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As-deposited and anneal ed tantalum films, grown by plasma-promoted chemical vapor deposition
(PPCVD) using pentabromotantalum and hydrogen as coreactants, were evaluated as diffusion
barriersin copper metallization. Stacks consisting of 500-nm-thick sputtered Cu/55-nm-thick
untreated PPCVD Ta/Si were annealed in argon in the range 450 to 650 °C, in 50 °C intervals, along
with sputtered Cu/preannealed PPCVD Ta/Si and sputtered Cu/sputtered Ta/Si stacks of identical
thickness. Pre- and postannealed stacks were characterized by x-ray photoelectron spectroscopy,
Auger electron spectroscopy, Rutherford backscattering spectrometry, hydrogen profiling, x-ray
diffraction, atomic force microscopy, sheet resistance measurements, and Secco chemical treatment
and etch-pit observation by scanning electron microscopy. The sputtered and preannealed PPCVD
Tafilms acted as viable diffusion barriers up to 550 °C while the as-deposited PPCVD Ta films
failed above 500 °C. In all cases, breakdown occurred through the migration of Cu into Si, rather
than an interfacial reaction between Ta and Si, in agreement with previously reported results for
sputtered Tafilms. The accelerated barrier failure for as-deposited PPCVD Ta might have been
caused by the presence of approximately 20 at. % hydrogen in the as-deposited PPCVD Ta, an
observation which was supported by the enhanced performance of the same PPCVD Tafilms after

annealing-induced hydrogen removal.

1. INTRODUCTION

The successful incorporation of copper-based
metallization schemes in emerging ultra-large-scale-
integration (ULSI) computer chip device generations
requires the identification and development of viable
diffusion barrier/adhesion  promoter  materia
technologies. These “liner” materials are required to
prevent undesirable diffuson and interaction
between copper and the semiconductor and dielectric
regions of the chip. In particular, it is well known
that the presence of copper in slicon leads to the
formation of deep trap levels that cause serious
device degradation and failure. As device size
continues its trend toward smaller features, the liners
must provide enhanced barrier performance at
reduced thickness in order to maximize space
availability for the actual conductor.

"~ 3 Addressall correspondence to this author.
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Various refractory material systems primarily
transgtion metals and their binary and ternary
nitrides, have been extensively investigated for liner
applications in copper metallization. In this respect,
tantalum-based material systems are perhaps the
most studied because of their highly desrable
physical, chemical, mechanical, and electrica
properties These advantageous properties are further
enhanced by the thermodynamic stability of Ta and
its nitrides with respect to Cu, given the absence of
Cu-Ta or Cu-N compounds.

Experimenta studies have demonstrated viable
performance for Ta and its aloys againg Cu
diffusion. For instance, a 50-nm-thick sputtered Ta
film has provided excellent resistance to Cu
diffuson up to 550°C for 1 h.** However,
conventional physical vapor deposition (PVD)
methods, such as sputtering, are line of sight
techniques. As such, they are inherently incapable of
conforma step coverage in sub-quarter-micron
device topographies, even though higher step
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coverage was observed for Ta in comparison with
Ti. The improved coverage was adttributed to
increased sputtering directionality due to the higher
mass of the Taion.® Modified PVD techniques, such
as ionized sputtering, provide a viable solution to the
conformality problem. However, concerns over the
long-term extendibility of ionized sputtering, and
integration issues pertaining to the effects of ionized
PVD processing on the mechanical and structural
reliability of fluorinated low didectric constant
materials, have generated appreciable interest in
alternate linear processing technologies.

In view of these considerations, work by the
authors has focused on the identification and
development of low-temperature chemica vapor
deposition (CVD) techniques for Ta and its nitrides.
In many CVD applications involving fine line
geometries, good conformality can be achieved by
exploiting the catalytic role that the substrate surface
plays in the depostion process, leading to the
identification of experimental conditions that are
conducive to optimized reaction pathways. The
overal approach is to ensure equal probability for
precursor species adsorption and reaction across all
of the complex topographical surfaces of device via
and trench structures, thereby leading to conformal
step coverage.

