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Tantalum Nitride Sputtering Deposition with Xe on
Fluorocarbon for Cu Interconnects

Takenao Nemoto,”

Hiroshi Imai,h AKinobu Teramoto,a’* Takashi Ito,b

Shigetoshi Sugawa,b and Tadahiro Ohmi®*

“New Industry Creation Hatchery Center and *Graduate School of Engineering, Tohoku University,

Aramaki, Aoba-ku, Sendai, 980-8579, Japan

TaN was sputter-deposited with radio frequency (rf) bias in Xe gas for a barrier film of Cu interconnects of advanced large-scale
integration (LSI). Xe gas has been reported to reduce damage on substrates due to small ion bombardment. While crystalline TaN
was formed by sputtering with rf bias, amorphous TaN was formed by sputtering without rf bias. TaN with rf bias shows superior
barrier properties against Cu diffusion to that without rf bias. When Cu/TaN/fluorocarbon was annealed in temperatures higher
than 200°C, delamination was found at the interface between the Cu and TaN. The SiCN cap layer over fluorocarbon improved
adhesion, which increased the critical temperature to an acceptable range for LSI production. Assuming a simple center-of-mass
elastic collision of the isolated particle, values of energy-transfer efficiency from an impinging ion to various kinds of substrate
atoms were calculated. These result revealed that Xe ions efficiently transfer energy to TaN to build a crystalline structure without

energy transferring to fluorocarbon.
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The demands to save power consumption and to increase clock
speed of advanced large scale integration (LSI) have been increasing
as generation of LSI products progresses. The developments of a
low-resistance wiring material and a low-dielectric-constant (low-k)
material have become important toward achieving those
requirements % A SiCOH film with k = 3.0 has been introduced to a
90 nm node LSI product, and a porous SiCOH film aiming for less
than k = 3.0 has been developed for the 45 nm generation and
beyond The issues of weak mechanical strength due to their porous
structure and serious introduction of damage by the plasma process,
however, are inhibitions to porous SiCOH film implementation to
productlon A fluorocarbon film, that is an organic low-k material,
is proposed for next-generation intermetal dielectrics.’ Fluorocarbon
has a carbon structure with fluorine and claims an intrinsically lower
k-value without a porous structure. The advantageous nonporous
fluorocarbon film is expected to improve endurance to etching dam-
age, avoiding plasma damage introduction to the film, and can help
to accomplish good film propenies and adhesion. It has been dem-
onstrated that plasma damage in etchlng and ashing processes de-
grade film properties and adhesion,® but few works regarding
plasma damage in sputtering have been found.

In this paper, tantalum nitride (TaN) followed by copper (Cu)
sputtering deposition with Xe inert gas was performed in order to
reduce plasma damage. TaN was reported to show a superior barrier
property against Cu diffusion.” Regarding the benefits of Xe inert
gas over Ar gas, the authors have demonstrated successful formation
of TaN on gate oxide by Xe sputtering deposmon They have also
reported that polysilicon grown by Xe sputtering showed better
crystallinity than that grown in Ar at temperatures as low as 400°C. ’
This study also concluded that lower plasma potential in the Xe
plasma than Ar provided less plasma damage to the substrate, and
more effective energy transfer by Xe ions than Ar ions improved
crystallinity. In this study we applied Xe plasma sputtering to dem-
onstrate the benefits of Cu and TaN on fluorocarbon for next-
generation LSI.

