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METHOD OF FORMING ALUMINUM-DOPED METAL CARBONITRIDE
GATE ELECTRODES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application is related to co-pending United States Patent
Application No. 11/839,410 entitled “SEMICONDUCTOR DEVICE
CONTAINING AN ALUMINUM TANTALUM CARBONITRIDE BARRIER FILM
AND METHOD OF FORMING,” filed on August 15, 2007, the entire content of

which is hereby incorporated by reference.

FIELD OF INVENTION

[0002] The field of the invention relates generally to the field of forming a
semiconductor device, and more specifically to formation of aluminum-doped

metal carbonitride gate electrodes with tunable aluminum concentrations.

BACKGROUND OF THE INVENTION

[0003] In the semiconductor industry, the minimum feature sizes of
microelectronic devices are approaching the deep sub-micron regime to meet
the demand for faster, lower power microprocessors and digital circuits. The
Si-based microelectronic technology is currently faced with major materials
challenges to achieve further miniaturization of integrated circuit devices. A
gate stack containing a SiO2 gate dielectric layer and a degenerately doped
polycrystalline Si gate electrode, which has served the industry for several
decades, will be replaced with a gate stack having a higher capacitance.
[0004] High-capacitance materials, known as high-k materials (where “k”
refers to the dielectric constant of the material), feature a dielectric constant

greater than that of SiO, (k~3.9). In addition, high-k materials may refer to
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dielectric materials such as metallic silicates or oxides that are deposited onto
substrates (e.g., HfO2, ZrO,) rather than grown on the surface of the
substrates (e.g., SiO2, SiOxNy).

[0005] In addition to the gate dielectric layer, the gate electrode also
represents a major challenge for future scaling of microelectronic devices.
The introduction of metal-containing gate electrodes to replace the traditional
doped poly-Si gate electrode can bring about several advantages. These
advantages include elimination of the poly-Si gate depletion effect, reduction
in sheet resistance, better reliability and potentially better thermal stability on
the advanced high-k dielectric materials. In one example, switching from
poly-Si to a metal-containing gate electrode can achieve a 2 — 3 Angstrom (A)
improvement in the effective or electrical thickness of the gate stack. This
improvement occurs largely because the problem of poly-Si depletion at the

interfaces with other materials is removed entirely.

[0006] Workfunction, resistivity, and compatibility with complementary
metal oxide semiconductor (CMOS) technology are key parameters for the
new gate electrode materials. Positive-channel Metal Oxide Semiconductor
(PMOS) and the Negative-channel Metal Oxide Semiconductor (NMOS)
transistor gate electrodes require different gate materials to achieve
acceptable threshold voltages; the former having a Fermi level near the
silicon valence band (E~4eV), and the latter having a Fermi level near the
conduction band (E~5.1eV).

[0007] Conventional technology for controlling the work function of a gate
electrode includes band-edge metal approach where a metal with a specific
workfunction is selected; a P-metal (Re, Co, Ni, Ru, Pt, etc) with a
workfunction greater than about 5eV; and a N-metal (Ta, Hf, Y, La, Ir, etc)
with a workfunction less than about 4.5eV. However, the effective
workfunction of a gate stack further depends on bulk and surface material

properties, crystallographic orientation, and the permittivity of the high-k film
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interfacing with the gate electrode. In particular, interactions of the different
materials at layer interfaces and diffusion of chemical species throughout a
gate stack during post-processing, such as high temperature anneals, can
affect the work function and other properties of the semiconductor device.
[0008] Recently, gate electrode metals and dielectric threshold voltage
adjustment layers have been utilized to control the work function of gate
stacks and to obtain the desired threshold voltages for N-MOS and P-MOS
transistors in a manufactured semiconductor device. Exemplary threshold
voltage adjustment layers include lanthanum oxide (La2O3z) for N-MOS
devices and aluminum oxide (Al2O3) for P-MOS devices. The dielectric
threshold voltage adjustment layers have generally been positioned above
the high-k gate dielectric and in contact with the gate electrode. It has been
shown that during high temperature processing, elements in the dielectric
threshold voltage adjustment layers generally diffuse through the high-k gate
dielectric towards an interface layer (e.g., a high mobility, low defect SiO,
layer) positioned between the high-k gate dielectric and the substrate to
cause threshold voltage adjustment near the interface of the high-k gate
dielectric and the underlying interface layer. However, element(s) of some
dielectric threshold voltage adjustment layers may not sufficiently diffuse
through the high-k gate dielectric to fully adjust the threshold voltage of the
semiconductor device to the desired value.

[0009] Thus, in view of the above-mentioned problems, new methods are
needed for integrating metal-containing gate electrodes into gate stacks, and
in particular, new methods are needed that allow for forming metal-containing

gate electrodes with tunable workfunctions.

SUMMARY OF THE INVENTION

[0010] Embodiments of the invention provide a method for forming

aluminum-doped metal (tantalum or titanium) carbonitride gate electrodes
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with tunable aluminum concentrations. According to embodiments of the
invention, tantalum carbonitride (TaCN) or titanium carbonitride (TiCN) films
are deposited by chemical vapor deposition (CVD) in the absence of plasma
and doped with aluminum to tune the workfunction and threshold voltage (V:).
[0011] According to one embodiment, the method includes providing a
substrate containing a dielectric layer thereon, and forming an aluminum-
doped metal carbonitride gate electrode on the dielectric layer in the absence
of plasma. The aluminum-doped metal carbonitride gate electrode is formed
by depositing a metal carbonitride film through exposing the substrate to a
gas pulse of a metal carbonitride precursor, where the metal carbonitride
precursor contains tantalum, titanium, or a combination thereof. The method
further includes adsorbing an atomic layer of an aluminum precursor on the
metal carbonitride film by exposing the substrate to a gas pulse of the
aluminum precursor, where, during the depositing and adsorbing, the
substrate is maintained at a temperature above the thermal decomposition
temperature of the metal carbonitride precursor and below the thermal
decomposition temperature of the aluminum precursor. The steps of
depositing and adsorbing may be repeated a desired number of times until
the aluminum-doped metal carbonitride gate electrode has a desired
thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The present invention is illustrated by way of example and not as a
limitation in the figures of the accompanying drawings.

