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(57) Abstract: In one embodiment of
the invention, a method for depositing a
tantalum-containing layer on a substrate
within a process chamber is provided
which includes sequentially exposing
the substrate to a tantalum precursor
and at least one secondary precursor to
deposit a tantalum-containing material
during an atomic layer deposition (ALD)
process. The tantalum precursor is usually
tertiaryamylimido-tris(dimethylamido)tan-
~ talum (TAIMATA). The ALD process

is repeated until the tantalum-containing

14

material is deposited with a predetermined thickness. Usually, the TAIMATA is preheated prior pulsing the tantalum precursor into
the process chamber. The tantalum-containing material may include tantalum, tantalum nitride, tantalum silicon nitride, tantalum
boron nitride, tantalum phosphorous nitride or tantalum oxynitride. The tantalum-containing material may be deposited as a barrier
layer or an adhesion layer within a via or as a gate electrode material within a source/drain device.
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ATOMIC LAYER DEPOSITION OF TANTALUM-CONTAINING MATERIALS
USING THE TANTALUM PRECURSOR TAIMATA

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Embodiments of the invention generally relate to electronic’ device
fabrication. More particularly, embodiments relate to improvements of deposition
processes for tantalum-containing layers formed on substrates by sequential

deposition techniques.

Description of the Related Art

[0002] The electronic device industry and the semiconductor industry continue to
strive for larger production yields while increasing the uniformity of layers deposited
on substrates having increasingly larger surface areas. These same factors in
combination with new materials also provide higher integration of circuits per unit
area on the substrate. As circuit integration increases, the need for greater
uniformity and process control regarding layer characteristics rises. Formation of
tantalum-containing layers, such as tantalum, tantalum nitride and tantalum silicon
nitride, in multi-level integrated circuits poses many challenges to process control,

particularly with respect to contact formation.

[0003] Contacts are formed by depositing conductive interconnect material in an
opening (e.g., via) on the surface of insulating material disposed between two
spaced-apart conductive layers. Copper is the most popular conductive
interconnect material, but suffers from diffusion into neighboring layers, such as
dielectric layers. The resulting and undesirable presence of copper causes dielectric
layers to become conductive and ultimate device failure. Therefore, barrier

materials are used to control copper diffusion.

[0004] Barrier layers formed from sputtered tantalum and reactive sputtered
tantalum nitride have demonstrated properties suitable for use to control copper

diffusion. Exemplary properties include high conductivity, high thermal stability and
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resistance to diffusion of foreign atoms. Both physical vapor deposition (PVD) and
atomic layer deposition (ALD) processes are used to deposit tantalum or tantalum
nitride in features of small size (e.g., about 90 nm wide) and high aspect ratios of
about 5:1. However, it is believed that PVD processes may have reached a limit at
this size and aspect ratio, while ALD processes are anticipated to be used in the
next generation technology of 45 nm wide features having aspect ratios of about
10:1. Also, ALD processes more easily deposit tantalum-containing films on

features containing undercuts than does PVD processes.

[0005] Attempts have been made to use traditional tantalum precursors found in
existing chemical vapor deposition (CVD) or ALD processes to deposit tantalum-
containing films. Examples of tantalum precursors may include tantalum chloride

(TaCls) and various metal-organic sources, such as pentakis(diethylamido)tantalum

(PDEAT), pentakis(dimethylamido)tantalum (PDMAT),
tertbutylimidotris(diethylamido)tantalum (TBTDEAT) and
tertbutylimidotris(dimethylamido)tantalum  (TBTDMAT). However, traditional

tantalum precursors may suffer drawbacks during deposition processes. Formation
of tantalum-confaining films from processes using TaCls as a precursor may require
as many as three treatment cycles using various radial based chemistries (e.g.,
atomic hydrogen or atomic nitrogen) to form metallic tantalum or tantalum nitride.
Processes using TaCls may also suffer from chlorine contamination within the
tantalum-containing layer. While metal-organic sources of tantalum may produce
tantalum-containing materials with no chlorine contamination, the deposited

materials may suffer with the undesirable characteristic of high carbon content.

[0006] Therefore, there is a need for a process to deposit tantalum-containing
materials having a high level of surface uniformity and a low concentration of

contaminant into high aspect ration features.

SUMMARY OF THE INVENTION

[0007] Many of the processes described herein employ the tantalum precursor
tertiaryamylimido-tris(dimethylamido)tantalum  (TAIMATA), (‘AmyiN)Ta(NMey)s,
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wherein ‘Amyl is the tertiaryamyl group (CsHii— or CH3CH.C(CHg)o—). In one
embodiment, a method for forming a device by depositing a tantalum-containing
material on a substrate in a process chamber is provided which includes exposing a
substrate sequentially to a pulse of a tantalum-containing gas comprising TAIMATA
and to a pulse of a process gas comprising at least one secondary precursor to
deposit a tantalum-containing film on the substrate, depositing a ruthenium-
containing material on the tantalum-containing film and depositing a copper-
containing material on the ruthenium-containing material. The tantalum-containing
material that is deposited may include tantalum, tantalum nitride, tantalum silicon
nitride, tantalum boron nitride, tantalum phosphorous nitride, tantalum oxynitride,
tantalum silicide, derivatives thereof or combinations thereof. In one example, the
ruthenium-containing material is deposited by an ALD process and the copper-
containing material is deposited by a PVD process. In another example, the
ruthenium-containing material is deposited by exposing the substrate to a first ALD
process to deposit ruthenium-containing material, exposing the substrate to a
plasma etch process and subsequently exposing the substrate to a second ALD

process to deposit additional ruthenium-containing material.

foo08] In another embodiment, a method for forming a device by depositing a
tantalum-containing material on a substrate in a process chamber is provided which
includes exposing a substrate an ALD process containing a tantalum-containing gas
comprising TAIMATA and to a process gas comprising at least one secondary
precursor to deposit a tantalum-containing film on the substrate. The process
further provides exposing the substrate to a plasma etch process, depositing a
metal-containing material on the tantalum-containing film and depositing a copper-
containing material on the metal-containing material. The metal-containing material
may include copper, tungsten, aluminum, tantalum, titanium, ruthenium, alloys
thereof or combinations thereof. Examples include depositing the copper-containing
material by a PVD process and depositing the metal-containing material by an ALD

process or by a PVD process.

[0009] In one embodiment, a method for forming a tantalum barrier layer on a

substrate disposed in a process chamber is provided which includes heating a
3
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tantalum precursor containing TAIMATA to a predetermined temperature to form a
tantalum-containing gas and flowing the tantalum-containing gas into the process
chamber. The tantalum-containing gas is adsorbed on the substrate to form a
tantalum-containing layer. The method further includes purging the process
chamber with a purge gas, flowing at least one secondary element-containing gas
into the process chamber, reacting the at least one secondary element-containing
gas with the tantalum-containing layer to form the tantalum barrier layer and purging
the process chamber with the purge gas. The TAIMATA may be heated to the

predetermined temperature within a range from about 50°C to about 80°C.

[0010] In another example, a method for forming a device by forming a tantalum-
containing material on a substrate disposed in a processing chamber is provided
which includes forming a tantalum-containing gas by heating a liquid TAIMATA
precursor in a vaporizer with a carrier gas to a predetermined temperature. The
method further includes exposing the substrate to an atomic layer deposition (ALD)
process comprising a pulse of a tantalum-containing gas, a pulse of the nitrogen-
containing gas and a pulse of a silicon-containing gas. The tantalum-containing

material is deposited to a predetermined thickness by repeating the ALD process.

[0011] In another example, a method for depositing a tantalum-containing
material on a substrate within a process chamber is provided which includes
exposing the substrate sequentially to a pulse of a tantalum-containing gas
containing TAIMATA and to a pulse of a process gas containing at least one
secondary precursor to deposit a tantalum-containing film on the substrate. The
exposing step is repeated until the tantalum-containing film is at a predetermined
thickness and subsequently, a metal layer is deposited on the tantalum-containing

film.