Experimental

A 300 nm fluorocarbon film was deposited by using the radial
line slot antenna (RLSA) plasma-enhanced chemical vapor deposi-
tion (PECVD) reactor. The RLSA PECVD reactor utilizing micro-
wave creates very low electron temperature plasma leading to no
damage on the substrate.'” The fluorocarbon film deposited by the

* Electrochemical Society Active Member.
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RLSA PECVD reactor formed a suitable film for the LSI products.11
The 300 nm fluorocarbon film and a 30 nm SiCN on fluorocarbon
stack film were prepared on the Si substrate. Thermally grown oxide
on Si was also prepared as a reference. The 50 nm TaN film and the
100 nm Cu film were sputter-deposited by the self-ionized sputtering
chamber.'? TaN and Cu were formed without exposure to air. TaN
was deposited with an 8% flow rate of N, in the Xe inert gas. The
sputtering pressure of TaN was 3.4 Pa and the temperature was
150°C. Either 350 W radio frequency (rf) bias on the substrate or no
bias was applied to investigate the influence of rf bias. DC voltage
between plasma and the substrate, V., and peak-to-peak voltage,

Vpps during 1f bias were measured and they were -2 and 11V,
respectively. Cu was deposited in 5.7 X 107 Pa at —10°C substrate
temperature and with 400 W rf bias on the substrate. These samples
were annealed in low oxygen ambient at various temperatures for 1
h. Adhesion was examined by visual inspection, and depth profiles
were measured by secondary ion mass spectrometry (SIMS). A TaN
film orientation was also detected by X-ray diffraction (XRD). The
0.3 wm width and 0.4 pm depth lines were fabricated in SiO,/Si
substrate to measure step coverage of TaN and Cu/TaN.

Results and Discussion

Adhesion inspection.— Adhesion inspection test results of fluo-
rocarbon films are summarized in Table I. “F” stands for failure and
“P” stands for pass, which shows no delamination. Every failure
appears as delamination between Cu and TaN. Delamination was
found in Cu/TaN with rf bias on the fluorocarbon film after 250°C
annealing, while no delamination was found in Cu/TaN without rf
bias lower than 300°C annealing. No delamination was also seen in
Cu/TaN with rf bias on the SiCN/fluorocarbon stacked film after
350°C annealing. These results show that adhesion at the Cu and
TaN interface is weaker than others, and this indicates that the sub-
strate, either fluorocarbon or SiCN/fluorocarbon, should not be dam-

Table 1. Result of delamination of Cu and TaN.

Temperature

Film Substrate 200°C  250°C 300°C 350°C
Cu/with rf Fluorocarbon P F F F
bias TaN

Cu/without rf P P F F
bias TaN

Cu/with rf SiCN/fluorocarbon P
bias TaN
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Figure 1. Crystalline orientation of TaN
with and without rf bias: (a) as-deposited
TaN and (b) after 500°C annealing.
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aged by Xe plasma sputtering during TaN deposition. Moreover, rf
bias degrades adhesion when TaN deposits on the fluorocarbon film,
and the SiCN capping layer improves adhesion properties. No
delamination was observed in Cu/TaN on thermal oxide after 500°C
annealing.

Film properties of TaN with and without rf bias on thermal sili-
con oxide.— Crystal orientations of TaN, with and without rf bias,
measured by XRD, are shown in Fig. 1. Figures la and b show the
result of TaN and that after 500°C and 1 h annealing. In Fig. 1la,
significant body-centered cubic (bcc)-Ta and Ta,N peaks appeared
in TaN with rf bias, but smaller peaks were found in TaN without rf
bias. In Fig. 1b, for TaN with rf bias, the bcc-Ta was diminished and
the Ta,N peak was evolved by annealing. However, crystallinity
was not significantly improved by annealing for the TaN without rf
bias. These results reveal that TaN with rf bias shows good crystal-
linity and Ta grains change to those of Ta,N after annealing. TaN
without rf bias constructs an amorphouslike structure even after an-
nealing. The authors reported that Cu(111) orientation formed by
sputtering deposition with rf bias was increased by ion
bombardments."* Even though Xe plasma reduces plasma potential,
TaN crystallinity is improved by ion bombardment produced by rf
bias. Figures 2a and b show the Ta and N binding energies of TaN,

50 55

with and without rf bias, measured by X-ray photoelectron spectros-
copy (XPS), respectively. In Fig. 2b, more N 1s intensity is found in
TaN without rf bias than that in TaN with rf bias; thus, more N
atoms incorporate in TaN without rf bias than in TaN with rf bias.
This result is supported by the results of Fig. 2a, because more N
atom incorporation makes Ta 4f5,,, which is a Ta main peak, in TaN
without rf bias chemical-shift toward higher energy.14 Consequently,
a crystalline TaN film with fewer N atoms was grown by sputtering
in Xe with rf bias to substrate, compared to the amorphous TaN film
with more N atoms without rf bias.

