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(57) Abstract: Methods and apparatus of forming titanjum tantalum silicon
nitride (TixTay(Si)Nz) layers are described. The titanium tantalum silicon ni-
tride (TixTay(Si)Nz) layer may be formed using a cyclical deposition process
by alternately adsorbing a titanium-containing precursor, a tantalum-containing
precursor, a nitrogen-containing gas and a silicon-containing gas on a substrate.
The titanium-containing precursor, the tantalum-containing precursor, the sil-
icon-containing precursor and the nitrogen-containing precursor react to form
the titanium tantalum silicon nitride (TixTay(Si)Nz) layer on the substrate. The
formation of the titanium tantalum silicon nitride (TixTay(Si)Nz) layer is com-
patible with integrated circuit fabrication processes. In one integrated circuit
fabrication process, the titanium tantalum silicon nitride (TixTay(Si)Nz) layer
is used as a diffusion barrier for a copper metallization process.
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ALD FORMATION OF TITANIUM TANTALUM NITRIDE SILICON (TIXTAYNZ(SI) LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] Embodiments of the present invention generally relate to refractory metal
silicon nitride layers and, more particularly, to methods of forming titanium tantalum

silicon nitride (TixTay(Si)N;) layers.
2. Description of the Related Art

[0002] Integrated circuits (ICs) typically include metal conductive layers that are
used to interconnect various individual devices of the IC. As the density of integrated
circuits increases, more and more levels of metallization are employed to provide

electrical connections to these devices.

[0003] The metal conductive layers are typically isolated from each other by one
or more dielectric material layers. Holes (vias) formed through the dielectric layers

provide electrical access between successive conductive interconnection layers.

[0004] For the current subhalf-micron (0.5um) generation of semiconductor
devices, any microscopic reaction at an interface between interconnection layers can
cause degradation of the resulting integrated circuits (e.g., increase the resisitivity of
the interconnection layers). Barrier layers prevent degradation at interfaces between
conductive and dielectric layers and have consequently become a critical component
for improving reliability of interconnect metallization schemes.

[0005] Refractory metal silicon nitride layers such as, for example, titanium
tantalum silicon nitride (TixTay(Si)N;) layers, have been suggested as diffusion barriers
for copper and other interconnect metals. Titanium tantalum silicon nitride
(TixTay(Si)N;) material layers have low resistivities (resisitivities less than about 10Q-
cm), and show excellent performance in preventing the diffusion of copper into
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underlying layers as well as preventing the diffusion of fluorine and/or oxygen from low
dielectric constant material layers (dielectric constants less than 4) into the copper.

[0006] Titanium tantalum silicon nitride (TixTay(Si)N;) layers may be formed, for
example, using two or more chemical vapor deposition (CVD) processes. For
example, titanium tetrachloride (TiCls) and ammonia (NHz) may be thermally reacted
to form a titanium nitride (TiN) layer, into which silicon (Si) is subsequently
incorporated by plasma annealing the TiN layer using a silicon-containing gas (e.g.,
silane (SiHy)). Thereafter, the refractory metal silicon nitride layer may be formed by
thermally reacting tantalum pentachloride (TaCls) with ammonia (NHs) to deposit a
tantalum nitride (TaN) layer on the titanium silicon nitride (TiNSi) and than annealing
the structure to form the titanium tantalum silicon nitride (TixTay(Si)N,). However, it is
difficult to control the amount of tantalum incorporated into the titanium silicon nitride
(TiSiN) layer using an annealing process, adversely affecting the barrier properties
thereof.

[0007] Thus, a need exists in the art for a method of forming titanium tantalum
silicon nitride (TixTay(Si)N) layers.

SUMMARY OF THE INVENTION

[0008] The present invention relates to a method of forming a titanium tantalum
silicon nitride (TixTay(Si)N;) layer. The titanium tantalum silicon nitride (TixTay(Si)N)
layer may be formed using a cyclical deposition process by alternately adsorbing a
titanium-containing precursor, a tantalum-containing precursor, a silicon-containing
gas and a nitrogen-containing gas on a substrate. The titanium-containing precursor,
the tantalum-containing precursor, the silicon-containing gas and the nitrogen-
containing gas react to form the titanium tantalum silicon nitride (TixTay(Si)N;) layer on
the substrate.

[0009] The formation of the titanium tantalum silicon nitride (TixTay(Si)N;) layer is
compatible with integrated circuit fabrication processes. In one integrated circuit
fabrication process, one or more titanium tantalum silicon nitride (TixTay(Si)N;) layers
may be used as a diffusion barrier for a copper metallization process. For such
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embodiments, a preferred process sequence includes forming one or more titanium
tantalum silicon nitride (TixTay(Si)N) layers in apertures defined in a dielectric material
layer formed on a substrate. The one or more titanium tantalum silicon nitride
(TixTay(Si)N,) layers are formed by alternately adsorbing a titanium-containing
precursor, a tantalum-containing precursor, a silicon-containing gas and a nitrogen-
containing gas in the apertures. Thereafter, the copper metallization process is

completed by filling the apertures with copper (Cu).

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] | So that the manner in which the above recited features of the present
invention are attained and can be understood in detail, a more particular description of
the invention, briefly summarized above, may be had by reference o the embodiments
thereof which are illustrated in the appended drawings.

[0011] It is o be noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to be considered limiting of
its scope, for the invention may admit to other equally effective embodiments.

[0012] FIG. 1 depicts a schematic cross-sectional view of a process chamber that
can be used for the practice of embodiments described herein;

[0013] FIG. 2 illustrates a process sequence for the formation of a titanium
tantalum silicon nitride (TixTay(Si)N;) layer using cyclical deposition techniques
according to one embodiment described herein;

[0014] FIG. 3 illustrates a process sequence for the formation of a titanium
tantalum silicon nitride (TixTay(Si)N;) layer using cyclical deposition techniques
according to another embodiment described herein;

[0015] FIGS. 4A-4C illustrate several exemplary process sequences for the
formation of a titanium tantalum silicon nitride (TixTay(Si)N;) layer starting with a
tantalum-containing precursor;
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[0016] FIGS. 5A-5C illustrate several exemplary process sequences for the
formation of a titanium tantalum silicon nitride (TixTay(Si)N;) layer starting with a

nitrogen-containing gas;

[0017] FIGS. 6A-6C illustrate several exemplary process sequences for the
formation of a titanium tantalum silicon nitride (TixTay(Si)N;) layer starting with a

silicon-containing gas;

[0018] FIGS. 7A-7C illustrate several exemplary process sequences for the
formation of a titanium tantalum silicon nitride (TixTay(Si)N,) layer wherein at least one

precursor gas is provided in alternate cycles of the cyclical deposition process;

[0019] FIGS. 8A-8C illustrate several exemplary process sequences for the
formation of a titanium tantalum silicon nitride (TixTay(Si)N;) layer using a
titanium/nitrogen-containing precursor and a tantalum/nitrogen-containing precursor;

and

[0020] FIGS. 9A-9C depict cross-sectional views of a substrate at different stages

of a copper metallization sequence.