In this context, a low-temperature plasma
promoted CVD (PPCVD) process has been
identified and optimized. The process combines the
use of tantalum pentabromide (TaBrs) with hydrogen
plasma to produce Tathin films at or below 450 °C.
As described in a previous report, tantalum
pentabromide was selected because of the low
dissociation energy of TaBr bonds. This feature,
when combined with the use of a plasma to generate
active hydrogen species for the efficient reduction of
the TaBrs molecule, leads to Ta formation at low
temperatures. As aresult, Ta films can be grown at
450 °C with Br contamination below 2.7 at.% and
preannealing hydrogen inclusion of about 20 at.%.
In this report, the results of a study of the stability of
H and Br in as-deposited and annealed PPCVD Ta
films are presented, and the performance of these
films as diffuson barriers in Cu metallization is
discussed.

[I. EXPERIMENTAL DETAILS

A. Description of processing conditions

The 550-A-thick PPCVD and PVD Ta films
were grown on Si(100) substrates. Prior to Ta
deposition, the S substrates received a standard
organic cleaning process consisting of a I-min
immersion in baths of trichloroethylene, acetone,
and methanol. This was followed by a I-min
exposure to a 10% agueous HF solution to remove
the native oxide. All samples were subsequently in
situ plasma cleaned in their respective CVD and
PVD processing modules prior to actua deposition.
In the case of PPCVD Ta, processing was performed
in a custom-designed, warm-wall plasma-capable,
stainless steel CVD reactor. The deposition process
has been described in detail elsewhere.” In the case
of PVD Ta, conventional sputter deposition was
carried out in a commercia Varian MB2 cluster tool
system. Table | presents the relevant process
parameters for the deposition of the PPCVD and
PVD Tafilms studied here.

Following the deposition step, the PVD and
PPCVD Ta films were exposed to 30-min annedls
each in argon at temperatures of 450, 500, 550, 600,
and 650 °C. Annedling was peformed in |-atm
argon, with the argon gas flow being controlled by
an MKS modd 1159C (MKS Instruments, Andover,
MA) eectronic mass flow controller. Accurate
determination of the annealing temperature was
achieved by placing a thermocouple inside the
annealing furnace in close proximity of the samples
being annealed. The thermocouple was connected to
an Omega type CN2002 (Omega Engineering,
Stamford, CT) electronic temperature controller,
which monitored the sample temperature in real time
and provided control of the furnace temperature in a
closed feedback loop. The goa of this part of the
work was to investigate and document any thermally
induced compositiona or structura changes in the
Ta films that might influence their behavior in the
subsequent Cu diffusion barrier studies.

The 500-nm-thick Cu films were formed by
conventional sputtering on as-deposited PVD,
untreated PPCVD Ta, and preanneded PPCVD Ta
to form CuTa/S contact systems. For the

TABLE L. Summray of process parameters for PPCYVD Ta, PVD Ta. and PV Cu films

PPCVIDY Ta PV Ta

Reactant gas i Mow rale) H- 150 seom)

I}dFILH\llIHII [eLssurG 1,7 viary |.."_'|Ill.l.'1i|-ll.lll Prossune

Hase pressure 107" torr Base pressure
Subsirate temp. 4507 Substrate temp.
Source temp. B

Plusma power (de)

Sputering gas 4 flow rate)