Cu/TaN on thermal silicon oxide— Figures 3a and b show the
results of TaN as-deposited and that after 500°C and 1 h annealing.
Few Cu atoms diffuse in TaN after annealing, thus, TaN with rf bias
inhibits Cu diffusion. Figures 4a and b show SIMS depth profiles of
Cu/TaN without rf bias on thermal silicon oxide before and after
500°C annealing. Cu atoms diffuse to thermal silicon oxide through
the TaN layer, as shown in Fig. 4b. These results reveal that TaN
with rf bias has superior barrier properties to TaN without rf bias. Cu
diffusion barrier properties of TaN were studied in some reports, and
they concluded that TaN with an amorphous structure or a few N
atoms incorporation shows inferior barrier properties.ls‘16 In this
examination, sputtering-deposited TaN with rf bias, which incorpo-
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Figure 2. Binding energy of (a) Ta 4f;, and (b) N 1s profiles measured by
XPS.
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Figure 3. SIMS depth profiles of Cu/TaN with rf bias/SiO,: (a) as-deposited
Cu/TaN/SiO, and (b) Cu/TaN/SiO, after 500°C annealing.
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Figure 4. SIMS depth profiles of Cu/TaN without rf bias/SiO,: (a) as-
deposited Cu/TaN/SiO and (b) Cu/TaN/SiO, after 500°C annealing.

rates fewer N atoms and more crystallinity than that without rf bias,
exhibits better Cu diffusion barrier properties; thus, crystallinity is
considered to improve Cu barrier property compared to N atom
concentration.

Cu/TaN on fluorocarbon.— Figures 5a and b show SIMS depth
profiles of Cu/TaN with rf bias on the fluorocarbon film before and
after 200°C annealing. In these results, fluorine (F), carbon (C), and
tantalum (Ta) atoms diffused into Cu, but no Cu atoms diffused into
TaN. Since Ta,N is more stable than Ta, because the Gibbs energies
of Ta and Ta,N are reported to be 0.7 eV and 4.5 eV,"” Ta atoms in
bce-Ta grains are considered to diffuse into Cu layer. Figure 6 shows
SIMS depth profiles of TaN without rf bias before and after anneal-
ing. F and C atoms existed in TaN and they stayed after annealing.
Cu atoms diffused to the thermal silicon oxide through the fluoro-
carbon layer. These results are consistent with the results of Fig. 4,
which reveal that Cu atoms are in TaN after annealing. The result
that delamination appeared in TaN with rf bias at 250°C annealing
and no delamination in TaN without rf bias at 300°C annealing is
evidence that adhesion between TaN with rf bias and Cu should be
less than that between TaN without rf bias and Cu. Carbon is re-
ported to degrade adhesion to form an amorphous layer on metal,'®
and fluorine is also known to raise adhesion issues.'” The occurrence
of intermixing of Ta and Cu is considered to improve adhesion at the
TaN and Cu interface in a TaN without rf bias sample. Therefore,
while F and C were found in both TaN and without rf bias at the TaN
and Cu interface, intermixing of Cu and TaN without rf bias im-
proved adhesion at the interface between Cu and TaN. However, Cu
atoms in dielectric can degrade LSI reliability. Thus, TaN without rf
bias should not be implemented on an actual LSI product.