DETAILED DESCRIPTION

[0021] FIG. 1 depicts a schematic cross-sectional view of a process chamber 10
that can be used for the practice of embodiments described herein. The process
chamber 10 includes a wafer support pedestal 12, which is used to support a substrate
13 within the process chamber 10. The wafer support pedestal 12 is movable in a
vertical direction inside the process chamber 10 using a displacement mechanism 14.
The wafer support pedestal may also include a vacuum chuck (not shown), an
electrostatic chuck (not shown), or a clamp ring (not shown) for securing the substrate
13 thereto during a deposition sequence.

[0022] Depending on the specific deposition process, the substrate 13 may be

heated to some desired temperature prior to or during deposition. For example, the

wafer support pedestal 12 may be heated using an embedded heater element (not

shown). The wafer support pedestal 12 may be resistively heated by applying an
-4 -
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electric current from an AC power supply (not shown) to the heater element (not
shown). The substrate 13 is, in turn, heated by the wafer support pedestal 12.
Alternatively, the wafer support pedestal 12 may be heated using radiant heaters such
as, for example, lamps (not shown).

[0023] A vacuum pump 18, in communication with a pumping channel 19, is used
to evacuate the process chamber 10 and to maintain the pressure inside the process
chamber 10. A gas delivery system 30 is disposed on an upper portion of the process
chamber 10. The gas delivery system 30 provides process gases to the process
chamber 10.

[0024] The gas delivery system 30 may comprise a chamber lid 32. The chamber
lid 32 includes an expanding channel 34 extending from a central portion of the
chamber lid 32 as well as a bottom surface 60 extending from the expanding channel
34 to a peripheral portion of the chamber lid 32. The bottom surface 60 of the chamber
lid 32 is sized and shaped to substantially cover the substrate 13 disposed on the
wafer support pedestal 12. The expanding channel 34 also includes gas inlets 36A,
36B through which gases are provided to the process chamber 10.

[0025] The gas inlets 36A, 36B are coupled to gas valves 42A, 42B, 52A, 52B.
Gas valves 42A, 42B may be coupled to process gas sources 38, 39, respectively,
while gas valves 52A, 52B may be coupled to a gas source 40. The gas valves 42A,
42B, 52A, 52B as used herein refer to any gas valve capable of providing rapid and
precise gas flow to the process chamber 10 with valve open and close cycles of less
than about 1-2 seconds, and more preferably less than about 0.5 seconds. Suitable
gas valves may include for example, electronic control valves and pneumatic valves,
among others. Proper control and regulation of gas flows to the gas delivery system 30
are performed by a microprocessor controller 80.

[0026] The microprocessor coniroller 80 may be one of any form of general
purpose computer processor (CPU) 81 that can be used in an industrial setting for
controlling various chambers and sub-processors. The computer may use any suitable
memory 82, such as random access memory, read only memory, floppy disk drive,

hard disk, or any other form of digital storage, local or remote. Various support circuits
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83 may be coupled to the CPU for supporting the processor in a conventional manner.
Software routines as required may be stored in the memory or executed by a second
CPU (not shown) that is remotely located.

[0027] The software routines are executed to initiate process recipes or
sequences. The software routines, when executed, transform the general purpose
computer into a specific process computer that controls the chamber operation so that
a chamber process is performed. For example, software routines may be used to
precisely control the activation of the gas valve for the execution of process sequences
according to embodiments described herein. Alternatively, the software routines may
be performed in hardware, as an application specific integrated circuit or other type of

hardware implementation, or a combination of software and hardware.

Titanium Tantalum Nitride Silicide Layer Formation

[0028] Methods of titanium tantalum silicon nitride (TixTay(Si)Nz) layer formation
are described. The titanium tantalum silicon nitride (TixTa,(Si)N;) layer is formed using
a cyclical deposition process by alternately adsorbing a titanium-containing precursor,
a tantalum-containing precursor, silicon-containing gas and a nitrogen-containing gas
on a substrate. The cyclical deposition techniques employed for the titanium tantalum
silicon nitride silicide (TixTay(Si)N,) layer formation provide diffusion barriers for

copper.

[0029] FIG. 2 illustrates one embodiment of a process sequence 100 for titanium
tantalum silicon nitride (TixTay(Si)N;) layer formation utilizing a constant carrier gas
flow. These steps may be performed in a process chamber similar to that described
above with reference to FIG. 1. As shown in step 102, a substrate is provided to the
process chamber. The substrate may be for example, a silicon substrate ready for a
copper metallization process sequence. The process chamber conditions, such as, for
example, the temperature and pressure are adjusted to enhance the adsorption of
process gases on the substrate. In general, for titanium tantalum silicon nitride
(TixTay(Si)N;) layer deposition, the substrate should be maintained at a temperature
below about 350 °C at a process chamber pressure of less than about 50 torr.

-6 -
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[0030] In one embodiment where a constant carrier gas flow is desired, a carrier
gas stream is established within the process chamber as indicated in step 104. Carrier
gases may be selected so as to also act as a purge gas for removal of volatile
reactants and/or by-products from the process chamber. Carrier gases such as, for
example, helium (He), argon (Ar) and nitrogen (N2), as well as combinations thereof,

among others may be used.

{0031] Referring to step 106, after the carrier gas stream is established within the
process chamber, a pulse of a titanium-containing precursor is added to the carrier
gas stream. The term pulse as used herein refers to a dose of material injected into
the process chamber or into the constant carrier gas stream. The pulse of the titanium-
containing precursor lasts for a predetermined time “interval. Suitable titanium-
containing precursors may include for example, titanium tetrachloride (TiCls),
tetrakis(dimethylamido) titanium (TDMAT) and tetrakis(diethylamido) titanium
(TDEAT), among others.

[0032] The time interval for the pulse of the titanium-containing precursor 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 and
the volatility/reactivity of the reactants used. For example, (1) a large-volume process
chamber may lead to a longer time to stabilize the process conditions such as, for
example, carrier/purge gas flow and temperature, requiring a longer pulse time; and
(2) a lower flow rate for the process gas may also lead to a longer time to stabilize the
process conditions requiring a longer pulse time. In general, the process conditions
are advantageously selected so that a pulse of the titanium-containing precursor
provides a sufficient amount of precursor, such that at least a monolayer of the
titanium-containing precursor is adsorbed on the substrate. Thereafter, excess
titanium-containing precursor remaining in the chamber may be removed from the
process chamber by the constant carrier gas stream in combination with the vacuum
system.

[0033] In step 108, after the excess titanium-containing precursor has been

sufficiently removed from the process chamber by the constant carrier gas stream to
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prevent co-reaction or particle formation with a subsequently provided process gas, a
pulse of a tantalum-containing precursor is added to the carrier gas stream. Suitable
tantalum-containing precursors may include, for example, tantalum pentachloride
(TaCls), pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido)
tantalum (PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET), and
pentakis(diethylamido) tantalum (PDEAT), among others.

[0034] The pulse of the tantalum-containing precursor lasts for a predetermined
time interval that is variable. In general, the time interval for the pulse of the tantalum-
containing precursor should be long enough for adsorption of at least a monolayer of
the tantalum-containing precursor on the titanium-containing precursor. Thereafter,
excess tantalum-containing precursor remaining in the chamber may be removed
therefrom by the constant carrier gas stream in combination with the vacuum system.