[0013] FIGS. 1A —1C show schematic cross-sectional views of a method
for forming a gate stack containing an aluminum-doped metal carbonitride

gate electrode according to an embodiment of the invention;
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[0014] FIGS. 2A — 2D are schematic gas flowcharts for depositing
aluminum-doped tantalum carbonitride films on a substrate in a process
chamber according to embodiments of the invention;

[0015] FIGS. 3A - 3D show schematic cross-sectional views of gate stacks
containing aluminum-doped metal carbonitride gate electrodes according to
embodiments of the invention;

[0016] FIG. 4 shows experimental data for tantalum carbonitride fiims
deposited on a substrate using a TBTEMT precursor;

[0017] FIG. 5 shows experimental data for aluminum concentration in
aluminum-doped tantalum carbonitride films as a function of substrate
temperature;

[0018] FIG. 6 shows experimental data for aluminum concentration in
aluminum-doped tantalum carbonitride films as a function of the total number
of TMA pulses;

[0019] FIG. 7 shows composition of tantalum carbonitride films and
aluminum-doped tantalum carbonitride films as a function of processing
conditions; and

[0020] FIG. 8 depicts a schematic view of a processing system for forming
aluminum-doped metal carbonitride gate electrodes in accordance with

embodiments of the invention.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS

[0021] Formation of aluminum-doped metal carbonitride gate electrodes
and gate stacks containing such gate electrodes is disclosed in various
embodiments. The aluminum-doped metal carbonitride gate electrodes
contain aluminum (Al), carbon (C), nitrogen (N), and tantalum (Ta) and/or
titanium (Ti). The aluminum-doped metal carbonitride gate electrodes can
further contain impurities such as oxygen (O), chlorine (Cl), and hydrogen (H),
that may originate from the film deposition process and/or substrate transfer
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in air following the film deposition process. In some examples, the
aluminum-doped metal carbonitride gate electrodes may contain
combinations of 1 — 50 atomic percent C and 1 — 50 atomic percent N. In
some embodiments, the aluminum tantalum carbonitride gate electrodes
comprise at least 5 (and in some embodiments, at least 10, 15, 20, 25, 30,
35, 40, 45, or even at least 50) atomic percent aluminum. According to one
embodiment, the aluminum-doped metal carbonitride gate electrodes can
contain between 5 and 50 atomic percent aluminum. This allows for varying
the workfunction of the aluminum-doped metal carbonitride gate electrodes
over several tenths of an electron volt (eV).

[0022] One skilled in the relevant art will recognize that the various
embodiments may be practiced without one or more of the specific details, or
with other replacement and/or additional methods, materials, or components.
In other instances, well-known structures, materials, or operations are not
shown or described in detail to avoid obscuring aspects of various
embodiments of the invention. Similarly, for purposes of explanation, specific
numbers, materials, and configurations are set forth in order to provide a
thorough understanding of the invention. Nevertheless, the invention may be
practiced without specific details. Furthermore, it is understood that the
various embodiments shown in the figures are illustrative representations and
are not necessarily drawn to scale.

[0023] Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, material, or
characteristic described in connection with the embodiment is included in at
least one embodiment of the invention, but do not denote that they are
present in every embodiment. Thus, the appearances of the phrases “in one
embodiment” or “in an embodiment” in various places throughout this
specification are not necessarily referring to the same embodiment of the

invention. Furthermore, the particular features, structures, materials, or
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characteristics may be combined in any suitable manner in one or more
embodiments. Various additional layers and/or structures may be included
and/or described features may be omitted in other embodiments.

[0024] Various operations will be described as multiple discrete operations
in turn, in @ manner that is most helpful in understanding the invention.
However, the order of description should not be construed as to imply that
these operations are necessarily order dependent. In particular, these
operations need not be performed in the order of presentation. Operations
described may be performed in a different order than the described
embodiment. Various additional operations may be performed and/or
described operations may be omitted in additional embodiments.

[0025] FIGS. 1A — 1C show schematic cross-sectional views of a method
for forming a gate stack containing an aluminum-doped metal carbonitride
gate electrode according to an embodiment of the invention. FIG. 1A
schematically shows a substrate 100 containing a high-k film 102 formed
thereon. The substrate 100 can be of any size, for example a 200 mm
substrate, a 300 mm substrate, or an even larger substrate. According to one
embodiment, the substrate 100 can contain Si, for example crystalline Si,
polycrystalline Si, or amorphous Si. In one example, the substrate 100 can
be a tensile-strained Si layer. According to another embodiment, the
substrate 100 may contain Ge or SixGe1.x compounds, where x is the atomic
fraction of Si, 1-x is the atomic fraction of Ge, and 0 < 1-x < 1. Exemplary
SixGe1x compounds include Sip 1Gep.g, Sio2Geos, Sios3Geo.7, SipsGeps,
Sip5Geg 5, SinsGeo4, Sip.7Gep 3, SinsGeo 2, and SipoGep 1. IN One example, the
substrate 100 can be a compressive-strained Ge layer or a tensile-strained
SixGe1 (x>0.5) deposited on a relaxed Sip 5Gep 5 buffer layer. Although not
shown, the structure in FIG. 1A may further include an interface layer
between the substrate 100 and the high-k film 102. The interface layer can,

for example, contain a silicon oxynitride (SiON) or a high mobility, low defect
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SiO2 with a thickness between about 5 and about 15 angstrom, for example
about 8 angstrom.