[0012] In another embodiment, a method for depositing a tantalum-containing
gate material on a substrate within a process chamber is provide which includes
exposing the substrate to an ALD process cycle that includes a pulse of a tantalum-
containing gas that contains TAIMATA, a pulse of a nitrogen precursor and a pulse

of a third precursor to form a tantalum-containing material. The third precursor may
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include a silicon precursor, a boron precursor, a phosphorous precursor or
combinations thereof. The ALD process cycle is repeated until the tantalum-

containing material is at a predetermined thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] So that the manner in which the above recited features of the invention
can be understood in detail, a more particular description of the invenﬁon, briefly
summarized above, may be had by reference to embodiments, some of which are
illustrated in the appended drawings. It is to be noted, however, that the appended
drawings illustrate only typical embodiments of the invention and are therefore not to
be considered limiting of its scope, for the invention may admit to other equally

effective embodiments.

[0014] Figure 1 is a detailed cross-sectional view of a substrate before deposition

of a barrier layer in accordance with one embodiment described herein;

[0015] Figure 2 is a detailed cross-sectional view of a substrate shown above in
Figure 1 after deposition of a barrier layer and a metal contact in accordance with

one embodiment described herein;

[0016] Figure 3 is flow diagram showing a method of depositing a tantalum-

containing layer in accordance with one embodiment described herein;

[0017] Figure 4 is flow diagram showing a method of depositing a tantalum-

containing layer in accordance with another embodiment described herein; and

[0018] Figure 5 is a cross-sectional view of a substrate containing a tantalum-

containing gate electrode in accordance with one embodiment described herein.

DETAILED DESCRIPTION

[0019] Embodiments of the invention include atomic layer deposition (ALD)

processes to deposit a tantalum-containing material onto a substrate surface. The

ALD processes include sequentially exposing the substrate surface to a tantalum

precursor and at least a second compound, such as a nitrogen precursor and/or a
5
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silicon precursor. The process generally employs the tantalum precursor
tertiaryamylimido-tris(dimethylamido)tantalum (TAIMATA). The deposited tantalum-
containing material may include tantalum, tantalum nitride, tantalum silicon nitride,

tantalum boron nitride, tantalum phosphorus nitride or tantalum oxynitride.

[0020] Referring to Figure 1 a substrate 10 has an exemplary structure upon
which a tantalum-containing layer can be deposited is shown. Substrate 10 includes
a wafer 12 that may have one or more layers, shown as layer 14, disposed thereon.
Wafer 12 may be formed from a material suitable for semiconductor processing,
such as silicon or silicon. Layer 14 may be formed from any suitable material,
including dielectric or conductive materials. Preferably, layer 14 is a dielectric
material such as a silicon-containing material. Layer 14 may also include a void 16

exposing a region 18 of wafer 12.

[0021] Referring to Figure 2, formed on layer 14 and within region 18 is a barrier
layer 20 containing a tantalum-containing material deposited by processes
described herein. In one example, barrier layer 20 is formed from tantalum nitride or
tantalum silicon nitride by sequentially exposing substrate 10 to a tantalum precursor
and at least a second elemental precursor, such as a nitrogen precursor and/or
silicon precursor. Although not required, barrier layer 20 may contain monolayers of
multiple compounds, such as tantalum nitride and tantalum metal. Tantalum nitride
barrier layer 20 conforms to the profile of void 16 so as to cover region 18 and layer
14. A contact 22 is fabricated by formation of a metal layer 24 deposited on barrier
layer 20, filling void 16. Metal layer 24 may be formed using standard techniques
(e.g., ALD, PVD, CVD, electroless plating, electroplating or combinations thereof)
and include seed formation and/or fill. Metal layer 24 is a conductive metal that
includes copper, tungsten, aluminum, tantalum, titanium, ruthenium, silver, alioys
thereof or combinations thereof. Preferably, metal layer 24 contains copper or a

copper-containing alloy.

[0022] In one example, barrier layer 20 serves as a seed layer to promote the
formation of metal layer 24 using, for example, electroplating or ALD techniques.

Important characteristics that barrier layer 20 should demonstrate include good step
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coverage, thickness uniformity, high electrical conductivity and ability to prohibit
copper diffusion. Barrier layer 20 is deposited employing sequential techniques,

such as atomic layer deposition further described herein.

[0023] One example for forming barrier layer 20 employing sequential deposition
techniques includes exposing substrate 10 to a tantalum-containing gas produced
by vaporizing the liquid precursor TAIMATA. “TAIMATA" is used herein to describe
tertiaryamylimido-tris(dimethylamido)tantalum ~ with  the chemical formula
(‘AmyIN)Ta(NMey)s, wherein 'Amyl is the tertiaryamyl group (CsHyi— or
CH4CH>C(CHs)z-). A tantalum-containing gas may be formed by heating a liquid
TAIMATA precursor in a vaporizer, a bubbler or an ampoule to a temperature of at
least 30°C, preferably to a temperature in a range from about 50°C to about 80°C.
A carrier gas is flown across or bubbled through the heated TAIMATA to form a

tantalum-containing gas.

[0024] Substrate 10 is placed into a process chamber and heated to a
temperature within a range from about 200°C to about 500°C, preferably from about
250°C to about 400°C, and more preferably from about 330°C to about 360°C. The
process chamber has a controlled environment that may be pressurized to a
pressure within a range from about 1 mTorr to about 100 Torr, preferably from about
1 Torr to about 10 Torr, and more preferably from about 2 Torr to about 5 Torr.
Substrate 10 is exposed to a process gas that includes the tantalum-containing gas
and a carrier gas. Herein, the carrier gas and/or the purge gas may be Ar, He, Ny,
H,, forming gas or combinations thereof. A tantalum-containing layer is formed on
substrate 10. It is believed that the tantalum-containing layer has a surface of

ligands containing amido (-NMey) and imido (=N'Amyl).

[0025] In one example, the tantalum-containing layer is exposed to another
process gas that includes a nitrogen-containing gas and a carrier gas to deposit the
tantalum-containing layer forming a barrier layer 20 of tantalum nitride. In this
example, the nitrogen-containing gas may comprise ammonia and a carrier gas. It
is believed that the amido and imido ligands in the exposed surface of the tantalum-

containing layer react with the ammonia to form byproducts that include radicals
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(e.g., NHz, NMez, N'Amyl, HN'Amyl or 'Amyl), pentene, amines (e.g., HNMe, or
HoN'Amyl), (MezN)2 and Hz among others. In this manner, a surface containing a

layer of tantalum nitride is formed on substrate 10.

[0026] Barrier layer 20 is a tantalum-containing compound. In a preferred
embodiment, the tantalum-containing compound is tantalum nitride or tantalum
silicon nitride. An example of the deposition process may form tantalum nitride with
the chemical formula TaN,, where x is within a range from about 0.4 to about 2.0.
Tantalum nitride is often derived with empirical formulas that include TaN, TasNs
TaoN or TagNss7. Tantalum-containing compounds are deposited as amorphous or
crystalline materials. The ALD process provides stoichiometric control during the
deposition of tantalum-containing compounds. The stoichiometry may be altered by
various procedures following the deposition process, such as when TazNs is
thermally annealed to form TaN. The ratio of the precursors may be altered during

deposition to control the stoichiometry of the tantalum-containing compounds.

[0027] In another example of the deposition process, tantalum silicon nitride may
be formed with the chemical formula TaSiyNy, where x is within a range from about
0.4 to about 2.0 and y is within a range from about 0.1 to about 1.0. In other
examples, the tantalum-containing compounds formed by deposition processes
described herein include tantalum, tantalum phosphorous nitride, tantalum boron
nitride, tantalum silicide, tantalum oxide, tantalum oxynitride, tantalum silicate,

tantalum boride, tantalum phosphide or derivatives thereof.

[0028] An important precursor characteristic is to have a favorable vapor
pressure. Deposition precursors may have gas, liquid or solid states at ambient
temperature and pressure. However, within the ALD chamber, precursors are
volatilized as gas or plasma. Precursors are usually heated prior to delivery into the

process chamber.

[0029] Although TAIMATA is the preferred tantalum-containing precursor, other
tantalum precursors that may be heated to form tantalum-containing gases.