[0035] Referring to step 110, after the excess tantalum-containing precursor has
been sufficiently removed from the process chamber by the constant carrier gas
stream to prevent co-reaction or particle formation with a subsequently provided
process gas, a pulse of a nitrogen-containing gas is added to the carrier gas stream.
Suitable nitrogen-containing gases may include, for example, ammonia (NHa),
hydrazine (N2H4), monomethyl hydrazine (CH3NzH3), dimethyl hydrazine (CzHsNzHz),
t-butyl hydrazine (C4HgN2H3), phenyl hydrazine (CeHsN2Hs), 2,2’-azoisobutane
((CH3)sC2Ny2) and ethylazide (C2HsNs), among others.

[0036] The pulse of the nitrogen-containing gas lasts for a predetermined time
interval that is variable. In general, the time interval for the pulse of the nitrogen-
containing gas should be long enough for adsorption of at least a monolayer of the
nitrogen-containing gas on the tantalum-containing precursor. Thereafter, excess
nitrogen-containing gas remaining in the chamber may be removed therefrom by the
constant carrier gas stream in combination with the vacuum system.

[0037] As indicated in step 112, after the excess nitrogen-containing gas has
been sufficiently removed from the process chamber by the constant carrier gas
stream to prevent co-reaction or particle formation with a subsequently provided

process gas, a pulse of a silicon-containing gas is added to the carrier gas stream.
-8-
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Suitable silicon-containing gases may include, for example, silane (SiH,), disilane
(SizHg) dichlorosilane (SiClzHy) and trichlorosilane (SiHCls), among others.

[0038] The pulse of the silicon-containing gas lasts for a predetermined time
interval that is variable. In general, the time interval for the pulse of the silicon-
containing gas should be long enough for adsorption of at least a monolayer of the
silicon-containing gas on the nitrogen-containing monolayer. Therafter, excess silicon-
containing gas remaining in the chamber may be removed therefrom by the constant
carrier gas stream in combination with the vacuum system.

[0039] Steps 104 through 112 comprise one embodiment of a deposition cycle for
the quaternary nitride layer. For such an embodiment, a constant flow of the carrier
gas is provided to the process chamber modulated by alternating periods of pulsing
and non-pulsing where the periods of pulsing alternate between the titanium-
containing precursor, the tantalum-containing precursor, the nitrogen-containing gas
and the silicon-containing gas along with the carrier gas siream, while the periods of

non-pulsing include only the carrier gas stream.

[0040] The time interval for each of the pulses of the titanium-containing
precursor, the tantalum-containing precursor, the nitrogen-containing gas and the
silicon-containing gas may have the same duration. That is, the duration of the pulses
of the titanium-containing precursor may be identical to the duration of each of the
pulses of the tantalum-containing precursor, the nitrogen-containing gas and the the
silicon-containing gas. For such an embodiment, a time interval (T4) for the pulse of
the titanium-containing precursor equals a time interval (T2) for the pulse of the
tantalum-containing precursor, a time interval (T3) for the pulse of the nitrogen-
containing gas and a time interval (T4) for the pulse of the silicon-containing gas.

[0041] Alternatively, the time interval for at least one of the pulses of the titanium-
containing precursor, the tantalum-containing precursor, the nitrogen-containing gas
and the silicon-containing gas may have different durations. That is, the duration of the
pulse of the titanium-containing precursor may be shorter or longer than the duration
of one of the pulse of the tantalum-containing precursor, the pulse of the nitrogen-

containing gas or the pulse of the silicon-containing gas. For such an embodiment, the
-9-
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time interval (T4) for the pulse of the titanium-containing precursor is different than the
time interval (T2) for the pulse of the tantalum-containing precursor, the time interval
(Ts) for the pulse of the nitrogen-containing gas or the time interval (T4) for the pulse of
the silicon-containing gas.

[0042] In addition, the periods of non-pulsing after each of the pulses of the
titanium-containing precursor, the tantalum-containing precursor, the nitrogen-
containing gas and the silicon-containing gas may have the same duration. That is, the
duration of the period of non-pulsing after each of the pulse of the titanium-containing
precursor, the pulse of the tantalum-containing precursor, the pulse of the nitrogen-
containing gas, and the pulse of the silicon-containing gas may be identical. For such
an embodiment, a time interval (Ts) of non-pulsing after the pulse of the titanium-
containing precursor equals a time interval (Te) of non-pulsing after the pulse of the
tantalum-containing precursor, a time interval (T7) of non-pulsing after the pulse of the
nitrogen-containing gas and a time interval (Ts) of non-pulsing after the pulse of the
silicon-containing gas. During the time periods of non-pulsing only the constant carrier

gas stream is provided to the process chamber.

[0043] Alternatively, at least one period of non-pulsing after at least one of the
pulse of the titanium-containing precursor, the pulse of the tantalum-containing
precursor, the pulse of the nitrogen-containing gas and the pulse of the silicon-
containing gas may have a different duration. That is, the duration of at least one
period of non-pulsing after one of the pulses of the titanium-containing precursor, the
tantalum-containing precursor, the nitrogen-containing gas, and the silicon-containing
may be shorter or longer than another period of non-pulsing. For such an embodiment,
a time interval (Ts) of non-pulsing after the pulse of the titanium-containing precursor is
different from one of a time interval (Tg) of non-pulsing after the pulse of the tantalum-
containing precursor, a time interval (T) of non-pulsing after the pulse of the nitrogen-
containing gas and a time interval (Tg) of non-pulsing after the pulse of the silicon-
containing gas. During the time periods of non-pulsing, only the constant carrier gas

stream is provided to the process chamber.
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[0044] Additionally, the time intervals for each pulse of the titanium-containing
precursor, the tantalum-containing precursor, the nitrogen-containing gas, the silicon-
containing gas and the periods of non-pulsing therebetween for each deposition cycle
of the cyclical deposition process may have the same duration. For such an
embodiment, a time interval (T1) for the pulse of the titanium-containing precursor, a
time interval (T>) for the pulse of the tantalum-containing precursor, a time interval (Ts)
for the pulse of the nitrogen-containing gas, a time interval (T4) for the pulse of the
silicon-containing gas, a time interval (Ts) of non-pulsing after the pulse of the titanium-
containing precursor, a time interval (Te) of non-pulsing after the pulse of the tantalum-
containing precursor, a time interval (T7) of non-pulsing after the pulse of the nitrogen-
containing gas and a time interval (Ts) of non-pulsing after the puise of the silicon-
containing gas, each have the same value for each subsequen't deposition cycle. For
example, in a first deposition cycle (Cq), a time interval (T4) for the pulse of the
titanium-containing precursor has the same duration as the time interval (T4) for the
pulse of the titanium-containing precursor in subsequent deposition cycles (Caz...Cyj).
Similarly, the duration of each pulse of the tantalum-containing precursor, the duration
of each pulse of the nitrogen-containing gas, the duration of each pulse of the silicon-
containing gas, as well as the duration of the periods of non-pulsing therebetween in
the first deposition cycle (C4) is the same as the duration of each pulse of the
tantalum-containing precursor, the duration of each pulse of the nitrogen-containing
gas, the duration of each pulse of the silicon-containing gas and the duration of the
periods of non-pulsing therebetween in subsequent deposition cycles (Co...Cy),

respectively.