[0026] The high-k film 102 can, for example, contain hafnium, zirconium,
or hafnium and zirconium, including hafnium oxide (HfO3), hafnium oxynitride
(HfON), hafnium silicate (HfSiO), hafnium silicon oxynitride (HfSION),
zirconium oxide (ZrOz), zirconium oxynitride (ZrON), zirconium silicate
(ZrSiO), zirconium silicon oxynitride (ZrSiON), hafnium zirconium oxide
(HfZrO2), hafnium zirconium oxynitride (HfZrON), hafnium zirconium silicate
(HfZrSiO), hafnium zirconium silicon oxynitride (HfZrSiON), or a combination
of two or more thereof. However, other high-k dielectric materials are
contemplated and may be used.

[0027] FIG. 1B schematically shows an aluminum-doped metal
carbonitride gate electrode 108a formed on the high-k film 102. The
aluminum-doped metal carbonitride gate electrode 108a contains a metal
carbonitride film 104a formed on the high-k film 102 and an atomic layer 106a
of an aluminum precursor adsorbed on the metal carbonitride film 104a. The
metal carbonitride film 104a can be deposited by exposing the high-k film 102
to a metal carbonitride precursor that thermally decomposes on the high-k
film 102 in the absence of plasma. Following the exposure to the metal
carbonitride precursor, the metal carbonitride film 104a is exposed to an
aluminum precursor in the absence of a plasma to form the atomic layer 106a
on the metal carbonitride film 104a. The atomic layer 106a comprises a
partially decomposed aluminum precursor. In one example, the aluminum
precursor contains trimethyl aluminum (AlMes, Al(CHs)s, TMA) and it is
contemplated that the atomic layer 106a may comprise AlMe.

[0028] According to embodiments of the invention, during formation of the
aluminum-doped metal carbonitride gate electrode 108a, the substrate 100 is
maintained at a temperature that is higher than the thermal decomposition

temperature of the metal carbonitride precursor and lower than the thermal
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decomposition temperature of the aluminum precursor. This allows for
thermal chemical vapor deposition (CVD) of the metal carbonitride film 104a,
where the thickness of the metal carbonitride film 104a is proportional to the
length of the exposure to the metal carbonitride precursor. Conversely, the
exposure of metal carbonitride film 104a to the aluminum precursor is not
dependent on the length of the exposure once self-limiting saturation of
approximately one atomic layer 106a of the aluminum precursor, or less, is
achieved on the metal carbonitride film 104a. The thermal decomposition
temperature of the metal carbonitride precursor and aluminum precursor may
be determined by experimentation as shown in FIGS. 4 and 5, respectively.
[0029] The alternating exposures to the metal carbonitride precursor and the
aluminum precursor may be repeated any number of times. FIG. 1C
schematically shows an aluminum-doped metal carbonitride gate electrode
108n after performing the alternating exposures of the metal carbonitride
precursor and aluminum precursor a total of n times each to form metal
carbonitride films 104a, 104b, 104c, ..., 104n, and atomic layers 106a, 106D,
106¢, ..., 106n. According to one embodiment of the invention, the
aluminum-doped metal carbonitride gate electrode 108n can contain between
2 and 40 metal carbonitride films, or between 5 and 20 metal carbonitride
films. The amount of aluminum in the aluminum-doped metal carbonitride
gate electrode 108n may be selected by controlling the thickness of each
metal carbonitride film 104a, 104b, ..., 104n. The aluminum-doped metal
carbonitride gate electrode 108n may be annealed in order to further intermix
the metal carbonitride films and the aluminum and form an amorphous
aluminum-doped metal carbonitride gate electrode 108n with desired
electrical and materials properties. In one example, the aluminum-doped
metal carbonitride gate electrode 108n may be annealed at a temperature
between 300°C and 500°C.
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[0030] According to one embodiment of the invention, the amount of
aluminum may be varied through a thickness of the aluminum-doped metal
carbonitride gate electrode 108n. For example, the amount of aluminum may
be gradually increased or decreased through a thickness of the aluminum-
doped tantalum carbonitride gate electrode 108n. In one example, the
amount of aluminum may be gradually increased through a thickness of the
aluminum-doped tantalum carbonitride gate electrode 108n by sequentially
decreasing the thickness of each metal carbonitride film 104a, 104b, 104c, ...,
104n. In some embodiments, the aluminum concentration in the aluminum
doped metal carbonitride gate electrode 108n is at least 5 (and in some
embodiments, at least 10, 15, 20, 25, 30, 35, 40, 45, or even at least 50)
atomic percent aluminum.

[0031] A large number of tantalum and titanium carbonitride precursors
may be utilized for depositing the tantalum carbonitride films and titanium
carbonitride films. A tantalum carbonitride precursor can contain Ta, C, and
N, but an additional nitrogen source gas (e.g., NH3) may be added as an
additional source of nitrogen. Representative examples of tantalum
carbonitride precursor containing “Ta-N” intra-molecular bonds include
Ta(NMey)3;(NCMezEt) (TAIMATA), Ta(NEt2)s (PDEAT), Ta(NMey)s (PDMAT),
Ta(NEtMe)s (PEMAT), (tBuN)Ta(NMez); (TBTDMT), (tBuN)Ta(NEt;)s
(TBTDET), (tBuN)Ta(NEtMe)s (TBTEMT), and (/PrN)Ta(NEtz)s (IPTDET).
Similarly, a titanium carbonitride precursor can contain Ti, C, and N but an
additional nitrogen source gas (e.g., NHs) may be added as an additional
source of nitrogen. Representative examples of titanium carbonitride
precursors containing “Ti-N” intra-molecular bonds include Ti(NEt2)s (TDEAT),
Ti(NMeEt)4 (TEMAT), and Ti(NMez)s (TDMAT).