Ion bombardment in plasma is considered to result in accommo-
dation of substrate materials in a deposited film, and this more likely
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Figure 5. SIMS depth profiles of Cu/TaN with rf bias on fluorocarbon: (a)
as-deposited Cu/TaN/fluorocarbon and (b) after 200°C annealing.

happens in the higher energy ion bombardment. The fact that there
are no F and C atoms in TaN with rf bias before annealing is attrib-
uted to the fact that there is no significant ion bombardment by Xe
plasma. The existence of F and C atoms in TaN without rf bias
before annealing is, however, caused by the poor Cu barrier proper-
ties of the TaN film without rf bias. The benefits of Xe plasma are
discussed in a later section.

Cu/TaN on SiCN/fluorocarbon.— Figures 7a and b show SIMS
depth profiles of Cu and TaN with rf bias on the SiCN/fluorocarbon
stacked film before and after 350°C annealing. No F and C atoms in
TaN after annealing represents that the SiCN cap layer on fluorocar-
bon stopped their diffusion. No delamination higher than 350°C
annealing, which is much improved from results of fluorocarbon,
should be contributed by the SiCN cap layer. While SiCN has been
investigated for implementation as a cap layer on porous SiCOH to
avoid moisture diffusion,® SiCN is considered to be a suitable ma-
terial to stop F and C atoms from diffusing into the fluorocarbon
layer. This result indicates that when Cu and TaN formed on the
low-k fluorocarbon material, the TaN film prepared with rf bias sput-
tering deposition and the SiCN cap layer improves the thermal bud-
get so that it can be applied to an actual LSI product process.

Step coverage.— A picture of step coverage for TaN with rf bias
followed by Cu sputtering is shown in Fig. 8. Step coverage for TaN
with rf bias achieved 70%; however, that for TaN without rf bias
showed less than 50%. The small gap between Cu and TaN in Fig. 8
is considered to be a shadow for the cleaved sample. Therefore, no
critical void was found in the Cu wiring, indicating TaN with rf bias
in Xe sputtering is practically applicable to actual damascene struc-
tures.
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Figure 6. SIMS depth profiles of Cu/TaN without rf bias on fluorocarbon:
(a) as-deposited Cu/TaN/fluorocarbon and (b) after 200°C annealing.

Benefits of Xe plasma.— Assumingasimple center-of-mass elastic
collision of the isolated particle, the energy transfer efficiency, m,
from an impinging ion to substrate atoms is given by Eq. 1 2

M ion/ M sub

= —don_sb 1
(1 + Zuion/Msub)2 [ ]

mn

where M;,, is the atomic mass of Ar or Xe ion, and M, is that of
Ta, C, and F atoms. According to Eq. 1, the maximum energy trans-
fer efficiency, 1, becomes 100% when the atomic mass number of
ion, M;,,, equals the atomic mass number of ion, My,

By using Eq. 1 and the atomic mass values listed in Table II,
various combinations of the energy transfer efficiency can be calcu-
lated and they are shown in Table II. In Table II, the energy transfer
efficiency of the Xe ion to the Ta, C, and F atom are calculated as
97, 37, and 44%, respectively. Thus, most of the energy transferred
from the Xe ion to the Ta atom compared with the Ar ion to the Ta
atom was (m = 59%), but some energy transferred from the Xe ion
to the C and F atom compared with the Ar ion to the C atom (m
=71%) and F atom (n = 81%). The energy of ion bombardments is
reported to be necessary to improve film crystallinity, but this also
generates damage on the substrate. Thus, more energy transfer to
TaN and less energy transfer to the substrate, which consists of C
and F atoms, from the Xe ion should be suitable to form metal films
on a delicate substrate.
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Figure 7. SIMS depth profile of Cu and TaN with rf bias on the SiCN/
fluorocarbon stacked film: (a) as-deposited Cu/TaN/SiCN/fluorocarbon and
(b) after 350°C annealing.

