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A new low temperature inorganic thermal chemical vapor deposition process has been developed for
the growth of titanium–silicon–nitride~Ti–Si–N! liners for diffusion barrier applications in
ultralarge scale integration copper interconnect schemes. This process employs the thermal reaction
of tetraiodotitanium (TiI4), tetraiodosilane (SiI4), and ammonia (NH3) as, respectively, the
individual Ti, Si, and N sources. Ti–Si–N films were successfully grown over a broad range of
deposition conditions, including wafer temperature, process pressure, and TiI4, SiI4, and NH3 flows
ranging, respectively, from 350 to 430 °C, 0.1–1 Torr, and 2.5–8.0, 2.5–12.5, and 100–250 sccm.
Film stoichiometry was tightly tailored through independent control of the Ti, Si, and N source
flows. Film properties were characterized by x-ray photoelectron spectroscopy, Rutherford
backscattering spectrometry, transmission electron microscopy, scanning electron microscopy, x-ray
diffraction, and four-point resistivity probe. Resulting findings indicated that the texture and
resistivity of the Ti–Si–N system were dependent on composition. In particular, films with a
Ti33Si15N51 stoichiometry exhibited a nanocrystalline TiN phase within an amorphous SiN matrix,
highly dense morphology, resistivity of;800mV cm for 25 nm thick films, and step coverage of
;50% in 130 nm wide, 10:1 aspect ratio trenches. Oxygen and iodine contaminant levels were
below, respectively, 3 and 1.4 at. % each. Preliminary copper diffusion-barrier studies indicated that
barrier failure for 25 nm thick Ti34Si23N43 films did not occur until after annealing for 30 min at
700 °C. © 2000 American Vacuum Society.@S0734-211X~00!07904-X#
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Copper based interconnects have almost universally
placed aluminum in high-performance integrated circui
applications. This transition was driven by copper’s low
resistivity and improved electromigration resistance, wh
allow faster signal propagation speed and higher per
mance characteristics. However, the successful incorpora
of copper into subquarter-micron device generations requ
effective chemical, structural, mechanical, and electri
compatibility with the surrounding low dielectric consta
insulators. Most of the resulting target specifications co
be achieved through the identification of appropriate lin
that prevent copper diffusion into the dielectric, and prom
viable copper-dielectric interlayer adhesion.1

The need for a diffusion barrier and adhesion promote
further mandated by the high diffusivity of Cu into silico
and its poor adhesion to silicon dioxide and low dielect
constant materials. The presence of copper in silicon res

a!Author to whom correspondence should be addressed; electronic
ee@cnsvax.albany.edu
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in the formation of deep level traps that cause device de
dation and failure. Liner materials are also required to
thermodynamically stable with respect to the copper and
electric layers, and preferably exhibit an amorphous struc
to eliminate the high diffusion pathways typically provide
by grain boundaries. More important, they must sustain th
desirable properties at extremely reduced thicknesses to
sure that most of the effective volume of the trench and
structures is occupied by the actual copper conductor.1

In this respect, ternary refractory metal liners such as
titanium–silicon–nitrogen ~Ti–Si–N!, tantalum–silicon–
nitrogen ~Ta–Si–N!, and tungsten–boron–nitrogen~W–
B–N! systems could act as viable diffusion barriers in cop
metallization due to their favorable chemical, structural, a
thermal properties. In particular, the Ti–Si–N phase rep
sents a highly desirable option due to the fact that Ti-ba
liners have already gained wide acceptance in semicondu
fabrication flows. In addition, the availability of Ti–Si–N in
amorphous form provides an added incentive, in view of
il:
20110Õ18„4…Õ2011Õ5Õ$17.00 ©2000 American Vacuum Society
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absence of grain boundaries that tend to act as fast diffu
paths for copper migration. In this respect, the amorph
Ti–Si–N phase has been shown to be stable against cry
lization at temperatures as high as 1000 °C, with the la
being strongly dependent on film stoichiometry.2 As a result,
various research groups have investigated the formatio
Ti–Si–N films by a variety of physical vapor depositio
~PVD! and metalorganic chemical vapor depositi
~MOCVD! techniques, and documented their resulting p
formance as copper diffusion barriers.

In the PVD case, most of the diffusion barrier studi
employed liners with thicknesses larger than 100 nm, wh
made the resulting conclusions less applicable to subqua
micron device structures.3–5 The MOCVD route, on the othe
hand, exploited the reaction of tetrakis diethylamido titaniu
~TDEAT!, silane (SiH4), and NH3 to deposit Ti–Si–N films
over the temperature range from 300 to 450 °C.6 Barrier
thermal stress~BTS! testing was subsequently performed
10 nm thick Ti23Si14N45O3C3H12 samples that were MOCVD
grown at 400 °C. The samples were shown to posses
mean time to failure~MTTF! approximately 10–100 time
that of PVD TiN.7 More recently, metalorganic atomic laye
deposition~MOALD ! was employed to deposit conform
Ti–Si–N layers at low substrate temperatures (180 °
However, no information was available with regard to fil
purity, resistivity, or barrier properties.8

The work presented herein has focused on the deve
ment of a low temperature thermal CVD process that e
ploys the thermal reaction of tetraiodotitanium (TiI4), tet-

TABLE I. Range of CVD TiSiN processing conditions investigated in th
work.