[0032] Embodiments of the invention may utilize a wide variety of
aluminum precursors. For example, many aluminum precursors have the

formula:
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AIL'L2L®D,

where L', L?, L® are individual anionic ligands, and D is a neutral donor ligand
where x can be 0, 1, or 2. Each L, L? L° ligand may be individually selected
from the groups of alkoxides, halides, aryloxides, amides, cyclopentadienyls,
alkyls, silyls, amidinates, p-diketonates, ketoiminates, silanoates, and
carboxylates. D ligands may be selected from groups of ethers, furans,
pyridines, pyroles, pyrolidines, amines, crown ethers, glymes, and nitriles.
[0033] Other examples of aluminum precursors include: AlMes, AlEts,
AlMezH, [Al(OsBu)s]s, AI(CHsCOCHCOCHS)s, AICI3, AlBrs, Alls, Al(OiPr)s,
[AI(NMe3)s]2, Al(iBu).Cl, Al(iBu)s, Al(iBu)2H, AIEt,CI, EtsAl(OsBu)s, AI(THD)s,
HsAINMes, HsAINEt;, H;AINMezEt, and H;AIMeEt..

[0034] FIGS. 2A — 2D are schematic gas flowcharts for depositing
aluminum-doped tantalum carbonitride films on a substrate in a process
chamber according to embodiments of the invention. The different flowcharts
may be used to deposit aluminum-doped tantalum carbonitride films or
aluminum-doped titanium carbonitride films with different elemental
compositions. TBTEMT, NHs, and TMA are used to illustrate the
embodiments but other tantalum or titanium carbonitride precursors,
additional nitrogen source gases, and aluminum precursors may be used.
FIG. 2A schematically shows alternating exposures of TBTEMT gas pulses
202 and TMA gas pulses 204, denoted as [TBTEMT—TMA] deposition
cycles. Although not shown in FIGS. 2A — 2D, a purge gas such as Argon
(Ar) may be utilized to continuously purge the process chamber or to purge
the process chamber between gas pulses of reactant gases, e.g. TBTEMT,
TMA, or NHs.

[0035] FIG. 2B schematically shows overlapping exposures of a TBTEMT
gas pulse 212 and a NH3 gas pulse 216, followed by a TMA gas pulse 214.

11
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This exposure sequence is denoted as a [(TBTEMT + NH3) >TMA]
deposition cycle.

[0036] FIG. 2C schematically shows overlapping exposures of a TBTEMT
gas pulse 222 and a NH3 gas pulse 226, followed by a sequence of a TMA
gas pulse 224 and an additional NH3 gas pulse 226°. This exposure
sequence is denoted as [(TBTEMT + NH3) ->TMA— NHjs] a deposition cycle.
Although gas pulses 226’ and 226 are shown as separate gas pulses, they
may be combined into a single NH3 gas pulse.

[0037] FIG. 2D schematically shows overlapping exposures of a TBTEMT
gas pulse 232 and a NH3; gas pulse 236, followed by a sequence of a second
TBTEMT gas pulse of 232”7, a TMA gas pulse 234, and a third TBTEMT gas
pulse 232°. This exposure sequence is denoted as a [(TBTEMT + NHs)
—>TBTEMT->TMA—TBTEMT] deposition cycle. Although gas pulses 232’,
232, and 232" are shown as separate gas pulses, two or more of the gas
pulses may be combined into a single TBTEMT gas pulse.

[0038] In FIGS. 2A — 2D, the different deposition cycles may be repeated
any number of times until the aluminum-doped tantalum carbonitride gate
electrode has a desired thickness.

[0039] FIGS. 3A - 3D show schematic cross-sectional views of gate stacks
containing aluminum-doped metal carbonitride gate electrodes according to
embodiments of the invention. FIG. 3A schematically shows a substrate 300
containing a high-k film 302 formed thereon and an aluminum-doped metal
carbonitride gate electrode 304 formed on the high-k film 302. The
aluminum-doped metal carbonitride gate electrode 304 is formed using
[TBTEMT—TMA] deposition cycles shown in FIG. 2A. FIG. 3B shows a
hybrid aluminum-doped metal carbonitride gate electrode 320 containing an
aluminum-doped metal carbonitride gate electrode 308 formed on the high-k
film 302 using [TBTEMT—TMA] deposition cycles and a metal carbonitride

film 310 formed on the aluminum-doped metal carbonitride gate electrode 308

12
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using a (TBTEMT+NHs;) exposure. FIG. 3C shows another hybrid aluminum-
doped metal carbonitride gate electrode 322 containing a metal carbonitride
film 310 formed on the high-k film 302 using a (TBTEMT+NHj3) exposure and
an aluminum-doped metal carbonitride gate electrode 308 formed on the
metal carbonitride film 310 using [TBTEMT—TMA] deposition cycles. FIG.
3D shows yet another hybrid aluminum-doped metal carbonitride gate
electrode 324. The hybrid aluminum-doped metal carbonitride gate electrode
324 is similar to the hybrid aluminum-doped metal carbonitride gate electrode
322 shown in FIG. 3C but further contains a second metal carbonitride film
312 formed on the aluminum-doped metal carbonitride gate electrode 308
using a (TBTEMT+NHs) exposure.

[0040]  Still referring to FIGS. 3A — 3D, according to other embodiments of
the invention, the aluminum-doped metal carbonitride gate electrodes 304
and 308, may be formed using the [(TBTEMT + NH3) —TMA] deposition cycle
shown in FIG. 2B, the [(TBTEMT + NH3) - TMA— NH3] deposition cycle
shown in FIG. 2C, or the [(TBTEMT + NH3) -5 TBTEMT—->TMA—TBTEMT]
deposition cycle shown in FIG. 2D.