Tantalum precursors may contain ligands such as alkylamidos, alkylimidos,
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cyclopentadienyls, halides, alkyls, alkoxides and combinations thereof. Alkylamido
tantalum compounds used as tantalum precursors include (RR’'N)sTa, where R or R’
are independently hydrogen, methyl, ethyl, propyl or butyl. Alkylimido tantalum
compounds used as tantalum precursors include (RN)(R'R”N)sTa, where R, R’ or R”
are independently hydrogen, methyl (Me), ethyl (Et), propyl (Pr), butyl (Bu) or pentyl
(amyl). Specific tantalum precursors may include (AmyIN)Ta(NMey)s,
(AmyIN)Ta(NEt)s, (AmyIN)Ta(NMeEt)s,  (BuN)Ta(NMez)s, (BuN)Ta(NEt)s,
(‘BuN)Ta(NMeEt)s, (Et2N)sTa, (Me2N)sTa, (EtMeN)sTa, (MesCs)TaCly,
(acac)(EtO)4Ta, BrsTa, ClsTa, IsTa, FsTa, (NOs)sTa, (‘BuO)sTa, (PrO)sTa, (EtO)sTa,
(MeO)sTa or derivatives thereof. Preferably, the tantalum precursor is an amylimido
compound, such as (‘AmyIN)Ta(NMey)s, (AmyiN)Ta(NEty)s or (‘AmyIN)Ta(NMeEt)s.

[0030] Nitrogen-containing compounds or nitrogen precursors may be used to
deposit tantalum-containing materials, such as tantalum nitride, tantalum boron
nitride, tantalum silicon nitride, tantalum phosphorous nitride or tantalum oxynitride.
Nitrogen precursors include, but are not limited to, ammonia (NH3), hydrazine
(N2Hg), methyl hydrazine ((CHs)HNzH2), dimethyl hydraziné ((CH3)2NoHy),  t-
butylhydrazine  (CsHgNaHs), phenylhydrazine (CeHsNoHs), other hydrazine
derivatives, amines, a nitrogen plasma source (e.g., Na, No/Hz, NHg, or a NaoH4
plasma), 2,2’-azotertbutane ((CHs)sC2N2), organic or alkyl azides, such as
methylazide (CHsNa), ethylazide (CoHsNs), trimethylsilylazide (MesSiNs), inorganic
azides (e.g., NaN; or Cp2CoNs) or other suitable nitrogen sources. Radical nitrogen
compounds can be produced by heat, hot-wires and/or plasma, such as Na, Na, N,
NH or NH,. A plasma may be formed as an in situ plasma (i.e., within the process
chamber.) or as a remote plasma (e.g., for a remote plasma source). Preferably, the

nitrogen precursor is ammonia or hydrazine.

[0031] Silicon-containing compounds or silicon precursors may be used to
deposit tantalum-containing materials, such as tantalum silicon nitride, tantalum
silicate or tantalum silicide. Silicon precursors include silanes, halogenated silanes
and organosilanes. Silanes include silane (SiH4) and higher silanes with the
empirical formula SixH2x2), such as disilane (SizHg), trisilane (SisHs), and tetrasilane

(SisH1g), as well as others. Halogenated silanes include compounds with the
9
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empirical formula X',SixHxs2.y), Where X' is independently F, Cl, Br or |, such as
hexachlorodisilane (SixClg), tetrachlorosilane (SiCls), dichlorosilane (CloSiH.) and
trichlorosilane (ClsSiH).  Organosilanes include compounds with the empirical
formula RySixHpexi2y), Where R is independently methyl, ethyl, propyl or butyl, such
as methylsilane  ((CHs)SiHg),  dimethylsilane ((CH3)2SiHp),  ethylsilane
((CHsCHy)SiHs), methyldisilane ((CHs)SioHs), dimethyldisilane ((CHg)2SizH4) and
hexamethyldisilane ((CHs)eSiz). The preferred silicon sources include silane,

disilane and methylsilane.

[0032] Other reactive gases that may be used to deposit tantalum-containing
materials include oxygen sources and reductants. A tantalum-containing material,
such as tantalum silicate, tantalum oxide or tantalum oxynitride may be formed with
the addition of an oxygen source to the ALD process. Oxygen sources or oxygen
precursors include atomic-O, O,, Oz, H20, Hx0,, organic peroxides, derivatives
thereof or combinations thereof. Reducing compounds may be included in the ALD
process to form a tantalum-containing compound, such as metallic tantalum,
tantalum boron nitride or tantalum phosphorous nitride. Reducing compounds
include borane (BHg), diborane (BzHg), alkylboranes (e.g., EtsB), phosphine (PHa),

hydrogen (Hy), derivatives thereof or combinations thereof.

[0033] “Atomic layer deposition” or “cyclical deposition” as used herein refers to
the sequential introduction of two or more reactive compounds to deposit a layer of
material on a substrate surface. The two, three or more reactive compounds may
alternatively be introduced into a reaction zone of a process chamber. Usually, each
reactive compound is separated by a time delay to allow each compound to adhere
and/or react on the substrate surface. in one aspect, a first precursor or compound
A (e.g., tantalum precursor) is pulsed into the reaction zone followed by a first time
delay. Next, a second precursor or compound B (e.g., nitrogen precursor) is pulsed
into the reaction zone followed by a second delay. During each time delay a purge
gas, such as nitrogen, is introduced into the process chamber to purge the reaction
zone or otherwise remove any residual reactive compound or by-products from the
reaction zone. Alternatively, the purge gas may flow continuously throughout the

deposition process so that only the purge gas flows during the time delay between
10
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pulses of reactive compounds. The reactive compounds are alternatively puised
until a desired film or film thickness is formed on the substrate surface. In either
scenario, the ALD process of pulsing compound A, purge gas, pulsing compound B
and purge gas is a cycle. A cycle can start with either compound A or compound B
and continue the respective order of the cycle until achieving a film with the desired
thickness. In another embodiment, a first precursor containing compound A, a
second precursor containing compound B and a third precursor containing
compound C (e.g., silicon precursor) are each separately puised into the process
chamber. In one aspect, the ALD cycle includes exposing the substrate to a first
precursor containing compound A, a second precursor containing compound B, a
third precursor containing compound C and the second precursor containing
compound B. Alternatively, a pulse of a first precursor may overlap in time with a
pulse of a second precursor while a pulse of a third precursor does not overlap in

time with either pulse of the first and second precursors.

[0034] A “pulse” as used herein is intended to refer to a quantity of a particular
compound that is intermittently or non-continuously introduced into a reaction zone
of a processing chamber. The quantity of a particular compound within each pulse
may vary over time, depending on the duration of the pulse. The duration of each
pulse is variable depending upon a number of factors such as, for example, the
volume capacity of the process chamber employed, the vacuum system coupled
thereto, the size of the substrate, the pattern density on the substrate surface (e.g.,
aspect ratio) and the volatility/reactivity of the particular precurso} compound itself.
A “half-reaction” as used herein to refer to a precursor pulse step followed by a

purge pulse step.

[0035] Embodiments of the processes described herein deposit tantalum-
containing materials, such as tantalum nitride or tantalum silicon nitride, on various
substrates surfaces and substrates. A “substrate surface” as used herein refers to
any substrate or material surface formed on a substrate upon which film processing
is performed. For example, a substrate surface on which processing may be
performed include materials such as, silicon, silicon oxide, strained silicon, silicon on

insulator (SOIl), carbon doped silicon oxides, silicon nitride, doped silicon,
11
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germanium, gallium arsenide, glass, sapphire, and any other materials depending
on the application. Carbon doped silicon oxides, such as SiO«Cy, can be deposited
by spin-on processes or vapor deposition processes, for example, BLACK
DIAMOND™ low-k dielectric, available from Applied Materials, Inc., located in Santa
Clara, California. Substrates may have various dimensions, such as 200 mm or 300
mm diameter round wafers, as well as, rectangular or square panes. Embodiments
of the processes described herein deposit tantalum-containing compounds on many
substrates and surfaces, especially, silicon and silicon-containing materials.
Substrates on which embodiments of the invention may be useful include, but are
not limited to semiconductor wafers, such as crystalline silicon (e.g., Si<100> or
Si<111>), glass, silicon oxide, strained silicon, silicon germanium, doped or undoped
polysilicon, doped or undoped silicon wafers silicon nitride. Substrates may be
exposed to a pretreatment process 1o polish, etch, reduce, oxidize, hydroxylate,

anneal and/or bake the substrate surface.