Parameter Processing range investigated

Temperature 350– 430 °C
Pressure 0.1–1 Torr
NH3 flow 100–250 sccm
H2 flow 100 sccm

TiI 4 vapor flow 2.5–6 sccm
SiI4 vapor flow 0–12.5 sccm

TABLE II. Selected film properties.

Property Value

Optimized composition
~RBS, XPS! Ti33Si15N51

Iodine incorporation
~XPS! ;1.4 at. %

Oxygen incorporation
~XPS! Typical XPS background levels

Texture
~XRD, TEM! Nanocrystalline TiN phase within an

amorphous SiNx matrix
Resistivity

~25 nm thick film! ;800 mV cm
Conformality

~130 nm wide, 10:1
aspect ratio trenches! 50%
J. Vac. Sci. Technol. B, Vol. 18, No. 4, Jul ÕAug 2000
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raiodosilane (SiI4), and ammonia (NH3) as, respectively, the
individual Ti, Si, and N sources. These source precursors
attractive because of their chemical simplicity, low dissoc
tion energy, and reduced decomposition temperature as c
pared with other inorganic chemistries~such as TiCl4!. Ad-
ditionally, SiI4 was selected over SiH4 in order to prevent the
possible incorporation of hydrogen into the film as a result
incomplete decomposition of the SiH4 molecule. The strat-
egy espoused was to grow the Ti–Si–N phasein situ through
the simultaneous reaction of appropriate mixtures of the
Si, and N sources in the presence of hydrogen. Film stoi
ometry was tightly tailored through independent control
the TiI4, SiI4, and NH3 gaseous flows, with the reaction pro
ceeding schematically as follows:

TiI 41SiI41NH31H2→TimSinNp1NHqIr1HI.

Hydrogen was employed to ensure complete passivation
elimination of any free iodide reaction by-products from t
reaction zone.

All Ti–SiN films were deposited in a customized, stai
less steel, 200 mm wafer capable, warm-wall CVD syst
equipped with a high vacuum loadlock for wafer transp
and handling without exposing the deposition chamber to
This approach allowed tight control over the process stab
and reproducibility. The chamber was also equipped wit
parallel-plate-type, radio-frequency~rf! plasma capability for
in situ wafer plasma cleaning. A Roots blower stack w
used for process pumping. The TiI4 and SiI4 source precur-
sors, which are solid at room temperature, were delivere

FIG. 1. Typical RBS plot of as-deposited CVD Ti–Si–N film.

TABLE III. Optimized CVD TiSiN key processing parameters.

Parameter First-pass optimized process setting

Temperature 430 °C
Pressure 0.6 Torr
NH3 flow 250 sccm
H2 flow 100 sccm

TiI 4 vapor flow 6 sccm
SiI4 vapor flow 10 sccm
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the reaction chamber using individual MKS model 1153
vapor source delivery systems. Sufficient vapor pressure
delivery to the chamber was achieved by heating each so
to ;160 °C, with the delivery systems and transport lin
being kept at;180 °C to prevent precursor recondensatio
This delivery approach did not require carrier gas, and
lowed repeatable and controllable control over reactant flo
to the process chamber.

NH3 and hydrogen (H2) were used as coreactants. Und
sirable gas phase reactions were eliminated through the
of a ‘‘no-mix’’ showerhead architecture, where the ammon
line was isolated from all other reactants until introducti
into the reaction zone. For all depositions, three types
substrates were employed. Si~100! wafers were employed fo
thermal diffusion barrier testing, while 500 nm thick the
mally grown SiO2 on Si was applied for composition, resi

FIG. 2. XPS depth profile of as-deposited CVD Ti36Si12N52 film.
JVST B - Microelectronics and Nanometer Structures
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tivity, and texture measurements, and patterned oxide st
tures were used for assessment of film conformality. Tab
summarizes pertinent deposition parameters and corresp
ing ranges explored in this work.

The composition, microstructure, surface morpholog
conformality, and electrical properties of the CVD Ti–Si–
films were analyzed by x-ray photoelectron spectrosco
~XPS!, Rutherford backscattering spectrometry~RBS!, x-ray
diffraction ~XRD!, transmission electron microscopy~TEM!,
and four-point resistivity probe. Relevant information r
garding these characterization techniques is giv
elsewhere.9 In this respect, selected film properties are su
marized in Table II, and the corresponding optimized p
cessing conditions are listed in Table III.