[0045] Alternatively, the time interval for at least one pulse of the titanium-
containing precursor, the tantalum-containing precursor, the nitrogen-containing gas,
the silicon-containing gas and the periods of non-pulsing therebetween for one or
more deposition cycles of the cyclical deposition process may have different durations.
For such an embodiment, one or more of the time intervals (T4) for the pulses of the
titanium-containing precursor, the time intervals (T2) for the pulses of the tantalum-
containing precursor, the time intervals (Ts) for the pulses of the nitrogen-containing
gas, the time intervals (T4) for the pulses of the silicon-containing gas, the time
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intervals (Ts) of non-pulsing after the pulses of the titanium-containing precursor, the
time intervals (Te) of non-pulsing after the pulses of the tantalum-containing precursor,
the time intervals (T7) of non-puising after the pulses of the nitrogen-containing gas
and the time intervals (Tg) of non-puising and the pulses of the silicon-containing gas
may have different values for one or more subsequent deposition cycles of the cyclical -
deposition process. For example, in a first deposition cycle (C4), the time interval (T+)
for the pulse of the titanium-containing precursor may be longer or shorter than the
time interval (T4) for the puise of the titanium-containing precursor in subsequent
deposition cycles (Cz...Cy). Similarly, the duration of each pulse of the tantalum-
containing precursor, the duration of each pulse of the nitrogen-containing gas, the
duration of each pulse of the silicon-containing gas and the duration of the periods of
non-pulsing therebetween in deposition cycle (C4) may be different than the duration of
corresponding pulses of the tantalum-containing precursor, pulses of the nitrogen-
containing gas, pulses of the silicon-containing gas and the periods of non-pulsing
therebetween in subsequent deposition cycles (Cz...Cn), respectively.

[0046] Referring to step 114, after each deposition cycle (steps 104 through 112)
a thickness of the quaternary nitride will be formed on the substrate. Depending on
specific device requirements, subsequent deposition cycles may be needed to achieve
a desired thickness. As such, steps 104 through 112 are repeated until the desired
thickness for the titanium tantalum silicon nitride (TixTay(Si)N;) layer is achieved.
Thereafter, when the desired thickness for the titanium tantalum silicon nitride

(TixTay(Si)N;) layer is achieved the process is stopped as indicated by step 116.

[0047] The titanium tantalum silicon nitride (TixTay(Si)N) layer may optionally be
plasma treated. It is believed that the plasma treatment reduces the carbon content of
the titanium tantalum silicon nitride (TixTay(Si)N;) layers formed from metallorganic
precursors such as, for example, tetrakis(dimethylamido) titanium (TDMAT),
tetrakis(diethylamido) titanium (TDEAT), pentakis(dimethylamido) tantalum (PDMAT),
pentakis(ethylmethylamido) ~ tantalum  (PEMAT), tertbutylimidotris(diethylamido)
tantalum (TBTDET), and pentakis(diethylamido) tantalum (PDEAT), among others.

-12-
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[0048] The plasma treatment step may be performed after each deposition cycle,
or after each deposition of about 30 A to about 50 A of the titanium tantalum silicon
nitride (TixTay(Si)N,) material. Plasma gases that are non-chemically reactive with the
titanium tantalum silicon nitride (TixTay(Si)Nz), but which preferentially react for
removal of carbon may be used. Suitable plasma gases nay include, for example,
argon (Ar), helium (He), neon (Ne) xenon (Xe), hydrogen (Hz), and combinations
thereof.

[0049] The titanium tantalum silicon nitride (TixTay(Si)N;) layer may be plasma
treated at a temperature less than about 350 °C, a chamber pressure of about 1 torr to
about 50 torr, a plasma gas flow rate of about 10 sccm to about 2000 sccm and a
power of about 0.1 Watts/cm? to about 2 Watts/cm®. The titanium tantalum silicon
nitride (TixTa,(Si)N,) layer may be plasma treated for less than about 10 seconds, and
preferably less than about 3 seconds.

[0050] In an alternate process sequence described with respect to FIG. 3, the
quaternary nitride layer deposition cycle comprises separate pulses for each of the
titanium-containing precursor, the tantalum-containing precursor, the nitrogen-
containing gas, the silicon-containing gas and a purge gas. For such an embodiment,
the titanium tantalum silicon nitride (TixTay(Si)N;) deposition sequence 200 includes
providing the substrate to the process chamber and adjusting the process conditions
(step 202), providing a pulse of a purge gas to the process chamber (step 204),
providing a pulse of a titanium-containing precursor to the process chamber (step
206), providing a pulse of the purge gas to the process chamber (step 208), providing
a pulse of a tantalum-containing precursor to the process chamber (step 210),
providing a pulse of the purge gas to the process chamber (step 212), providing a
pulse of a nitrogen-containing gas to the process chamber (step 214), providing a
pulse of the purge gas to the process chamber (step 216), providing a pulse of a
silicon-containing gas to the process chamber (step 218), and than repeating steps
204 through 218, or stopping the deposition process (step 222) depending on whether
a desired thickness for the titanium tantalum silicon nitride (TixTay(Si)N;) layer has
been achieved (step 220).
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[0051] The time intervals for each of the pulses of the titanium-containing
precursor, the tantalum-containing precursor, the nitrogen-containing gas, the silicon-
containing gas and the purge gas may have the same or different durations as
discussed above with respect to FIG. 2. Alternatively, corresponding time intervals for
one or more pulses of the titanium-containing precursor, the tantalum-containing
precursor, the nitrogen-containing gas, the silicon-containing gas and the purge gas in
one or more of the deposition cycles of the titanium tantalum silicon nitride
(TixTay(Si)N;) layer deposition process may have different durations.

[0052] In FIGS. 2-3, the titanium tantalum silicon nitride (TixTay(Si)N;) layer
deposition cycle is depicted as beginning with a pulse of the titanium-containing
precursor followed by a pulse of a tantalum-containing precursor, a nitrogen-containing
gas and a silicon-containing gas. Alternatively, the titanium tantalum silicon nitride
(TixTay(Si)N;) layer deposition cycle may start with a pulse of the tantalum-containing
precursor followed by the titanium-containing precursor, the nitrogen-containing gas
and the silicon-containing gas in any order, as depicted in FIGS. 4A-4C. In addition,
the titanium tantalum silicon nitride (TixTa,(Si)N) layer deposition cycle may start with
a pulse of the nitrogen-containing gas followed by a pulse of the titanium-containing
precursor, the tantalum-containing precursor and the silicon-containing gas in any
order, as depicted in FIGS. 5A-5C. The titanium tantalum silicon nitride (TixTay(Si)N)
layer deposition cycle may also start with a pulse of a silicon-containing gas followed
by a pulse of the titanium-containing precursor, the tantalum-containing precursor and
the nitrogen-containing gas, in any order, as depicted in FIGS. 6A-6C.