[0036] Figures 3 and 4 illusirate a process sequence for tantalum nitride
formation ‘using ALD process or similar cyclical deposition techniques. The
TAIMATA precursor may be heated in a vaporizer, a bubbler or an ampoule prior to
flowing into an ALD process chamber. The TAIMATA may be heated to a
temperature at least 30°C, preferably within a range from about 45°C to about 90°C,
more preferably from about 50°C to about 80°C, such as about 70°C. The
preheated TAIMATA precursor is retained in the carrier gas more thoroughly than if
the TAIMATA precursor was at room temperature. During the deposition process,
the substrate may be heated to a temperature within a range from about 200°C to
about 500°C, preferably from about 250°C to about 400°C, and more preferably
from about 330°C to about 360°C. The process chamber regional varies, but has a
similar temperature to that of the substrate temperature. The process chamber has
a controlled environment that may be pressurized to a pressure within a range from
about 1 mTorr to about 100 Torr, preferably from about 1 Torr to about 10 Torr, and
more preferably from about 2 Torr to about 5 Torr. In other examples, it should be
understood that other temperatures and pressures may be used during the

deposition process.
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[0037] For clarity and ease of description, the method will be further described as
it relates to the deposition of a tantalum nitride barrier layer using a cyclical
deposition technique. Pulses of a tantalum-containing compound, such as
TAIMATA may be introduced into the process chamber. The tantalum precursor
may be provided with the aid of a carrier gas or purge gas, which includes, but is not
limited to, helium, argon, nitrogen, hydrogen, forming gas or combinations thereof.
Pulses of a nitrogen-containing compound, such as ammonia, are also introduced
into the process chamber. A carrier gas may be used to deliver the nitrogen-
containing compound. In one aspect, the flow of purge gas may be continuously
provided by a gas sources (e.g., tank or in-house) to act as a purge gas between the
pulses of the tantalum-containing compound and of the nitrogen-containing
compound and to act as a carrier gas during the pulses of the tantalum-containing
compound and the nitrogen-containing compound. in other aspects, a pulse of
purge gas may be provided after each pulse of the tantalum-containing compound
and each pulse the nitrogen-containing compound. Also, a constant purge or carrier
gas may be flowing through the process chamber during each of the deposition

steps or half reactions.

[0038] During process 300 in Figure 3, a constant flow of carrier gas is
administered into the process chamber. At step 302, the chamber conditions are
adjusted, such as temperature and pressure. During deposition, the substrate may
be maintained approximately below a thermal decomposition temperature of a
selected tantalum precursor, such as TAIMATA. The tantalum nitride layer
formation is described as starting a stream of carrier gas into the process chamber
and across the substrate in step 304. In step 306, a pulse of tantalum precursor is
administered into the process chamber. The tantalum precursor is pulsed into the
stream of carrier gas. A monolayer of a tantalum-containing compound is adsorbed
on the substrate. The remaining tantalum precursor may be removed by the flow of
the purge gas and/or pull of a vacuum system. The carrier gas is continuously
exposed to the substrate and a pulse of nitrogen-containing compound is added into
the carrier gas during step 308. The nitrogen precursor, such as ammonia, reacts

with the adsorbed tantalum-containing compound to form a tantalum nitride layer on
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the substrate. The remaining nitrogen precursor and any by-products (e.g., organic
compounds) may be removed by the flow of the purge gas and/or pull of a vacuum
system. At step 310, if the desired tantalum nitride layer thickness is achieved, then
the deposition process is ended at step 312. However, multiple cycles of step 304-
310 are generally repeated before achieving the desired tantalum nitride layer
thickness. In one example, TAIMATA and ammonia are sequentially pulsed for 40

cycles to deposit a film with a thickness about 20 A

[0039] Alternatively for process 300, the tantalum nitride layer formation may
start with the adsorption of a monolayer of a nitrogen-containing compound on the
substrate followed by a monolayer of the tantalum-containing compound.
Furthermore, in other example, a pump evacuation alone between pulses of reactant

gases and/or purge gases may be used to prevent mixing of the reactant gases.

[0040] In one example, the substrate is heated to an invariant temperature range
from about 330°C to about 360°C and the pressure of the chamber is within a range
from about 2 Torr to about 4 Torr. The substrate is exposed to a flow of nitrogen
carrier gas at a rate within a range from about 1,000 sccm to about 3,000 sccm,
preferably about 1,5V00 sccm. A tantalum-containing process gas is formed by
flowing a carrier gas through the ampoule of preheated TAIMATA at rate within a
range from about 200 sccm to about 2,000 scom, preferably about 500 sccm. The
TAIMATA is heated to a temperature of about 70°C. A process gas containing
TAIMATA is administered to the substrate surface for a period of time within a range
from about 0.1 seconds to about 3.0 seconds, preferably from about 0.25 seconds to
about 1.5 seconds, and more preferably about 0.5 seconds. After the substrate is
exposed to a pulse of TAIMATA, the flow of carrier gas may continue to purge for a
period of time within a range from about 0.2 seconds to about 5.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 1.0 second. A vacuum system removes any remaining TAIMATA during this
purge step. Subsequently, a pulse of a nitrogen-containing process gas containing
ammonia is administered to the substrate surface. The process gas may include the
nitrogen-containing precursor in a carrier gas or may be solely the nitrogen-

containing precursor. In one example, the process gas contains ammonia and
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nitrogen. The process gas containing ammonia is delivered at a rate within a range
from about 1,000 sccm to about 3,000 sccm, preferably about 1,500 sccm and is
administered to the substrate surface for a period of time within a range from about
0.1 seconds to about 3.0 seconds, preferably from about 0.25 seconds to about 1.0
second, and more preferably about 0.5 seconds. After the pulse of the process gas
containing ammonia, the flow of carrier gas may continue for a period of time in a
range from about 0.2 seconds to about 5.0 seconds, preferably from about 0.25
seconds to about 1.5 seconds, and more preferably about 1.0 second. The vacuum
system removes any remaining nitrogen precursor and/or any by-products formed
during the reaction. The ALD cycle is repeated until a predetermined thickness of
the tantalum-containing layer, such as tantalum nitride, is achieved, such as within a
range from about 5 A to about 200 A, preferably from about 10 A to about 30 A,

such as about 20 A for a barrier layer.

[0041] In Figure 4, process 400 illustrates another embodiment of a deposition
process that sequentially pulses a purge gas, a tantalum precursor, the purge gas
and a nitrogen precursor. In step 402, the chamber conditions are adjusted, such as
temperature and pressure. During deposition, the substrate may be maintained
approximately below a thermal decomposition temperature of a selected tantalum-
containing compound, such as TAIMATA. A first pulse of purge gas is administered
into the process chamber and across the substrate during step 404. A vacuum
system removes gases from the process chamber during steps 404 and 408.
During step 406, the substrate is exposed to a pulse of the tantalum-containing
compound. The TAIMATA adsorbs to the substrate forming a monolayer. A second
pulse of purge gas removes excess TAIMATA and any contaminates during step
408. During step 410, a nitrogen-containing compound is pulsed into the chamber
and across the substrate. The nitrogen-containing compound reacts with the
adsorbed TAIMATA to form a tantalum-containing material, such as tantalum nitride.
At step 412, if the desired tantalum nitride layer thickness is achieved, then the
deposition process is ended at step 414. However, multiple cycles of step 404-412

are generally repeated before achieving the desired tantalum nitride layer thickness.
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In one example, TAIMATA and ammonia are sequentially pulsed for 20 cycles to

deposit a film with a thickness about 10 A.