[0041] FIG. 4 shows experimental data for tantalum carbonitride fiims
deposited on a substrate using a TBTEMT precursor. The tantalum
carbonitride films were thermally deposited without the use of a plasma.
Trace 401 shows the results for tantalum carbonitride films deposited using
alternating exposures of TBTEMT gas pulses and NHs gas pulses. An atomic
layer deposition (ALD) window is identified below about 300°C, where each
TBTEMT gas pulse and NH3 gas pulse results in a saturated surface reaction
and the tantalum carbonitride film thickness is only weakly dependent on the
substrate temperature. Above about 300°C, a chemical vapor deposition
(CVD) regime is observed where TBTEMT gas exposure results in continuous
film deposition and film growth rate is strongly dependent on the substrate
temperature. Trace 402 shows tantalum carbonitride film growth rate as a

13
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function of substrate temperature for continuous exposures to a process gas
containing TGTEMT precursor gas but not NHs gas. Trace 403 shows
tantalum carbonitride film growth rate as a function of substrate temperature
for continuous exposures to a process gas containing TGTEMT precursor gas
and NHs gas. Traces 402 and 403 show that formation of tantalum
carbonitride films by thermal decomposition of TGTEMT precursor is obtained
at substrate temperatures greater than about 300°C with a feed rate limited
growth rate of about 13-15nm/min.

[0042] FIG. 5 shows experimental data for aluminum concentration in
aluminum-doped tantalum carbonitride films as a function of substrate
temperature. The aluminum content was measured by X-ray fluorescence
(XRF) spectroscopy. Referring to the gas flowchart in FIG. 2A and trace 501
in FIG. 5, the aluminum-doped tantalum carbonitride films were deposited
using 32 [TBTEMT—TMA] deposition cycles. Referring to the gas flowchart
in FIG. 2C and trace 502 in FIG. 5, the aluminum-doped tantalum carbonitride
films were deposited using 32 of [[TBTEMT + NHs3) ->TMA—NHj3] deposition
cycles. Intraces 501 and 502, the average tantalum carbonitride thickness
per deposition cycle was about 0.4nm and each TMA gas pulse duration was
3 seconds. Traces 501 and 502 show that TMA exposures below about
500°C resulted in saturated surface reactions and formation of atomic layers
of aluminum but TMA exposures above 500C resulted in thermal self-
decomposition of TMA on the substrate.

[0043] FIG. 6 shows experimental data for aluminum concentration in
aluminum-doped tantalum carbonitride films as a function of the total number
of TMA pulses. The substrate temperatures were 450°C and 500°C and the
total thickness of each aluminum-doped tantalum carbonitride film was about
10nm. FIG. 6 also shows the thickness of the aluminum-doped tantalum
carbonitride film deposited in each deposition cycle. The aluminum
concentration was measured by XRF spectroscopy and ranged from about 4

14



WO 2010/027715 PCT/US2009/054707

atomic percent to greater than about 35 atomic percent. The aluminum
concentration was varied by selecting different tantalum carbonitride film
thicknesses deposited in each deposition cycle. For example, [[TBTEMT +
NH3) ->TMA], [(TBTEMT + NH3) > TMA—NHj3], and [(TBTEMT + NHj3)
—>TBTEMT ->TMA— TBTEMT] deposition cycles resulted in aluminum
concentrations of about 8 atomic percent when using a total of 5 TMA gas
pulses and about 15 atomic percent when using a total of 10 TMA gas pulses.
In another example, [TBTEMT—TMA] deposition cycles resulted in aluminum
concentrations of about 4 atomic percent when using a total of 5 TMA gas
pulses and about 7 atomic percent when using a total of 10 TMA gas pulses.
Thus, the aluminum concentrations were about twice as high when using co-
exposures of TBTEMT gas and NH3; gas compared to exposures of TBTEMT
gas without NH3 gas. In summary, aluminum concentrations in aluminum-
doped tantalum carbonitride films may be adjusted over a wide range by
adjusting the thickness of a tantalum carbonitride film deposited in each cycle
and co-exposure of TBTEMT gas and NH3; gas.

[0044] FIG. 7 shows composition of tantalum carbonitride films and
aluminum-doped tantalum carbonitride films as a function of processing
conditions. A TBTEMT tantalum precursor and a TMA aluminum precursor
were used. The experimental data shows that AITaCN films have higher C
concentration than TaCN films, due to reduced removal of methyl groups from
TMA precursor adsorbed on the substrate surface. Furthermore,
[((TBTEMT+NH?3)] deposition cycles resulted in increased N film concentration
and decreased C concentration compared to [TBTEMT] exposures. In
addition, compared to [(TBTEMT—TMA] deposition cycles,
[((TBTEMT+NH3)—>TMA—NHS5;] deposition cycles resulted in increased Al
content, and increased N film content and decreased C film content due to
AIN formation from reaction of NH3 with adsorbed TMA precursor. Oxygen
incorporation into the films was due to air exposure after the film deposition.
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[0045] FIG. 8 depicts a schematic view of a processing system for forming
aluminum-doped metal carbonitride gate electrodes in accordance with
embodiments of the invention. As those skilled in the art will readily
recognize, the processing system 1 can be utilized to perform various
deposition processes, including thermal CVD. The processing system 1
includes a process chamber 10 having a substrate holder 20 configured to
support a substrate 25 upon which the aluminum-doped metal carbonitride
gate electrode is to be formed. The process chamber 10 further contains an
upper assembly 30 (e.g., a showerhead) coupled to a first process material
supply system 40, a second process material supply system 42, a third
process material supply system 44, and a purge gas supply system 46.
Additionally, the processing system 1 includes a substrate temperature
control system 60 coupled to substrate holder 20 and configured to elevate
and control the temperature of substrate 25.