Additionally, a preliminary evaluation was carried out

FIG. 3. XRD scan of an as-deposited, 25 nm thick, CVD Ti36Si12N52 film.
tio,
FIG. 4. TEM imaging studies of as-deposited, 10 nm thick, CVD Ti–Si–N film show~a! 50% step coverage in a nominally 130 nm wide, 10:1 aspect ra
trench structure,~b! no loafing at the top corners of the structure, and~c! no thinning at the bottom corners of the trench structure.
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the performance of the CVD Ti–Si–N as a diffusion barr
in copper metallization. For this, 100 nm thick Cu films we
ex situsputter deposited onto 25 nm thick CVD Ti33Si15N51

films grown on Si. The resulting stacks were annealed i
atm argon at 450, 515, 600, and 700 °C for 30 min, alo
with sputter-deposited Cu/CVD TiN/Si stacks of identic
thickness. The latter provided a comparative assessme
barrier performance. After annealing, the copper w
stripped off in a diluted nitric acid solution, and the resulti
samples were then analyzed by RBS to detect the presen
Cu, either in the liner material or in the underlying Si su
strate.

Figure 1 presents a typical RBS spectrum of an 82
thick CVD Ti–Si–N film deposited on Si at a wafer temper
ture of 430 °C. RBS analysis indicated that the films we
free of any heavy elemental contaminants, with the excep
of ;1.4 at. % I. In this respect, higher NH3 and SiI4 flows at
constant TiI4 flow yielded, respectively, increased nitroge
and silicon incorporation into the resulting Ti–Si–N phas
For illustration purposes, Fig. 2 displays the XPS depth p
file for the same type sample as that shown in Fig. 1. T
XPS depth profile yielded a film composition of Ti33Si15N51,
and indicated the presence of oxygen levels of;3 at. %,
which was within the typical background levels of the XP
system.

FIG. 5. Typical RBS spectra of sputtered Cu/CVD Ti36Si12N52 /Si stacks
films after annealing at~a! 600 and~b! 700 °C. The data were collected afte
removal of the top copper layer.
J. Vac. Sci. Technol. B, Vol. 18, No. 4, Jul ÕAug 2000
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Figure 3 presents a typical XRD spectrum of a 25 n
thick CVD TiSiN film grown on SiO2. The only XRD peaks
detected were ascribed to TiNx phases. It is believed that thi
finding indicates that film microstructure consisted of
nanocrystalline TiN phase within an amorphous SiN matr
in agreement with prior results in the literature on sputt
deposited Ti–Si–N films.10 It was suggested that this Ti–
Si–N microstructure is desirable from a diffusion barrier p
formance perspective, especially in view of the absence
grain boundaries.11 The latter tend to act as fast diffusio
paths for copper migration.

TEM was used to determine the film conformality in a
gressive device structures. In this respect, Fig. 4~a! exhibits
the bright field TEM micrograph of 10 nm thick CVD-grow
Ti–Si–N in a nominally 130 nm wide, 10:1 aspect rati
trench structure. In addition, Figs. 4~b! and 4~c! display
higher magnification TEM images of film profiles at, respe
tively, the top and bottom of the trench structure. TE
analysis yielded a film conformality of;50%, and indicated
the absence of thinning or loafing effects at the top and b
tom corners of the trench structure. TEM imaging also co
firmed the XRD results with respect to the existence o
nanocrystalline structural phase.

In terms of diffusion barrier performance, RBS resu
indicated the absence of any diffused copper in the C
Ti–Si–N liner or underlying Si substrates after annealing
600 °C, as shown in Fig. 5~a!. In contrast, RBS detected th
onset of copper diffusion for the same film after annealing
700 °C, as shown in Fig. 5~b!.

In summary, a new low temperature inorganic CVD T
Si–N process has been developed for applications as a
fusion barrier in copper metallization schemes. This proc
employs the thermal reaction of TiI4, SiI4, and NH3 as, re-
spectively, the individual Ti, Si, and N sources. Ti–Si–
films were successfully grown over a broad range of dep
tion conditions, including wafer temperature, process pr
sure, and TiI4, SiI4, and NH3 flows ranging, respectively
from 350 to 430 °C, 0.1–1 Torr, and 2.5–8.0, 2.5–12.5, a
100–250 sccm. In particular, films with a Ti33Si15N51 sto-
ichiometry exhibited a nanocrystalline TiN phase within
amorphous SiN matrix, highly dense morphology, resistiv
of ;800mV cm for 25 nm thick films, and step coverag
;50% in 130 nm wide, 10:1 aspect ratio trenches. The o
gen and iodine contaminant levels were below, respectiv
3 and 1.4 at. % each. Preliminary copper diffusion-barr
studies indicated that barrier failure for 25 nm thic
Ti33Si15N51 films did not occur until after annealing for 3
min at 700 °C. Additional studies are presently underway
further optimize the film conformality through modeling o
film profiles in aggressive device topographies using f
simulators and to fully document corresponding diffusio
barrier characteristics by employing barrier thermal str
measurements.

The work presented herein was supported in part by
MATECH under Contract No. MLMA006, by MKS Instru
ments, and by the New York State Center for Advanced T
Film Technology. This support is gratefully acknowledge
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