[0042] In one example, the substrate is heated to an invariant temperature within
a range from about 330°C to about 360°C and the pressure of the chamber is within
a range from about 2 Torr to about 4 Torr. A tantalum-containing process gas is
formed by flowing a nitrogen carrier gas through the ampoule of preheated
TAIMATA at a rate within a range from about 200 sccm to about 2,000 sccm,
preferably about 500 sccm. The TAIMATA is heated to about 70°C within the
ampoule. A process gas containing TAIMATA is administered to the substrate
surface for a period of time within a range from about 0.1 seconds to about 3.0
seconds, preferably from about 0.25 seconds to about 1.5 seconds, and more
preferably about 0.5 seconds. After the pulse of TAIMATA, a pulse of purge gas is
administered into the process chamber while the vacuum system removes gas for a
period of time within a range from about 0.2 seconds to about 5.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 1.0 second. Subsequently, a pulse of a nitrogen-containing process gas
containing ammonia is administered to the substrate surface. The process gas may
include the nitrogen-containing precursor in a carrier gas or may be solely the
nitrogen-containing precursor. The process gas containing ammonia is delivered at
a rate within a range from about 1,000 sccm to about 3,000 sccm, preferably about
1,500 sccm and is administered to the substrate surface for a period of time within a
range from about 0.1 seconds to about 3.0 seconds, preferably from about 0.25
seconds to about 1.0 second, and more preferably about 0.5 seconds. After the
pulse of the process gas containing ammonia, a pulse of purge gas is administered
into the process chamber while a vacuum system removes gas for a period of time
in a range from about 0.2 seconds to about 5.0 seconds, preferably from about 0.25
seconds to about 1.5 seconds, and more preferably about 1.0 second. The ALD
cycle is repeated until a predetermined thickness of the tantalum-containing layer,
such as tantalum nitride, is achieved, such as within a range from about 5 A to about
200 A, preferably from about 10 A to about 30 A, such as about 20 A.
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[0043] The time duration for each pulse of tantalum-containing gas, pulse of the
nitrogen-containing gas, and pulse of purge gas between pulses of the reactants are
variable and depend on the volume capacity of a deposition chamber employed as
well as a vacuum system coupled thereto. For example, (1) a lower chamber
pressure of a gas will require a longer pulse time; (2) a lower gas flow rate will
require a longer time for chamber pressure to rise and stabilize requiring a longer
pulse time; and (3) a large-volume chamber will take longer to fill, longer for
chamber pressure to stabilize thus requiring a longer pulse time. Similarly, time
between each pulse is also variable and depends on volume capacity of the process
chamber as well as the vacuum system coupled thereto. In general, the time
duration of a pulse of the tantalum-containing gas or the nitrogen-containing gas
should be long enough for adsorption or reaction of a monolayer of the compound.
In one aspect, a pulse of a tantalum-containing gas may still bé in the chamber
when a pulse of a nitrogen-containing gas enters. In general, the duration of the
purge gas and/or pump evacuation should be long enough to prevent the pulses of
the tantalum-containing gas and the nitrogen-containing gas from mixing together in

the reaction zone.

[0044] In another embodiment, TAIMATA may be used as a tantalum-containing
compound to form a ternary tantalum-containing material, such as tantalum silicon
nitride, tantalum boron nitride, tantalum phosphorous nitride, tantalum oxynitride or
tantalum silicate. A more detailed description of a process to form ternary or
quaternary elemental tantalum-containing materials is described in commonly
assigned United States Patent Application No. 10/199,419, entitled “Cyclical
Deposition of Refractory Metal Silicon Nitride,” filed July 18, 2002, published as US
2003-0108674, which is incorporated herein in its entirety by reference. Processes
300 and 400 may be modified in order to obtain ternary tantalum-containing
materials. For example, a tantalum silicon nitride material may be formed if the
substrate is exposed to a pulse of a silicon precursor as an additional step of the
ALD cycle containing the pulses of TAIMATA and a nitrogen precursor. Similar, a
tantalum oxynitride material may be formed if the substrate is exposed to a pulse of

an oxygen precursor as an additional step of the ALD cycle containing the pulses of
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TAIMATA and a nitrogen precursor. In another example, a tantalum silicate material
may be formed if the substrate is exposed to a pulse of TAIMATA, a pulse of a
silicon precursor and a pulse of an oxygen precursor during the ALD cycle. In
another example, a tantalum phosphorous nitride material may be formed if the
substrate is exposed to a pulse of TAIMATA, a pulse of a nitrogen precursor and a
pulse of a phosphorous precursor (e.g., phosphine) during the ALD cycle. In
another example, a tantalum boron nitride material may be formed if the substrate is
exposed to a pulse of TAIMATA, a pulse of a nitrogen precursor and a pulse of a

boron precursor (e.g., diborane) during the ALD cycle.

[0045] In one example for forming a tantalum silicon nitride, the substrate is
heated to an invariant temperature within a range from about 330°C to about 360°C
and the pressure of the chamber is within a range from about 2 Torr to about 4 Torr.
A tantalum-containing process gas is formed by flowing a carrier gas through the
ampoule of preheated TAIMATA at a rate within a range from about 200 sccm to
about 2,000 sccm, preferably about 500 sccm. The TAIMATA is heated to about
70°C. A process gas containing TAIMATA is administered to the substrate surface
for a period of time within a range from about 0.1 seconds to about 3.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 0.5 seconds. After the pulse of TAIMATA, a pulse of purge gas is
administered into the process chamber for a period of time within a range from about
0.2 seconds to about 5.0 seconds, preferably from about 0.25 seconds to about 1.5
seconds, and more preferably about 1.0 second. Subsequently, a pulse of a
nitrogen-containing process gas containing ammonia is administered to the
substrate surface. The process gas may include the nitrogen-containing precursor
in a carrier gas or may be solely the nitrogen-containing precursor. The process gas
containing ammonia is delivered at a rate within a range from about 1,000 sccm to
about 3,000 sccm, preferably about 1,500 sccm and is adminis’?éf‘éd t—o the substrate
surface for a period of time in a range from about 0.1 seconds to about 3.0 seconds,
preferably from about 0.25 seconds to about 1.0 second, and more preferably about
0.5 seconds. After the pulse of the process gas containing ammonia, a pulse of

purge gas is administered into the process chamber for a period of time within a
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range from about 0.2 seconds to about 5.0 seconds, preferably from about 0.25
seconds to about 1.5 seconds, and more preferably about 1.0 second.
Subsequently, a pulse of a silicon-containing process gas containing silane is
administered to the substrate surface. The process gas may include the silicon-
containing precursor in a carrier gas or may be solely the silicon-containing
precursor. The process gas containing silane is delivered a rate from about 100
sccm to about 1,500 scem, preferably about 400 sccm and is administered to the
substrate surface for a period of time in a range from about 0.1 seconds to about 3.0
seconds, preferably from about 0.25 seconds to about 1.0 second, and more
preferably about 0.5 seconds. After the pulse of the process gas containing silane,
a pulse of purge gas is administered into the process chamber for a period of time in
a range from about 0.2 seconds to about 5.0 seconds, preferably from about 0.25
seconds to about 1.5 seconds, and more preferably about 1.0 second. The ALD
cycle is repeated until a predetermined thickness of the tantalum-containing layer,
such as tantalum silicon nitride, is achieved, such as within a range from about 5 A
to about 200 A, preferably from about 10 A to about 50 A, such as about 30 A for a
barrier layer. In another embodiment, such as for a gate electrode layer, the
predetermined thickness may be within a range from about 40 A to about 200 A,
such as about 120 A.

[0046] in an example for forming a tantalum oxynitride, the substrate is heated to
an invariant temperature within a range from about 330°C to about 360°C and the
pressure of the chamber is within a range from about 2 Torr to about 4 Torr. A
tantalum-containing process gas is formed by flowing a carrier gas through the
ampoule of preheated TAIMATA at a rate within a range from about 200 sccm to
about 2,000 sccm, preferably about 500 sccm. The TAIMATA is heated at about
70°C. A process gas containing TAIMATA is administered to the substrate surface
for a period of time within a range from about 0.1 seconds to about 3.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 0.5 seconds. After the pulse of TAIMATA, a pulse of purge gas is
administered into the process chamber for a period of time within a range from about

0.2 seconds to about 5.0 seconds, preferably from about 0.25 seconds to about 1.5
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seconds, and more preferably about 1.0 second. Subsequently, a pulse of a
nitrogen-containing process gas containing ammonia is administered to the
substrate surface. The process gas may include the nitrogen-containing precursor
in a carrier gas or may be solely the nitrogen-containing precursor. The process gas
containing ammonia is delivered at a rate within a range from about 1,000 sccm to
about 3,000 sccm, preferably about 1,500 sccm and is administered to the substrate
surface for a period of time within a range from about 0.1 seconds to about 3.0
seconds, preferably from about 0.25 seconds to about 1.0 second, and more
preferably about 0.5 seconds. After the pulse of the process gas containing
ammonia, a pulse of purge gas is administered into the process chamber for a
period of time within a range from about 0.2 seconds to about 5.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 1.0 second. Subsequently, a pulse of an oxygen-containing process gas
containing water is administered to the substrate surface. The process gas may
include the oxygen-containing precursor in a carrier gas or may be solely the
oxygen-containing precursor. The process gas containing water is delivered a rate
within a range from about 100 sccm to about 1,500 sccm, preferably about 400
sccm and is administered to the substrate surface for a period of time in a range
from about 0.1 seconds to about 3.0 seconds, preferably from about 0.25 seconds to
about 1.0 second, and more preferably about 0.5 seconds. After the pulse of the
process gas containing water, a pulse of purge gas is administered into the process
chamber for a period of time within a range from about 0.2 seconds to about 5.0
seconds, preferably from about 0.25 seconds to about 1.5 seconds, and more
preferably about 1.0 second. The ALD cycle is repeated until a predetermined
thickness of the tantalum-containing layer, such as tantalum oxynitride, is achieved,
such as within a range from about 5 A to about 200 A, preferably from about 20 A to
about 120 A, such as about 80 A.