[0053] Additionally, the titanium tantalum silicon nitride (TixTay(Si)Nz) layer
deposition cycle may include sequences wherein one or more of the precursor gases
are omitted. In one embodiment, the titanium tantalum silicon nitride (TixTay(Si)N)
layer deposition cycle may start with a pulse of the titanium-containing precursor,
followed by the tantalum-containing precursor, the nitrogen-containing gas, the
titanium-containing precursor, the tantalum-containing precursor and the silicon-
containing gas, as depicted in FIG. 7A. In another embodiment, the titanium tantalum
silicon nitride (TixTay(Si)N;) layer deposition cycle may start with a pulse of the
titanium-containing precursor followed by the tantalum-containing precursor, the
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nitrogen-containing gas, the silicon-containing gas, the titanium-containing precursor,
the tantalum-containing precursor and the nitrogen-containing gas, as shown in FIG.
7B. In yet another embodiment, the titanium tantalum silicon nitride (TixTay(Si)N;) layer
deposition cycle may start with a pulse of the titanium-containing precursor, followed
by the tantalum-containing precursor, the nitrogen-containing gas, the silicon-
containing gas, the titanium-containing precursor, the tantalum-containing precursor

and the silicon-containing gas, as depicted in FIG. 7C.

[0054] Furthermore, several of the titanium-containing precursors as well as the
tantalum-containing precursors include nitrogen. When such precursors are used the
titanium tantalum silicon nitride (TixTay(Si)N;) layer deposition cycle may start with a
pulse of the ftitanium/nitrogen-containing precursor followed by a pulse of the
tantalum/nitrogen-containing precursor and the silicon-containing gas, as shown in
FIG. 8A. In another embodiment, the titanium tantalum silicon nitride (TixTay(Si)N;)
layer deposition cycle may start with a pulse of the tantalum/nitrogen-containing
precursor, followed by the pulse of the titanium/nitrogen-containing precursor and the
silicon-containing gas, as shown in FIG. 8B. In’yet another embodiment, the titanium
tantalum silicon nitride (TixTay(Si)N;) layer deposition cycle may start with a pulse of
the titanium/nitrogen-containing precursor followed by the silicon-containing gas, the
tantalum/nitrogen-containing precursor and the silicon-containing gas, as shown in
FIG. 8C.

[0055] One exemplary process of depositing a titanium tantalum silicon nitride
(TixTay(Si)N,) layer comprises alternately providing pulses of
tetrakis(dimethylamido)titanium (TDMAT), pentakis(dimethylamido) tantalum (PDMAT)
and silane (SiH,). The tetrakis(dimethylamido)titanium (TDMAT) may be provided to
an appropriate flow control valve, for example, an electronic flow control valve, at a
flow rate of between about 10 sccm (standard cubic centimeters per minute) to about
1000 sccm, and thereafter pulsed for about 0.5 seconds or less. A carrier gas
comprising argon (Ar) is provided along with the tetrakis(dimethylamido)titanium
(TDMAT) at a flow rate between about 50 sccm to about 1500 sccm. The
pentakis(dimethylamido) tantalum (PDMAT) may be provided to an appropriate flow
control valve, for example, an electronic flow control valve, at a flow rate of between
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about 25 sccm to about 1500 sccm, and thereafter pulsed for about 0.5 seconds or
less. A carrier gas comprising argon (Ar) is provided along with the
pentakis(dimethylamido) tantalum (PDMAT) at a flow rate between about 50 sccm to
about 1500 sccm. The silane (SiHs) may be provided to an appropriate flow control
valve, for example, an electronic flow control valve, at a flow rate of between about 5
sccm and about 500 sccm, and thereafter pulsed for about 0.3 seconds or less. A
carrier gas comprising argon (Ar) is provided along with the silane (SiH,) at a flow rate
of about 10 sccm to about 1000 sccm. The substrate may be maintained at a chamber
pressure between about 0.1 torr to about 10 torr, at a temperature between about 170
C to about 250 °C. The above-mentioned flow rates for the carrier gas, the
tetrakis(dimethylamido)titanium (TDMAT), the pentakis(dimethylamido) tantalum
(PDMAT) and the silane (SiHs) may be varied, depending on the volume capacity of
the process chamber used.

Inteqgrated Circuit Fabrication Process

Copper Interconnects

[0056] FIGS. 9A-9C illustrate cross-sectional views of a substrate at different
stages of a copper interconnect fabrication sequence incorporating the titanium
tantalum silicon nitride (TixTay(Si)N;) layer of the present invention. FIG. 9A, for
example, illustrates a cross-sectional view of a substrate 400 having metal contacts
404 and a dielectric layer 402 formed thereon.

[0057] The substrate 400 may comprise a semiconductor material such as, for
example, silicon (Si), germanium (Ge), or gallium arsenide (GaAs). The dielectric layer
402 may comprise an insulating material such as, for example, silicon oxide or silicon
nitride. The metal contacts 404 may comprise for example, copper (Cu).

[0058] Apertures 404H may be defined in the dielectric layer 402 to provide
openings over the metal contacts 404. The apertures 404H may be defined in the
dielectric layer 402 using conventional lithography and etching techniques.
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[0059] Referring to FIG. 9B, a titanium tantalum silicon nitride (TixTay(Si)N;) layer
406 is formed in the apertures 404H defined in the dielectric layer 402. The titanium
tantalum silicon nitride (TixTa,(Si)N;) layer 406 is formed using the deposition
techniques described above with respect to FIGS. 2-8.

[0060] The thickness of the titanium tantalum silicon nitride (TixTay(Si)N.) layer
406 is preferably thick enough to form a conformal layer when a porous material such
as, for example, silicon oxides (e.g., SiO, SiO) is used for the dielectric material. The
thickness of the titanium tantalum silicon nitride (TixTay(Si)N;) layer 406 is typically
between about 20 A to about 500 A.

[0061] Thereafter, the apertures 404H are filled with copper (Cu) metallization 408
using a suitable deposition process as shown in FIG. 6C. For example, copper (Cu)
may be deposited with a chemical vapor deposition (CVD) process using copper-
containing precursors such as Cu*?(hfac), (copper hexafluoro acetylacetonate),
Cu*%(fod) (copper heptafluoro dimethyl octanediene) and Cu*'hfac TMVS (copper
hexafluoro acetylacetonate trimethylvinylsilane), among others.

[0062] While the foregoing is directed to the preferred embodiments of the present
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 of forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on a
substrate, comprising:

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on a substrate,
wherein the titanium tantalum silicon nitride (TixTay(Si)N;) layer is formed by
alternately adsorbing a titanium-containing precursor, a tantalum-containing precursor,
a silicon-containing gas and a nitrogen-containing gas on the subsirate.

2. The method of claim 1 wherein the titanium-containing precursor comprises a
compound selected from the group consisting titanium tetrachloride (TiCls),
tetrakis(dimethylamido)titanium (TDMAT) and tetrakis(diethylamido)titanium (TDEAT).