[0046] The processing system 1 may be configured to process 200 mm
substrates, 300 mm substrates, or larger-sized substrates. In fact, it is
contemplated that the deposition system may be configured to process
substrates, wafers, or flat panel displays regardless of their size, as would be
appreciated by those skilled in the art. Therefore, while aspects of the
invention will be described in connection with the processing of a
semiconductor substrate, the invention is not limited solely thereto.

[0047] The first process material supply system 40, the second process
material supply system 42, and third process material supply system 44 are
configured to simultaneously or alternately introduce a first, second, and
process materials to the process chamber 10. The alternating introduction of
the first, second, and third process materials can be cyclical, or it may be
acyclical with variable time periods between introduction of the first, second,
and third process materials. The first process material can contain a tantalum

carbonitride precursor, a titanium carbonitride precursor, or both. For
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instance, the tantalum or titanium carbonitride precursor can originate as a
solid phase, a liquid phase, or a gaseous phase, and it may be delivered to
process chamber 10 in a gaseous phase with or without the use of a carrier
gas (e.g., a noble gas or N2). The second process material can, for example,
comprise an additional nitrogen source gas, and it may be delivered to
process chamber 10 with or without the use of a carrier gas. The second
process material can contain NH3, NH(CHs)2, NoH4, or NoH3sCHs, or a
combination of two or more thereof. The third process material supply system
44 can be configured for introducing a third process material containing an
aluminum precursor. Examples of tantalum carbonitride precursors, titanium
carbonitride precursors, and aluminum precursors were described above.
[0048] Additionally, the purge gas supply system 46 can be configured to
introduce a purge gas to process chamber 10. For example, the introduction
of purge gas may occur between introduction of the first process material and
the second process material to process chamber 10, or following the
introduction of the second process material to process chamber 10,
respectively. The purge gas can comprise an inert gas, such as a noble gas
(i.e., helium, neon, argon, xenon, krypton), Nz, or Ha.

[0049] Sitill referring to FIG. 8, processing system 1 includes substrate
temperature control system 60 coupled to the substrate holder 20 and
configured to elevate and control the temperature of substrate 25. Substrate
temperature control system 60 comprises temperature control elements, such
as a cooling system including a re-circulating coolant flow that receives heat
from substrate holder 20 and transfers heat to a heat exchanger system (not
shown), or when heating, transfers heat from the heat exchanger system.
Additionally, the temperature control elements can include heating/cooling
elements, such as resistive heating elements, or thermo-electric

heaters/coolers, which can be included in the substrate holder 20, as well as
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the chamber wall of the process chamber 10 and any other component within
the processing system 1.

[0050] In order to improve the thermal transfer between substrate 25 and
substrate holder 20, the substrate holder 20 can include a mechanical
clamping system, or an electrical clamping system, such as an electrostatic
clamping system, to affix substrate 25 to an upper surface of substrate holder
20. Furthermore, substrate holder 20 can further include a substrate
backside gas delivery system configured to introduce gas to the back-side of
substrate 25 in order to improve the gas-gap thermal conductance between
substrate 25 and substrate holder 20. Such a system can be utilized when
temperature control of the substrate 25 is required at elevated or reduced
temperatures. For example, the substrate backside gas system can comprise
a two-zone gas distribution system, wherein the helium gas gap pressure can
be independently varied between the center and the edge of substrate 25.
[0051] Furthermore, the process chamber 10 is further coupled to a
pressure control system 32, including a vacuum pumping system 34 and a
valve 36, through a duct 38, wherein the pressure control system 32 is
configured to controllably evacuate the process chamber 10 to a pressure
suitable for forming the thin film on substrate 25, and suitable for use of the
first, second, and third process materials. The vacuum pumping system 34
can include a turbo-molecular vacuum pump (TMP) or a cryogenic pump
capable of a pumping speed up to about 5000 liters per second (and greater)
and valve 36 can include a gate valve for throttling the chamber pressure.
Moreover, a device for monitoring chamber pressure (not shown) can be
coupled to the process chamber 10. The pressure measuring device can, for
example, be a capacitance manometer.

[0052] The processing system 1 includes a controller 70 than can be used
to configure any number of processing elements of the processing system 1,

and the controller 70 can collect, provide, process, store, and display data
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from processing elements. The controller 70 can comprise a number of
applications for controlling one or more of the processing elements. For
example, controller 70 can include a graphic user interface (GUI) component
(not shown) that can provide easy to use interfaces that enable a user to
monitor and/or control one or more processing elements. Alternatively, or in
addition, controller 70 can be coupled to one or more additional
controllers/computers (not shown), and controller 70 can obtain setup and/or
configuration information from an additional controller/computer.

[0053] The controller 70 can comprise a microprocessor, memory, and a
digital /0O port capable of generating control voltages sufficient to
communicate and activate inputs of the processing elements of the
processing system 1 as well as monitor outputs from the processing system
1. For example, a program stored in the memory may be utilized to activate
the inputs to the aforementioned components of the processing system 1
according to a process recipe in order to perform an etching process, or a
deposition process.

[0054] The controller 70 may be implemented as a general purpose
computer system that performs a portion or all of the microprocessor based
processing steps of embodiments of the invention in response to a processor
executing one or more sequences of one or more instructions contained in a
memory. Such instructions may be read into the controller memory from
another computer readable medium, such as a hard disk or a removable
media drive. One or more processors in a multi-processing arrangement may
also be employed as the controller microprocessor to execute the sequences
of instructions contained in main memory. In alternative embodiments, hard-
wired circuitry may be used in place of or in combination with software
instructions. Thus, embodiments are not limited to any specific combination

of hardware circuitry and software.
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[0055] The controller 70 includes at least one computer readable medium or
memory, such as the controller memory, for holding instructions programmed
according to the teachings of the invention and for containing data structures,
tables, records, or other data that may be necessary to implement the present
invention. Examples of computer readable media are compact discs, hard
disks, floppy disks, tape, magneto-optical disks, PROMs (EPROM, EEPROM,
flash EPROM), DRAM, SRAM, SDRAM, or any other magnetic medium,
compact discs (e.g., CD-ROM), or any other optical medium, punch cards,
paper tape, or other physical medium with patterns of holes, a carrier wave
(described below), or any other medium from which a computer can read.
[0056] Stored on any one or on a combination of computer readable media,
the present invention includes software for controlling the controller 70, for
driving a device or devices for implementing embodiments the invention,
and/or for enabling the controller to interact with a human user. Such
software may include, but is not limited to, device drivers, operating systems,
development tools, and applications software. Such computer readable
media further includes the computer program product of the present invention
for performing all or a portion (if processing is distributed) of the processing
performed in implementing embodiments of the invention.