[0047] In another example, a metallic tantalum layer may be formed by reducing
TAIMATA with a reductant, such as hydrogen. The substrate is heated to an
invariant temperature within a range from about 330°C to about 360°C and the

pressure of the chamber is within a range from about 2 Torr to about 4 Torr. A
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tantalum-containing process gas is formed by flowing a carrier gas through the
ampoule of preheated TAIMATA at a rate within a range from about 200 sccm to
about 2,000 sccm, preferably about 500 sccm. The TAIMATA is heated to about
70°C. A process gas containing TAIMATA is administered to the substrate surface
for a period of time within a range from about 0.1 seconds to about 3.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 0.5 seconds. After the pulse of TAIMATA, a pulse of purge gas is
administered into the process chamber for a period of time within a range from about
0.2 seconds to about 5.0 seconds, preferably from about 0.25 seconds to about 1.5
seconds, and more preferably about 1.0 second. Subsequently, a pulse of hydrogen
gas is administered to the substrate surface. The hydrogen gas is delivered at a
rate within a range from about 200 sccm to about 2.000 sccm, preferably about 500
scem and is administered to the substrate surface for a period of time within a range
from about 0.1 seconds to about 3.0 seconds, preferably from about 0.25 seconds to
about 1.0 second, and more preferably about 0.5 seconds. After the pulse of the
hydrogen gas, a pulse of purge gas is administered into the process chamber for a
period of time within a range from about 0.2 seconds to about 5.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 1.0 second. The ALD cycle is repeated until a predetermined thickness of the
tantalum-containing layer, such as tantalum, is achieved, such as within a range
from about 5 A to about 200 A, preferably from about 10 A to about 30 A, such as
about 20 A.

[0048] in an example for forming a tantalum boron nitride, the substrate is heated
to an invariant temperature within a range from about 330°C to about 360°C and the
pressure of the chamber is within a range from about 2 Torr to about 4 Torr. A
tantalum-containing process gas is formed by flowing a carrier gas through the
ampoule of preheated TAIMATA at a rate within a range from about 200 sccm to
about 2,000 sccm, preferably about 500 sccm. The TAIMATA is heated to about
70°C. A process gas containing TAIMATA is administered to the substrate surface
for a period of time within a range from about 0.1 seconds to about 3.0 seconds,

preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
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about 0.5 seconds. After the pulse of TAIMATA, a pulse of purge gas is
administered into the process chamber for a period of time within a range from about
0.2 seconds to about 5.0 seconds, preferably from about 0.25 seconds to about 1.5
seconds, and more preferably about 1.0 second. Subsequently, a pulse of a
nitrogen-containing process gas containing ammonia is administered to the
substrate surface. The process gas may include the nitrogen-containing precursor
within a carrier gas or may be solely the nitrogen-containing precursor. The process
gas containing ammonia is delivered at a rate within a range from about 1,000 sccm
to about 3,000 sccm, preferably about 1,500 sccm and is administered to the
substrate surface for a period of time within a range from about 0.1 seconds to about
3.0 seconds, preferably from about 0.25 seconds to about 1.0 second, and more
preferably about 0.5 seconds. After the pulse of the process gas containing
ammonia, a pulse of purge gas is administered into the process chamber for a
period of time within a range from about 0.2 seconds to about 5.0 seconds,
preferably from about 0.25 seconds to about 1.5 seconds, and more preferably
about 1.0 second. Subsequently, a pulse of a boron-containing process gas
containing diborane is administered to the substrate surface. The process gas may
include the boron-containing precursor within a carrier gas or may be solely the
boron-containing precursor. The process gas containing diborane is delivered at a
rate within a range from about 50 sccm to about 1,200 sccm, preferably about 500
scem and is administered to the substrate surface for a period of time within a range
from about 0.1 seconds to about 3.0 seconds, preferably from about 0.25 seconds to
about 1.0 second, and more preferably about 0.5 seconds. After the pulse of the
process gas containing diborane, a pulse of purge gas is administered into the
process chamber for a period of time within a range from about 0.2 seconds to about
5.0 seconds, preferably from about 0.25 seconds to about 1.5 seconds, and more
preferably about 1.0 second. The ALD cycle is repeated until a predetermined
thickness of the tantalum-containing layer, such as tantalum boron nitride, is
achieved, such as within a range from about 5 A to about 200 A, preferably from
about 40 A to about 150 A, such as about 100 A.
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[0049] In one embodiment as depicted in Figure 5, tantalum-containing gate 510
is deposited by methods described herein as a gate electrode on substrate 500.
Substrate 500 contains a source layer 504a and a drain layer 504b formed by
implanting ions into substrate surface 502. The segments of source/drain layers 504
are bridged by the tantalum-containing gate 510 formed on gate insulting layer 506
(e.g., hafnium oxide or hafnium silicate). An off-set layer or spacer 508 (e.g., silicon
nitride) is deposited on both sides of tantalum-containing gate 510. A metal contact
layer 512 (e.g., tantalum or tungsten) is deposited on the tantalum-containing gate
510. Generally, tantalum-containing gate 510 is deposited with a thickness within a
range from about 40 A to about 200 A. Preferably, tantalum-containing gate 510 is
deposited by an ALD process described herein utilizing TAIMATA and deposited on
a source/drain area of source layer 504a and drain layer 504b on substrate surface
502 to form a gate electrode. Atomic layer deposition processes utilizing TAIMATA,
a nitrogen precursor and third precursor provide control of the elemental ratio of

tantalum-containing gate 510.

[0050] The tantalum-containing gate 510 may have a varied composition to better
control the work function between source layer 504a and drain layer 504b.
Tantalum-containing gate 510 contains tantalum, nitrogen and optionally silicon,
boron, phosphorus, carbon and combinations thereof. The work function of
tantalum-containing gate 510 may be adjusted to be less resistive by increasing the
nitrogen and/or phosphorus concentration relative to the tantalum concentration. In
one example, tantalum-containing gate 510 contains tantalum nitride with a nitrogen
concentration within a range from about 40 atomic percent (at%) to about 70 at%,
preferably from about 50 at% to about 63 at%. In another example, tantalum-
containing gate 510 contains tantalum phosphorous nitride with a phosphorus
concentration within a range from about 10 at% to about 50 at%, preferably from
about 20 at% to about 30 at%.

[0051] Alternatively, the work function of tantalum-containing gate 510 may be
adjusted to be more resistive by increasing the carbon, silicon and/or boron
concentration relative to the tantalum concentration. In one example, tantalum-

containing gate 510 contains tantalum silicon nitride with a silicon concentration in a
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range from about 10 at% to about 20 at%. In another example, tantalum-containing
gate 510 contains tantalum boron nitride with a boron concentration in a range from
about 20 at% to about 60 at%, preferably from about 30 at% to about 50 at%.