3. The method of claim 1 wherein the tantalum-containing precursor comprises a
compound selected from the group consisting of tantalum pentachloride (TaCls),
pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido)tantalum (TBTDET), and
pentakis(diethylamido)tantalum (PDEAT).

4. The method of claim 1 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiHj), disilane (SizHe)
trichlorosilane (SiHCIs) and dichlorosilane (SiClzHz).

5. The method of claim 1 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHs), hydrazine (NoHa),
monomethyl hydrazine (CH3NzH3), dimethyl hydrazine (CzHsN2H2), t-butyl hydrazine
(C4HgN2H3), phenyl hydrazine (CeHsNzHs), 2,2-azoisobutane ((CHs)sCzN2) and
ethylazide (CoHsNs).

6. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N;) barrier

layer for a copper interconnect, comprising:

forming a titanium tantalum silicon nitride (TixTay(Si)N;) barrier layer in one or

more apertures formed on a substrate, wherein the titanium tantalum silicon nitride
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(TixTay(Si)N,) barrier layer is formed by alternately adsorbing a titanium-containing
precursor, a tantalum-containing precursor, a silicon-containing gas and a nitrogen-
containing gas on the substrate; and

depositing copper on the titanium tantalum silicon nitride (TixTay(Si)N;) barrier layer.

7. The method of claim 6 wherein the titanium-containing precursor comprises a
compound selected from the group consisting of titanium tetrachloride (TiCla),
tetrakis(dimethylamido)titanium (TDMAT) and tetrakis(diethylamido)titanium (TDEAT).

8. The method of claim 6 wherein the tantalum-containing precursor comprises a
compound selected from the group consisting of tantalum pentachloride (TaCls),
pentakis(dimethylamido) tantalum (PDMAT), pehtakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET), and
pentakis(diethylamido) tantalum (PDEAT).

9. The method of claim 6 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiHs), disilane (SizHe),
trichlorosilane (SiHCI3) and dichlorosilane (SiClzHy).

10. The method of claim 6 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHg), hydrazine (N2Ha),
monomethyl hydrazine (CH3NzHs), dimethyl hydrazine (CoHeNzHz), t-butyl hydrazine
(C4HgN2Hz), phenyl hydrazine (CeHsNzHs), 2,2-azoisobutane ((CHs)eC2N2) and
ethylazide (C2HsNg).

11, A method of forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on a
substrate, comprising:

providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on the substrate
using a cyclical deposition process comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
flow of the inert gas with an alternating period of exposure to one of either a titanium-
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containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas.

12. The method of claim 11 wherein the period of exposure to the titanium-
containing precursor, the period of exposure to the tantalum-containing precursor, the
period of exposure to the nitrogen-containing gas, the period of exposure to the
silicon-containing gas, and periods of flow of the inert gas therebetween each have the
same duration.

13. The method of claim 11 wherein at least one of the period of exposure fo the
titanium-containing precursor, the period of exposure to the tantalum-containing
precursor, the period of exposure to the nitrogen-containing gas, the period of
exposure to the silicon-containing gas and periods of flow of the inert gas

therebetween has a different duration.

14. The method of claim 11 wherein the period of exposure to the titanium-
containing precursor during each deposition cycle of the cyclical deposition process

has the same duration.

15. The method of claim 11 wherein at least one period of exposure to the
titanium-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

16. The method of claim 11 wherein the period of exposure to the tantalum-

containing precursor during each deposition cycle of the cyclical deposition process
has the same duration.

17. The method of claim 11 wherein at least one period of exposure to the

tantalum-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

18. The method of claim 11 wherein the period of exposure to the nitrogen-
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containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

19. The method of claim 11 wherein at least one period of exposure to the

nitrogen-containing gas during one or more deposition cycle of the cyclical deposition
process has a different duration.

20. The method of claim 11 wherein the period of exposure to the silicon-
containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

21. The method of claim 11 wherein at least one period of exposure to the silicon-
containing gas during one or more deposition cycle of the cyclical deposition process
has a different duration.

22. The method of claim 11 wherein periods of flow of the inert gas after the
period of exposure to the titanium-containing precursor, the period of exposure to the
tantalum-containing precursor, the period of exposure to the nitrogen-containing gas
and the period of exposure to the silicon-containing gas during each deposition cycle

of the cyclical deposition process has the same duration.

23. The méthod of claim 11 wherein at least one period of flow of the inert gas
after one of the period of exposure to the titanium-containing precursor, the period of
exposure to the tantalum-containing precursor, the period of exposure to the nitrogen-
containing gas and the period of exposure to the silicon-containing gas during one or
more deposition cycle of the cyclical deposition process has a different duration.

24. The method of claim 11 wherein the titanium-containing precursor comprises a
compound selected from the group consisting of titanium tetrachloride (TiCls),
tetrakis(dimethylamido) titanium (TDMAT) and tetrakis(diethylamido) titanium
(TDEAT).

25. The method of claim 11 wherein the tantalum-containing precursor comprises
a compound selected from the group consisting of tantalum pentachloride (TaCls),
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pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET) and
pentakis(diethylamido) tantalum (PDEAT).

26. The method of claim 11 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiH4), disilane (SizHs),
trichlorosilane (SiHCI3) and dichlorosilane (SiCloHy).

27. The method of claim 11 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHg), hydrazine (NzHa),
monomethylvhydrazine (CH3zNzH3), dimethyl hydrazine (CoHsN2Hp), t-butyl hydrazine
(CsHgN2H3), phenyl hydrazine (CgHsNoHs), 2,2’-azoisobutane ((CHs)sC2N2) and
ethylazide (CoHsN3).

28. A method of forming a titanium tantalum silicon nitride (TixTa,(Si)N;) layer on a

substrate, comprising:
providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on the substrate
using a cyclical deposition process comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas, and wherein the period of exposure to the titanium-containing
precursor, the period of exbosure to the tantalum-containing precursor, the period of
exposure to the nitrogen-containing precursor, the period of exposure to the silicon
containing precursor and periods of flow of the inert gas therebetween each have the
same duration.

29. The method of claim 28 wherein the period of exposure to the titanium-
containing precursor during each deposition cycle of the cyclical deposition process
has the same duration.
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30. The method of claim 28 wherein at least one period of exposure to the
titanium-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

31. The method of claim 28 wherein the period of exposure to the tantalum-
containing precursor during each deposition cycle of the cyclical deposition process
has the same duration.

32. The method of claim 28 wherein at ieast one period of exposure to the

tantalum-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

33. The method of claim 28 wherein the period of exposure to the nitrogen-
containing gas during each deposition cycle of the cyclical deposition process has the

same duration.

34. The method of claim 28 wherein at least one period of exposure to the
nitrogen-containing gas during one or more deposition cycle of the cyclical deposition
process has a different duration.

35. The method of claim 28 wherein the period of exposure to the silicon-
containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

36. The method of claim 28 wherein at least one period of exposure to the silicon-
containing gas during one or more deposition cycle of the cyclical deposition process
has a different duration.