[0057] The computer code devices of the present invention may be any
interpretable or executable code mechanism, including but not limited to
scripts, interpretable programs, dynamic link libraries (DLLs), Java classes,
and complete executable programs. Moreover, parts of the processing of the
present invention may be distributed for better performance, reliability, and/or
cost.

[0058] The term “computer readable medium” as used herein refers to any
medium that participates in providing instructions to the processor of the
controller 70 for execution. A computer readable medium may take many

forms, including but not limited to, non-volatile media, volatile media, and
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transmission media. Non-volatile media includes, for example, optical,
magnetic disks, and magneto-optical disks, such as the hard disk or the
removable media drive. Volatile media includes dynamic memory, such as
the main memory. Moreover, various forms of computer readable media may
be involved in carrying out one or more sequences of one or more
instructions to processor of controller for execution. For example, the
instructions may initially be carried on a magnetic disk of a remote computer.
The remote computer can load the instructions for implementing all or a
portion of the present invention remotely into a dynamic memory and send
the instructions over a network to the controller 70.

[0059] The controller 70 may be locally located relative to the processing
system 1, or it may be remotely located relative to the processing system 1.
For example, the controller 70 may exchange data with the processing
system 1 using at least one of a direct connection, an intranet, the Internet
and a wireless connection. The controller 70 may be coupled to an intranet
at, for example, a customer site (i.e., a device maker, etc.), or it may be
coupled to an intranet at, for example, a vendor site (i.e., an equipment
manufacturer). Additionally, for example, the controller 70 may be coupled to
the Internet. Furthermore, another computer (i.e., controller, server, etc.) may
access, for example, the controller 70 to exchange data via at least one of a
direct connection, an intranet, and the Internet. As also would be appreciated
by those skilled in the art, the controller 70 may exchange data with the
processing system 1 via a wireless connection.

[0060] A plurality of embodiments for forming aluminum-doped metal
carbonitride gate electrodes have been described. The foregoing description
of the embodiments of the invention has been presented for the purposes of
illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. This description and the claims

following include terms that are used for descriptive purposes only and are
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not to be construed as limiting. For example, the term “on” as used herein
(including in the claims) does not require that a first film “on” a second film is
directly on and in immediate contact with the second film unless such is
specifically stated; there may be a third film or other structure between the
first film and the second film on the first film.

[0061] Persons skilled in the relevant art can appreciate that many
modifications and variations are possible in light of the above teaching.
Persons skilled in the art will recognize various equivalent combinations and
substitutions for various components shown in the Figures. It is therefore
intended that the scope of the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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WHAT IS CLAIMED IS:

1. A method of forming a semiconductor device, the method comprising:
providing a substrate containing a dielectric layer thereon; and
forming an aluminum-doped metal carbonitride gate electrode on the

dielectric layer in the absence of plasma by:

depositing a metal carbonitride film by exposing the substrate to a
gas pulse of a metal carbonitride precursor, the metal carbonitride
precursor comprising tantalum, titanium, or a combination thereof,
adsorbing an atomic layer of an aluminum precursor on the metal
carbonitride film by exposing the substrate to a gas pulse of the aluminum
precursor, wherein, during the depositing and adsorbing, the substrate is
maintained at a temperature above the thermal decomposition temperature of
the metal carbonitride precursor and below the thermal decomposition
temperature of the aluminum precursor, and

repeating the depositing and adsorbing a desired number of times.

2. The method of claim 1, wherein the depositing and adsorbing have no
temporal overlap.

3. The method of claim 1, wherein depositing the metal carbonitride film
is performed without exposing the substrate to gas pulse containing an
additional nitrogen source gas.

4, The method of claim 3, further comprising:

depositing a first additional metal carbonitride film on the dielectric
layer prior to depositing the metal carbonitride film and/or depositing a second
additional metal carbonitride film on the aluminum-doped metal carbonitride

gate electrode, wherein depositing the first and/or second additional metal
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carbonitride film comprises exposing the substrate to a gas pulse of an
additional metal carbonitride precursor and an additional nitrogen source gas,
the additional metal carbonitride precursor comprising tantalum, titanium, or a
combination thereof, and the additional nitrogen source gas comprising NHs,
NH(CHs)2, NoHa4, or N2H3CH.

5. The method of claim 1, wherein depositing the metal carbonitride film
further comprises exposing the substrate to gas pulse containing an
additional nitrogen source gas having at least partial temporal overlap with
the gas pulse of a metal carbonitride precursor.

6. The method of claim 5, wherein the gas pulse containing the additional
nitrogen source gas comprises NHs, NH(CHs)2, N2H4, or NoHsCHs.

7. The method of claim 5, wherein the forming further comprises
exposing the substrate to a second gas pulse of the additional nitrogen
source gas, wherein the second gas pulse of the additional nitrogen source
gas has no overlap with the gas pulse of the metal carbonitride precursor or

with the gas pulse of the aluminum precursor.