[0052] A detailed description for a process chamber, such as an ALD chamber, is
described in commonly assigned United States Patent Application Serial No.
10/032,284, entitled “Gas Delivery Apparatus and Method for Atomic Layer
Deposition,” filed December 21, 2001, published as US 2003-0079686 and United
States Patent Application Serial No. 10/281,079, entitled “Gas Delivery Apparatus
for Atomic Layer Deposition,” filed October 25, 2002, published as US 2003-
0121608 which are both incorporated herein in their entirety by reference. In one
embodiment, a plasma-enhanced atomic layer deposition (PE-ALD) process is used
to deposit tantalum-containing materials, such as TAIMATA. A chamber and
process to perform PE-ALD is further described in commonly assigned United
States Patent Application Serial No. 10/197,940, entitled “Apparatus and Method for
Plasma Assisted Deposition,” filed July 16, 2002, published as US 2003-0143328
which is incorporated herein in its entirety by reference. A detailed description for a
vaporizer or an ampoule to pre-heat precursors, such as TAIMATA, is described in
commonly assigned United States Patent Application Serial No. 10/198,727, filed
July 17, 2002 published as US 2004-0013577 and United States Patent Application
Serial No. 10/208,305, filed July 29, 2002, published as US 2004-0025370, both
entitled “Method and Apparatus for Providing Gas to a Processing Chamber,” which
are both incorporated herein in their entirety by reference. A detailed description for
a system to deliver the precursors, such as TAIMATA, to process chamber is
described in commonly assigned United States Patent Application Serial No.
10/197,683, entitled “Method and Apparatus for Gas Temperature Control in a
Semiconductor Processing System,” filed July 17, 2002, published as US 2004-
0011504 and United States Patent Application Serial No. 10/700,328, entitled
“Precursor Delivery System with Rate Control,” filed November 3, 2003, published
as US 2005-0095859, which are both incorporated herein in their entirety by

reference.
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EXAMPLES

[0053] The following hypothetical Examples 1-6 demonstrate some interconnect
application by deposition processes for tantalum-containing materials, such as

tantalum nitride or tantalum silicon nitride described herein.

[0054] Example 1 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric
material by an ALD process using TAIMATA as described herein to a thickness in a
range from about 5 A to about 30 A, preferably about 20 A. Copper metal is
deposited on the tantalum-containing material, such as by a PVD process to a
thickness in a range from about 200 A to about 1,500 A, preferably about 500 A
Subsequently, the copper layer may be exposed to an electrochemical polishing

(ECP) process.

[0055] Example 2 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric
material by an ALD process using TAIMATA as described herein to a thickness
within a range from about 5 A to about 50 A, preferably about 20 A. Tantalum metal
is deposited on the tantalum-containing material by a PVD process or by an ALD
process using TAIMATA described herein to a thickness in a range from about 5 A
to about 75 A, preferably about 25 A. The substrate is exposed to a plasma etch
process to remove materials from the bottom of the via to a depth in a range from
about 5 A to about 100 A, preferably about 50 A. Next, a tantalum metal is
deposited by a PVD process or by an ALD process using TAIMATA described
herein to a thickness within a range from about 5 A to about 75 A, preferably about
25 A. Copper metal is then deposited on the tantalum metal, such as by a PVD
process to a thickness in a range from about 200 A to about 1,500 A, preferably

about 500 A. Subsequently, the copper layer may be exposed to an ECP process.

[0056] Example 3 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric

material by an ALD process using TAIMATA as described herein to a thickness
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within a range from about 5 A to about 50 A, preferably about 20 A. The substrate is
exposed to a plasma etch process to remove materials from the bottom of the via to
a depth in a range from about 5 A to about 75 A, preferably about 20 A. Nexi, a
tantalum metal is deposited by a PVD process or by an ALD process using
TAIMATA as described herein to a thickness within a range from about 5 A to about
75 A, preferably about 25 A. Copper metal is then deposited on the tantalum metal,
such as by a PVD process to a thickness within a range from about 200 A to about
1,500 A, preferably about 500 A. Subsequently, the copper layer may be exposed

to an ECP process.

[0057] Example 4 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric
material by an ALD process using TAIMATA as described herein to a thickness in a
range from about 5 A to about 50 A, preferably about 20 A. Ruthenium metal is
deposited on the tantalum-containing material by an ALD process 1o a thickness
within a range from about 5 A to about 75 A, preferably about 25 A. The substrate is
exposed to a plasma etch process to remove materials from the bottom of the via to
a depth within a range from about 5 A to about 100 A, preferably about 50 A. Next,
a ruthenium metal is deposited by an ALD process to a thickness within a range
from about 5 A to about 75 A, preferably about 25 A. Copper metal is then
deposited on the ruthenium metal, such as by a PVD process to a thickness within a
range from about 200 A to about 1,500 A, preferably about 500 A. Subsequently,

the copper layer may be exposed to an ECP process.

[0058] Example 5 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric
material by an ALD process using TAIMATA as described herein to a thickness ina
range from about 5 A to about 50 A, preferably about 20 A. Ruthenium metal is
deposited on the tantalum-containing material by an ALD process to a thickness in a
range from about 5 A to about 75 A, preferably about 40 A. The substrate is
exposed to a plasma etch process to remove materials from the bottom of the via to
a depth within a range from about 5 A to about 100 A, preferably about 50 A. Next,

a ruthenium metal is deposited by an ALD process to a thickness within a range
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from about 5 A to about 75 A, preferably about 40 A. Copper metal is then
deposited on the ruthenium metal, such as by a PVD process to a thickness within a
range from about 200 A to about 1,500 A, preferably about 500 A. Subsequently,

the copper layer may be exposed to an ECP process.

[0059] Example 6 — A tantalum-containing material (e.g., tantalum nitride or
tantalum silicon nitride) is deposited on a substrate surface containing a dielectric
material by an ALD process using TAIMATA as described herein to a thickness
within a range from about 5 A to about 50 A, preferably about 20 A. Ruthenium
metal is deposited on the tantalum-containing material by an ALD process to a
thickness within a range from about 5 A to about 75 A, preferably about 40 A.
Copper metal is then deposited on the substrate, such as by a PVD process to a
thickness within a range from about 200 A to about 1,500 A, preferably about 500 A.

Subsequently, the copper layer may be exposed to an ECP process.

[0060] In other examples, metal gate applications for tantalum-containing
materials may be deposited by ALD processes described herein. The ALD
processes preferably utilize TAIMATA as a tantalum-containing precursor. The gate
layer may contain a gate material such as silicon oxynitride, hafnium oxide,
aluminum oxide or combinations théreof. A tantalum nitride or a tantalum silicon
nitride layer is deposited on the gate layer by an atomic layer deposition process
described herein. Generally, the tantalum-containing material is deposited on a gate
layer with a thickness within a range from about 20 A to about 200 A, preferably
about 40 A. Subsequently, a metal-containing layer is deposited on the tantalum-
containing layer. Metal-containing layers may contain titanium, titanium nitride,
tungsten, tantalum, ruthenium or combinations thereof and are deposited by CVD,
ALD, PVD, electroplating or electroless plating processes. In one example, the
metal-containing layer is titanium nitride deposited by a CVD process, an ALD
process or a PVD process. In another example, the metal-containing layer is
tungsten deposited by a CVD process. In another example, the metal-containing
layer is tantalum deposited by a PVD process or an ALD process using TAIMATA as
described herein. In another example, the metal-containing layer is ruthenium

deposited by an ALD process.
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[0061] Although the invention has been described in terms of specific
embodiments, one skilled in the art will recognize that various changes to the
reaction conditions, e.g., temperature, pressure, film thickness and the like can be
substituted and are meant to be included herein and sequence of gases being
deposited. For example, sequential deposition process may have different initial
sequence. The initial sequence may include exposing the substrate to the nitrogen-
containing gas before the tantalum-containing gas is introduced into the processing
chamber. In addition, the tantalum nitride layer may be employed for other features
of circuits in addition to functioning as a diffusion barrier for contacts. Therefore, the
scope of the invention should not be based upon the foregoing description. Rather,
the scope of the invention should be determined based upon the claims recited

herein, including the full scope of equivalents thereof.

[0062] While the foregoing is directed to embodiments of the invention, other and
further embodiments of the invention may be devised without departing from the

basic scope thereof, and the scope thereof is determined by the claims that follow.
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Claims:

1. A method for forming a device by depositing a tantalum-containing layer on a
substrate within a process chamber, comprising:
exposing a substrate sequentially to a pulse of a tantalum-containing gas
comprising TAIMATA and to a pulse of a process gas comprising at least one
secondary precursor to deposit a tantalum-containing material on the substrate;
depositing a ruthenium-containing material on the tantalum-containing film;
and

depositing a copper-containing material on the ruthenium-containing material.

2. The method of claim 1, wherein the tantalum-containing material is selected
from a material consisting of tantalum, tantalum nitride, tantalum silicon nitride,
tantalum boron nitride, tantalum phosphorous nitride, tantalum oxynitride, tantalum

silicide, derivatives thereof and combinations thereof.

3. The method of claim 2, wherein the ruthenium-containing material is

deposited by an ALD process.

