed over at least a portion of the
surface of the substrate; and

wherein one or more conditions within the reaction chamber are below critical
conditions of the supercritical fluid at some time while the supercritical fluid is within the
reaction chamber so that the supercritical fluid transforms to a non-supercritical state within

the reaction chamber.

40. The method of claim 39 wherein the one or more conditions within the reaction
chamber which are below the critical conditions of the supercritical fluid include a pressure

which is below the critical pressure of the supercritical fluid.

41, The method of claim 39 wherein the one or more conditions within the reaction
chamber are below the critical conditions as the supercritical fluid is flowed into the
chamber so that the supercritical fluid transforms to the non-supercritical state upon being

flowed into the chamber.
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42. The method of claim 39 wherein:

the supercritical fluid is flowed into the chamber in the supercritical state and under
conditions suitable to maintain the supercritical fluid in the supercritical state; and

after the supercritical fluid is flowed into the reaction chamber, conditions within the
reaction chamber are changed to reduce the one or more conditions within the reaction

chamber to below the critical conditions of the supercritical fluid.
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