The floating potential, V/, is estimated by Eq. 2
Vf = Vpp - Vdc [2]

where V; is floating potential. The transferred energy of the ion, E;,
can be calculated by Eq. 3

Shadow due to cleaved Cu

Cu

SEI 50kV  X50,000 100nm WD 9.3mm

Figure 8. Step coverage of Cu/TaN with rf bias on damascene structure.

Table II. Efficiency of energy transfer.

M, Mgy, Transfer efficiency
Xe/Ta 131.3 180.9 0.97
Xe/C 131.3 12.0 0.31
Xe/F 131.3 19.0 0.44
Ar/Ta 40.0 180.9 0.59
Ar/C 40.0 12.0 0.71
Ar/F 40.0 19.0 0.87

Eion =M X Vion [3]

where V,,, is the energy of ion on the substrate through plasma, and
this was given by Eg 2. Binding energies of various substrates are
shown in Table IIL*

All binding energies relating with C and F atoms were less than
both E,,, values; thus, no damage is considered to the substrate in
Xe plasma. This estimation is in good agreement with the result in
Fig. 6 that there were no C and F atoms in TaN, even after rf bias
plasma was applied. Larger energy transferred to Ta and TaN films is
expected to improve the crystallinity. While the difference of Ej,,
values with rf bias and without rf bias is almost 1.0 eV, this amount
should be effective, because Ta—Ta or Ta,N binding energies are as
small as 0.7 and 4.5 eV, respectively.17 Ar plasma has been reported
to show about 10 eV higher energy than Xe in high-density plasma,
and higher energy transfer efficiency in Table II influences the gen-
eration of damage on fluorocarbon substrates.

Conclusions

Cu and TaN were sputter-deposited in Xe inert gas on fluorocar-
bon or SiCN/fluorocarbon prepared by an RLSA PECVD reactor.
Adhesion was examined after annealing at various temperatures, and
depth profiles were detected by SIMS. The following conclusions
were obtained:

1. A crystalline TaN film with fewer N atoms was grown by
sputtering in Xe with rf bias to substrate, while the amorphous TaN
film with more N atoms was grown without rf bias. After 500°C
annealing, a Ta,N peak evolved in the TaN film with rf bias, but an
amorphous structure was kept in the TaN film without rf bias.

2. The adhesion between Cu and TaN film deposited with rf bias
on the fluorocarbon layer was worse than that between Cu and TaN
film without rf bias. While no Cu atoms were detected in the TaN
with rf bias, Cu atom diffusion occurred in the TaN without rf bias.
Intermixing of Cu and TaN contributes to improved adhesion of Cu
and TaN. However, the existence of Cu in TaN raises LSI reliability
issues; thus, TaN without rf bias is inadaptable to the Cu intercon-
nect process.

3. The SiCN cap layer on fluorocarbon prevents F and C atom
diffusion and improves the adhesion of Cu and TaN. The multilayer
structure composed of Cu on TaN with rf bias on SiCN/fluorocarbon
demonstrated to result in no delamination for as low as 350°C an-
nealing.

4. Step coverage of TaN with rf bias achieved 70% for 0.3 pm
width and 0.4 pm depth line. Cu integration was complete on
damascene structures.

Table III. Comparison of the binding energy and energy of ion
bombardment.

Bindinl Eion(n X V) with rf — Ej, (m X V)
energy (eV) without rf
Ton Sub (eV) (eV)
Xe Cc-C 3 3.1 2.8
C-F 5 4.4 3.9
Cc=C 6 3.1 2.8
c=cC 8 3.1 2.8
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5. Xe ions give most of their energy to Ta atoms leading to

improved TaN crystallinity, while Xe ions give a small amount of
energy to F and C atoms, and this saves fluorocarbon.

In this paper a crystalline TaN was successfully prepared on

ultralow-k material without introducing damage, demonstrating
good Cu barrier properties and good adhesion.

Tohoku University assisted in meeting the publication costs of this ar-

ticle.
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