8. The method of claim 5, wherein depositing the metal carbonitride film
further comprises exposing the substrate to an additional gas pulse of the
metal carbonitride precursor having no overlap with the gas pulse of the metal

carbonitride precursor or the gas pulse of the aluminum precursor.

9. The method of claim 5, further comprising:
depositing an additional metal carbonitride film on the aluminum-doped
metal carbonitride gate electrode, wherein depositing the additional metal

carbonitride film comprises exposing the substrate to a gas pulse of an
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additional metal carbonitride precursor and an additional nitrogen source gas,
the additional metal carbonitride precursor comprising tantalum, titanium, or a

combination thereof.

10.  The method of claim 1, wherein the metal carbonitride precursor
comprises a tantalum carbonitride precursor having Ta-N intra-molecular

bonds.

11. The method of claim 10, wherein the tantalum carbonitride precursor
comprises Ta(NMez)3s(NCMezEt) (TAIMATA), Ta(NEt;)s (PDEAT), Ta(NMey)s
(PDMAT), Ta(NEtMe)s (PEMAT), (tBuN)Ta(NMe;); (TBTDMT),
(tBuN)Ta(NEtz)s (TBTDET), (tBuN)Ta(NEtMe)s (TBTEMT), or (iPrN)Ta(NEty)s
(IPTDET).

12.  The method of claim 1, wherein the metal carbonitride precursor
comprises a titanium carbonitride precursor having Ti-N intra-molecular

bonds.

13. The method of claim 12, wherein the titanium carbonitride precursor is
comprises Ti(NEty)s (TDEAT), Ti(NMeEt)s (TEMAT), or Ti(NMey)s (TDMAT).

14.  The method of claim 1, wherein the aluminum precursor comprises
AlMes, AlEts, AIMegH, [Al(OsBuU)s)s, A(CH3COCHCOCHS3)s, AICI3, AlBrs, Alls,
Al(OiPr)s, [AI(NMe3)s]2, Al(iBu).Cl, Al(iBu)s, Al(iBu),H, AIEt,CI, EtsAl,(OsBu)s,
Al(THD)s, HsAINMes, H3AINEts, HsAINMezEt, or HsAlMeEf,.

15.  The method of claim 1, wherein the aluminum-doped metal

carbonitride gate electrode comprises between 5 and 50 atomic percent

aluminum.
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16. A method of forming a semiconductor device, the method comprising:
providing a substrate containing a high-k film thereon; and
forming an aluminum-doped metal carbonitride gate electrode on the
dielectric layer in the absence of plasma, the forming comprising:
depositing a metal carbonitride film by exposing the substrate to a
gas pulse of a metal carbonitride precursor and exposing the substrate
to gas pulse containing an additional nitrogen source gas having at
least partial temporal overlap with the gas pulse of a metal carbonitride
precursor, the metal carbonitride precursor comprising a tantalum
carbonitride precursor having Ta-N intra-molecular bonds or a titanium
carbonitride precursor having Ti-N intra-molecular bonds,
adsorbing an atomic layer of an aluminum precursor on the metal
carbonitride film by exposing the substrate to a gas pulse of the aluminum
precursor, wherein the depositing and adsorbing have no temporal overlap,
and during the depositing and adsorbing, the substrate is maintained at a
temperature above the thermal decomposition temperature of the metal
carbonitride precursor and below the thermal decomposition temperature of
the aluminum precursor, and

repeating the depositing and adsorbing a desired number of times.

17.  The method of claim 16, wherein the gas pulse containing the

additional nitrogen source gas comprises NHs, NH(CHs)2, N2H4, or NoH3CHs.

18. The method of claim 16, wherein the tantalum carbonitride precursor
comprises Ta(NMez)s(NCMezEt) (TAIMATA), Ta(NEt:)s (PDEAT), Ta(NMey)s
(PDMAT), Ta(NEtMe)s (PEMAT), (tBuN)Ta(NMez)s (TBTDMT),
(tBuN)Ta(NEty)s (TBTDET), (tBuN)Ta(NEtMe)s (TBTEMT), or (iPrN)Ta(NEty)s
(IPTDET), the titanium carbonitride precursor comprises Ti(NEt2)4 (TDEAT),
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Ti(NMeEt)s (TEMAT), or Ti(NMez)s (TDMAT), and the aluminum precursor
comprises AlMes, AlEts, AIMesH, [Al(OsBu)sls, AI(CH3COCHCOCHS3)s, AICIs,
AlBr3, Alls, Al(OiPr)s, [AI(NMe2)s]2, Al(/Bu)2Cl, Al(iBu)s, Al(iBu).H, AIEt,CI,
EtsAlo(OsBu)s, AI(THD)s, HsAINMes, HsAINEts, HsAINMesEt, or HsAIMeEts.

19. The method of claim 16, wherein the aluminum-doped metal
carbonitride gate electrode comprises between 5 and 50 atomic percent

aluminum.

20. A method of forming a semiconductor device, the method comprising:
providing a substrate containing a high-k film thereon; and
forming an aluminum-doped tantalum carbonitride gate electrode on
the dielectric layer in the absence of plasma, the forming comprising:
depositing a tantalum carbonitride film by exposing the substrate to
a gas pulse of a (tBuN)Ta(NEtMe)s; (TBTEMT) precursor,
adsorbing an atomic layer of an AlMes precursor on the tantalum
carbonitride film by exposing the substrate to a gas pulse of the AlMes
precursor, wherein, during the depositing and adsorbing, the substrate is
maintained at a temperature above the thermal decomposition temperature of
the (tBuN)Ta(NEtMe)s; (TBTEMT) precursor and below the thermal
decomposition temperature of the AlMes precursor, and
repeating the depositing and adsorbing a desired number of times,
wherein the aluminum-doped metal carbonitride gate electrode comprises
between 5 and 50 atomic percent aluminum.
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