37. The method of claim 28 wherein periods of flow of the inert gas after the
period of exposure to the titanium-containing precursor, the period of exposure to the
tantalum-containing precursor, the period of exposure to the nitrogen-containing gas
and the period of exposure to the silicon-containing gas during each deposition cycle

of the cyclical deposition process have the same duration.
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38. The method of claim 28 wherein at least one period of flow of the inert gas
after one of the period of exposure to the titanium-containing precursor, the period of
exposure to the tantalum-containing precursor, the period of exposure to the nitrogen-
containing gas and the period of exposure to the silicon-containing gas during one or
more deposition cycle of the cyclical deposition process has a different duration.

39. The method of claim 28 wherein the titanium-containing precursor comprises a
compound selected from the group consisting titanium tetrachloride (TiCls),
tetrakis(dimethylamido) titanium (TDMAT) and tetrakis(diethylamido) titanium
(TDEAT).

40. The method of claim 28 wherein the tantalum-containing precursor comprises
a compound selected from the group consisting of tantalum pentachioride (TaCls),
pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET) and
pentakis(diethylamido) tantalum (PDEAT).

41. The method of claim 28 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiHy), disilane (SioHg),
trichlorosilane (SiHCIs) and dichlorosilane (SiCloHy).

42. The method of claim 28 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHs), hydrazine (NaHa),
monomethyl hydrazine (CHsNzH3), dimethyl hydrazine (C2HsN2Hz), i-butyl hydrazine
(C4HgN2Hg), phenyl hydrazine (CgHsNzHs), 2,2-azoisobutane ((CHs)sC2N2) and
ethylazide (CoHsN3).

43. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on a

substrate, comprising:
providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)Nz) layer on the substrate

using a cyclical deposition process comprising a plurality of cycles, wherein each cycle

comprises establishing a flow of an inert gas to a process chamber and modulating the
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flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas, and wherein at least one period of exposure to the titanium-
containing precursor, the period of exposure to the tantalum-containing precursor, the
period of exposure to the nitrogen-containing gas, the period of exposure to the silicon
containing gas and periods of flow of the inert gas therebetween has a different
duration.

44, The method of claim 43 wherein the period of exposure to the titanium-
containing precursor during each deposition cycle of the cyclical deposition process
has the same duration.

45. The method of claim 43 wherein at least one period of exposure to the
titanium-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

46. The method of claim 43 wherein the period of exposure to the tantalum-
containing precursor during each deposition cycle of the cyclical deposition process

has the same duration.

47. The method of claim 43 wherein at least one period of exposure to the
tantalum-containing precursor during one or more deposition cycle of the cyclical

deposition process has a different duration.

48. The method of claim 43 wherein the period of exposure to the nitrogen-
containing gas during each deposition cycle of the cyclical deposition process has the

same duration.
49. The method of claim 43 wherein at least one period of exposure to the

nitrogen-containing gas during one or more deposition cycle of the cyclical deposition
process has a different duration.
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50. The method of claim 43 wherein the period of exposure to the silicon-
containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

51. The method of claim 43 wherein at least one period of exposure to the silicon-
containing gas during one or more deposition cycle of the cyclical deposition process
has a different duration.

52. The method of claim 43 wherein periods of flow of the inert gas after the
period of exposure to the titanium-containing precursor, the period of exposure to the
tantalum-containing precursor, the period of exposure to the nitrogen-containing gas
and the period of exposure to the silicon-containing gas during each deposition cycle
of the cyclical deposition process have the same duration.

53. The method of claim 43 wherein at least one period of flow of the inert gas
after one of the period of exposure to the titanium-containing precursor, the period of
exposure to the tantalum-containing precursor, the period of exposure to the nitrogen-
containing gas and the period of exposure to the silicon-containing gas during one or
more deposition cycle of the cyclical deposition process has a different duration.

54, The method of claim 43 wherein the titanium-containing precursor comprises a
compound selected from the group consisting titanium tetrachloride (TiCly),
tetrakis(dimethylamido) titanium (TDMAT) and tetrakis(diethylamido) titanium
(TDEAT).

55. The method of claim 43 wherein the tantalum-containing precursor comprises
a compound selected from the group consisting of tantalum pentachloride (TaCls),
pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET) and
pentakis(diethylamido)tantalum (PDEAT).

56. The method of claim 43 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiH,), disilane (SizHg),
trichlorosilane (SiHCls) and dichlorosilane (SiClaHy).
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57. The method of claim 43 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHs), hydrazine (NzH,),
monomethyl hydrazine (CHsN2Hs), dimethyl hydrazine (CoHsN2Ho), t-butyl hydrazine
(C4HgNzHg), phenyl hydrazine (CgHsN2Hs), 2,2-azoisobutane ((CHs)sC2N2) and
ethylazide (CoHsN3).

58. A method of forming a titanium tantalum silicon nitride (TixTa,(Si)N;) layer on a
substrate, comprising:

providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on the substrate
using a cycIiCal deposition p?oc‘esé comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas, wherein the period of exposure to the titanium-containing
precursor, the period of exposure to the tantalum-containing precursor, the period of
exposure to the nitrogen-containing gas, the period of exposure to the silicon
containing gas and periods of flow of the inert gas therebetween each have the same
duration, and wherein the period of exposure to the titanium-containing precursor, the
period of exposure to the tantalum-containing precursor, the period of exposure to the
nitrogen-containing gas, the period of exposure to the silicon containing gas and
periods of flow of the inert gas therebetween have the same duration during each
deposition cycle of the cyclical deposition process.

59. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N,) layer on a
substrate, comprising:

providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on the substrate
using a cyclical deposition process comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
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flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor;=a-hifrogen-containina aas arid a
silicon-containing gas, wherein the period of exposure tO‘""’m‘e-"”tﬂ;fihif?rffl’:métainina .
precursor, the period of exposure to the tantalum-containing precursor, the pefiod 6§
exposure to the nitrogen-containing gas, the period of exposure to the silicon |
containing gas and periods of flow of the inert gas therebetween each have the same '
duration, and wherein at least one of the period of exposure to the titanium-containing f
precursor, the period of exposure to the tantalum-containing precursor, the period of:3
exposure to the nitrogen-containing gas, the period of exposure to the siliconf
containing gas and periods of flow of the inert gas therebetween has a different
duration during one or more deposition cycle of the cyclical deposition process.

60. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on a
substrate, comprising:

providing a substrate; and

forming a titanium tantalum silicon nitride (TixTay(Si)N;) layer on the substrate
using a cyclical deposition process comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas, wherein at least one of the period of exposure to the titanium-
containing precursor, the period of exposure to the tantalum-containing precursor, the
period of exposure to the nitrogen-containing gas, the period of exposure to the silicon
containing gas and periods of flow of the inert gas therebetween has a different
duration, and wherein the period of exposure to the titanium-containing precursor, the
period of exposure to the tantalum-containing precursor, the period of exposure to the
nitrogen-containing gas, the period of exposure to the silicon containing gas and
periods of flow of the inert gas therebetween have the same duration during each
deposition cycle of the cyclical deposition process.

61. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N,) layer on a

substrate, comprising:
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providing a substrate; and

forming a titanium tantalum silicon nitride (TixTa,(Si)N;) layer on the substrate
using a cyclical deposition process comprising a plurality of cycles, wherein each cycle
comprises establishing a flow of an inert gas to a process chamber and modulating the
flow of the inert gas with an alternating period of exposure to one of either a titanium-
containing precursor, a tantalum-containing precursor, a nitrogen-containing gas and a
silicon-containing gas, wherein at least one of the period of exposure to the titanium-
containing precursor, the period of exposure to the tantalum-containing precursor, the
period of exposure to the nitrogen-containing gas, the period of exposure to the silicon
containing gas and periods of flow of the inert gas therebetween has a different
duration, and wherein at least one of the period of exposure to the titanium-containing
precursor, the period of exposure to the tantalum-containing precursor, the period of
exposure to the nitrogen-containing gas, the period of exposure to the silicon
containing gas and periods of flow of the inert gas therebetween has a different
duration during one or more deposition cycle of the cyclical deposition process.

62. A method of forming a titanium tantalum silicon nitride (TixTay(Si)N,) barrier
layer for a copper interconnect, comprising:

providing a substrate;

forming a titanium tantalum silicon nitride (TixTay(Si)Nz) barrier layer on the
substrate using a cyclical deposition process comprising a plurality of cycles, wherein
each cycle comprises establishing a flow of an inert gas to a process chamber and
modulating the flow of the inert gas with an alternating period of exposure to one of
either a titanium-containing precursor, a tantalum-containing precursor, a nitrogen-

containing gas and a silicon-containing gas; and

depositing copper on the titanium tantalum nitride silicide (TixTayN(Si)) barrier
layer.

63. The method of claim 62 wherein the period of exposure {o the titanium-

containing precursor, the period of exposure to the tantalum-containing precursor, the
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period of exposure o the nitrogen-containing gas, the period of exposure to the
silicon-containing gas, and periods of flow of the inert gas therebetween each have the
same duration.

64. The method of claim 62 wherein at least one of the period of exposure to the
titanium-containing precursor, the period of exposure to the tantalum-containing
precursor, the period of exposure to the nitrogen-containing gas, the period of
exposure to the silicon-containing gas and periods of flow of the inert gas
therebetween has a different duration.

65. The method of claim 62 wherein the period of exposure to the titanium-
containing precursor during each deposition cycle of the cyclical deposition process
has the same duration.

66. The method of claim 62 wherein at least one period of exposure to the
titanium-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

67. The method of claim 62 wherein the period of exposure to the tantalum-

containing precursor during each deposition cycle of the cyclical deposition process

has the same duration.
68. The method of claim 62 wherein at least one period of exposure to the

tantalum-containing precursor during one or more deposition cycle of the cyclical
deposition process has a different duration.

69. The method of claim 62 wherein the period of exposure to the nitrogen-
containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

70. The method of claim 62 wherein at least one period of exposure to the
nitrogen-containing gas during one or more deposition cycle of the cyclical deposition
process has a different duration.
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71. The method of claim 62 wherein the period of exposure to the silicon-
containing gas during each deposition cycle of the cyclical deposition process has the
same duration.

72. The method of claim 62 wherein at least one period of exposure to the silicon-
containing gas during one or more deposition cycle of the cyclical deposition process
has a different duration.

73. The method of claim 62 wherein periods of flow of the inert gas after the
period of exposure to the titanium-containing precursor, the period of exposure to the
tantalum-containing precursor, the period of exposure to the nitrogen-containing gas
and the period of exposure to the silicon-containing gas during each deposition cycle
of the cyclical deposition process has the same duration.

74. The method of claim 62 wherein at least one period of flow of the inert gas
after one of the period of exposure to the titanium-containing precursor, the period of
exposure to the tantalum-containing precursor, the period of exposure to the nitrogen-
containing gas and the period of exposure to the silicon-containing gas during one or
more deposition cycle of the cyclical deposition process has a different duration.

75. The method of claim 62 wherein the titanium-containing precursor comprises a
compound selected from the group consisting of titanium tetrachloride (TiCls),
tetrakis(dimethylamido) titanium (TDMAT) and tetrakis(diethylamido) titanium
(TDEAT). |

76. The method of claim 62 wherein the tantalum-containing precursor comprises
a compound selected from the group consisting of tantalum pentachloride (TaCls),
pentakis(dimethylamido) tantalum (PDMAT), pentakis(ethylmethylamido) tantalum
(PEMAT), tertbutylimidotris(diethylamido) tantalum (TBTDET) and
pentakis(diethylamido) tantalum (PDEAT).

77. The method of claim 62 wherein the silicon-containing gas comprises a
compound selected from the group consisting of silane (SiH.), disilane (SizHs),
trichlorosilane (SiHCl3) and dichlorosilane (SiClzHy).
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78. The method of claim 62 wherein the nitrogen-containing gas comprises a
compound selected from the group consisting of ammonia (NHg), hydrazine (NoHy),
monomethyl hydrazine (CHsNzH3), dimethyl hydrazine (C,HgNzH,), t-butyl hydrazine
(C4HgN2H3), phenyl hydrazine (CeHsNzHs), 2,2'-azoisobutane ((CHs)sC2N2) and
ethylazide (C2HsNs).

79. A copper interconnect, formed by a method comprising:

forming a titanium tantalum silicon nitride (TixTa,(Si)N;) barrier layer in one or
more apertures formed on a substrate, wherein the titanium tantalum silicon nitride
(TixTay(Si)N;) barrier layer is formed by alternately adsorbing a titanium-containing
precursor, a tantalum-containing precursor, a silicon-containing gas and a nitrogen-

containing gas on the substrate; and

depositing copper on the titanium tantalum silicon nitride (TixTa,(Si)N;) barrier
layer.

80. The copper interconnect of claim 79 wherein the titanium-containing precursor
comprises a compound selected from the group consisting of titanium tetrachloride
(TiCly), tetrakis(dimethylamido)titanium (TDMAT) and tetrakis(diethylamido)titanium
(TDEAT).

81. The copper interconnect of claim 79 wherein the tantalum-containing
precursor comprises a compound selected from the group consisting of tantalum
pentachloride (TaCls), pentakis(dimethylamido) tantalum (PDMAT),
pentakis(ethylmethylamido)  tantalum (PEMAT), tertbutylimidotris(diethylamido)
tantalum (TBTDET), and pentakis(diethylamido) tantalum (PDEAT).

82. The copper interconnect of claim 79 wherein the silicon-containing gas
comprises a compound selected from the group consisting of silane (SiH,), disilane
(SizHg), trichlorosilane (SiHCls) and dichlorosilane (SiCloHy).

83. The copper interconnect of claim 79 wherein the nitrogen-containing gas

comprises a compound selected from the group consisting of ammonia (NHa),

hydrazine (N2H4), monomethyl hydrazine (CHzNzHs), dimethyl hydrazine (CaHgNaH,),
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t-butyl hydrazine (C4HgN2Hs), phenyl hydrazine (CeHsN2Ha), 2,2’-azoisobutane
((CHs)eCzNg) and ethylazide (CoHsNg).
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