4. The method of claim 2, wherein the copper-containing material is deposited

by a PVD process.

5. The method of claim 2, wherein the ruthenium-containing material is
deposited by a process, comprising:

exposing the substrate to a first ALD process to deposit a first ruthenium-
containing layer on the substrate;

exposing the substrate to a plasma etch process; and

exposing the substrate to a second ALD process to deposit a second

ruthenium-containing layer thereon.

6. A method for forming a device by depositing a tantalum-containing layer on a

substrate within a process chamber, comprising:
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exposing a substrate an ALD process containing a tantalum-containing gas
comprising TAIMATA and to a process gas comprising at least one secondary
precursor to deposit a tantalum-containing material on the substrate;

exposing the substrate to a plasma etch process;

depositing a metal-containing material on the tantalum-containing material;
and

depositing a copper-containing material on the metal-containing material.

7. The method of claim 6, wherein the tantalum-containing material is selected
from a material consisting of tantalum, tantalum nitride, tantalum silicon nitride,
tantalum boron nitride, tantalum phosphorous nitride, tantalum oxynitride, tantalum

silicide, derivatives thereof and combinations thereof.

8. The method of claim 7, wherein the metal-containing material comprises a
metal selected from the group consisting of copper, tungsten, aluminum, tantalum,

titanium, ruthenium, alloys thereof and combinations thereof.

9. The method of claim 8, wherein the copper-containing material is deposited

by a PVD process.

10. The method of claim 8, wherein the metal-containing material comprises

ruthenium and is deposited by an ALD process.

11.  The method of claim 8, wherein the metal-containing material comprises

tantalum and is deposited by an ALD process.

12. The method of claim 8, wherein the metal-containing material comprises

tantalum and is deposited by a PVD process.

13. A method for forming a tantalum barrier layer on a substrate disposed within

a process chamber, comprising:
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heating a tantalum precursor comprising TAIMATA to a predetermined
temperature to form a tantalum-containing gas;

flowing the tantalum-containing gas into the process chamber;

adsorbing the tantalum-containing gas on a substrate to form a tantalum-
containing layer;

purging the process chamber with a purge gas;

flowing at least one secondary element-containing gas into the process
chamber;

reacting the at least one secondary element-containing gas with the tantalum-
containing layer to form a tantalum material; and

purging the process chamber with the purge gas.

14.  The method of claim 13, wherein the predetermined temperature is within a
range from about 50°C to about 80°C.

15. The method of claim 14, wherein the substrate is heated to a temperature
within a range from about 250°C to about 400°C.

16. The method of claim 13, wherein the at least one secondary element-
containing gas comprises a compound selected from a nitrogen precursor, a silicon

precursor, a boron precursor, a phosphorous precursor and combinations thereof.

17. The method of claim 16, wherein a nitrogen precursor is selected from the
group consisting of ammonia, atomic nitrogen, hydrazine, methylhydrazine,

dimethylhydrazine, derivatives thereof and combinations thereof.

18. The method of claim 16, wherein a silicon precursor is selected from the
group consisting of silane, disilane, methylsilane, hexamethyldisilane,

tetrachlorosilane, hexachlorodisilane, derivatives thereof and combinations thereof.

19.  The method of claim 16, wherein the tantalum barrier layer is formed with a

thickness in a range from about 10 A to about 30 A.
31



WO 2006/020265 PCT/US2005/025486

20. The method of claim 19, wherein a metal layer comprising a metal selected
“from the group consisting of copper, tungsten, aluminum, tantalum, titanium,
ruthenium, alloys thereof and combinations thereof is deposited on the tantalum

barrier layer.

21. A method for forming a tantalum-containing layer on a substrate disposed
within a processing chamber, comprising:

forming a tantalum-containing gas at a predetermined temperature by
exposing a liquid TAIMATA precursor within a vaporizer to a heated carrier gas; and

exposing the substrate to an atomic layer deposition process comprising a
pulse of the tantalum-containing gas, a pulse of a nitrogen-containing gas and a
pulse of a silicon-containing gas; and

forming a tantalum-containing material to a predetermined thickness by

repeating the atomic layer deposition process.

22.  The method of claim 21, wherein the predetermined temperature is in a range

from about 50°C to about 80°C.

23. The method of claim 22, wherein the substrate is heated to a temperature
within a range from about 250°C to about 400°C.

24. The method of claim 21, wherein the nitrogen-containing gas comprises a
nitrogen precursor selected from the group consisting of ammonia, atomic nitrogen,
hydrazine, methylhydrazine, dimethylhydrazine, derivatives thereof and

combinations thereof.

25. The method of claim 24, wherein the silicon-containing gas comprises a
silicon precursor selected from the group consisting of silane, disilane, methylsilane,
hexamethyldisilane, tetrachlorosilane, hexachlorodisilane, derivatives thereof and

combinations thereof.
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26. The method of claim 25, wherein the predetermined thickness is within a

range from about 10 A to about 30 A.

27. The method of claim 26, wherein a metal layer comprising a metal selected
from the group consisting of copper, tungsten, aluminum, tantalum, titanium,
ruthenium, alloys thereof and combinations thereof is deposited on the tantalum-

containing material.

28. A method for forming a device by depositing a tantalum-containing layer on a
substrate in a process chamber, comprising:

exposing the substrate sequentially to a pulse of a tantalum-containing gas
comprising TAIMATA and to a pulse of a process gas comprising at least one
secondary precursor;

depositing a tantalum-containing material on the substrate;

repeating the exposing step until the tantalum-containing material is at a
predetermined thickness; and

depositing a metal layer on the tantalum-containing material.

29. The method of claim 28, wherein the tantalum-containing gas is heated to a

predetermined temperature in a range from about 50°C to about 80°C.

30. The method of claim 29, wherein the substrate is heated to a temperature
within a range from about 250°C to about 400°C.

31. The method of claim 29, wherein the at least one secondary precursor is
selected from a nitrogen precursor, silicon precursor, a boron precursor, a

phosphorous precursor and combinations thereof.

32. The method of claim 31, wherein a nitrogen precursor is selected from the
group consisting of ammonia, atomic nitrogen, hydrazine, methylhydrazine,

dimethylhydrazine, derivatives thereof and combinations thereof.
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33. The method of claim 31, wherein a silicon precursor is selected from the
group consisting of silane, disilane, methylsilane, hexamethyldisilane,

tetrachlorosilane, hexachlorodisilane, derivatives thereof and combinations thereof.

34. The method of claim 31, wherein the predetermined thickness is within a

range from about 10 A to about 30 A.

35. The method of claim 34, wherein the tantalum-containing material is selected
from a material consisting of tantalum, tantalum nitride, tantalum silicon nitride,
tantalum boron nitride, tantalum phosphorous nitride, tantalum oxynitride, tantalum

silicide, derivatives thereof and combinations thereof.

36. The method of claim 35, wherein the metal layer comprises a metal selected
from the group consisting of copper, tungsten, aluminum, tantalum, titanium,

ruthenium, alloys thereof and combinations thereof.

37. A method for depositing a tantalum-containing gate layer on a substrate in a
process chamber, comprising:

exposing the substrate to an ALD process cycle comprising a pulse of a
tantalum-containing gas containing TAIMATA, a pulse of a nitrogen precursor and a
pulse of a third precursor selected from the group consisting of a silicon precursor, a
boron precursor, a phosphorous precursor and combinations thereof to form a
tantalum-containing material; and

repeating the ALD process cycle until the tantalum-containing material

reaches a predetermined thickness.

38. The method of claim 37, wherein a metal contact layer is deposited on the

tantalum-containing material.

39. The method of claim 37, wherein the predetermined thickness is within a
range from about 40 A to about 200 A.
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40. The method of claim 39, wherein the tantalum-containing material is selected
from a material consisting of tantalum silicon nitride, tantalum boron nitride, tantalum

phosphorous nitride, derivatives thereof and combinations thereof.
41. The method of claim 40, wherein the tantalum-containing material is tantalum
silicon nitride and a silicon precursor is selected from the group consisting of silane,

disilane and methylsilane.

42.  The method of claim 40, wherein the tantalum-containing material is tantalum

boron nitride and a boron precursor comprises diborane.

43. The method of claim 40, wherein the tantalum-containing material is tantalum

phosphorous nitride and a phosphorous precursor comprises phosphine.
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