P Cu
A i S0 secen) Sputtering gas (flow raie) Ar (40 soem
5 o Drepusition pressure 4 miorr
107" towr Hase pressure ~ 10"
25050 asubstrate lemp. 23 L
kW Plasera puwser () TEW
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preannealed PPCVD Ta films thermal treatment was
carried out in I-atm argon at 450 °C for 30 min prior
to Cu deposition. Cu deposition was carried out in a
commercial CVC cluster tool, using the process
parameters listed in Table I. All PPCVD and PVD
Ta samples were exposed to air prior to Cu
deposition, leading to the formation of an ultrathin
surface tantalum oxide layer. As a result, the
samples were subjected to a brief argon-plasma
treatment in the PVD chamber prior to the PVD Cu
step. Subsequent Auger electron spectroscopy (AES)
and x-ray photoelectron spectroscopy (XPS) depth
profiles studies did not detect any oxide phase at the
interfaces of the Cu/PVD Ta and Cu/PPCVD Ta
films. This result implies that either the thickness of
the remaining oxide layer was below the spatia
resolution of XPS and AES or that the oxide layer
was completely removed under the influence of
sputtering with active argon ions in the PVD Cu
chamber. All Cu/Ta stacks were subsequently
annedled in Ar ambient for 30 min each at 450, 500,
550, 600, and 650 °C. Accurate rea-time
measurement of the anneding temperature was
achieved through an electronically controlled, closed
feedback 1oop as described earlier.

B. Description of characterization techniques

Characterization of  film  microchemical,
microstructural, and diffusion barrier properties were
carried out using the analytical facilities of the New
York State Center for Advanced Thin Film
Technology. For this purpose, the work employed
AES, XPS, Rutherford backscattering spectrometry
(RBS), x-ray diffraction (XRD), atomic force
microscopy (AFM), four-point resistivity probe,
nuclear reaction anadysis (NRA) for hydrogen
profiling, and scanning electron microscopy (SEM).

XPS and RBS were employed to determine film
compositional characteristics. XPS measurements
employed a Physical Electronics PHI 5500 (Flying
Cloud, MN) Multi-technique System. A magnesium
x-ray source was employed at voltage and power
ratings of respectively 15 kV and 300 W. High-
resolution XPS spectra were collected at a pass
energy of 2350 eV to dlow the resolution of
specific core level photoelectron peaks. RBS spectra
were taken at a primary He" ion beam energy of 2
MeV. The resulting data were calibrated with bulk
gold and carbon samples. In addition, nuclear
reaction anaysis for hydrogen profiling was carried
out using the nuclear reaction *N(p, ag)C with
resonance energy of 6.385 + 0.005 MeV.
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Anaysis of film texture and identification of
phases was made using XRD on a Scintag XDS
2000 (Cupertino, CA) x-ray diffractometer. A
copper Ka x-ray source was employed for the
generation of x-rays at a typical operating power of
1.8 kW. This vaue corresponded to a primary
current and voltage of respectively 40 mA and 45
kV. XRD data was obtained using norma incidence
and 5° grazing angle geometries.

Imaging studies were carried out using SEM and
AFM. SEM weas carried out on a Zeiss DSM 940
microscope at a 20-keV primary electron beam
energy. AFM was performed on a Digitd
Instruments Nanoscope Il multimode scanning
probe microscope. Data were collected in tapping
mode AFM with S cantilevers at resonance
frequencies in the range of 200 to 300 kHz. Root-
mean-square (rms) surface roughness was calculated
as the standard deviation of the mean height of
surface topographies. Average surface grain size was
determined using established AFM  sttistica
averaging techniques for the height and dope of
surface topographies, with defined grain boundaries
being employed to create a histogram that reflected
grain-size distribution. In both cases, multiple
surface locations were interrogated for each sample
using a variety of scan sizes ranging from 500 x 500
nm to 10 x 10 pm.

Etch-pit observation was carried out by SEM
after selectively removing the Cu and Ta layers by
wet chemical treatment. For this purpose, a solution
congisting of a 1:1 ratio of nitric acid (HNGs) and
distilled water (H,O) was employed for Cu removal,
while a solution of 20% hydrofluoric acid (HF) in
digtilled H,O was employed for removal of the Ta
layer. The Si substrates were then exposed for 5 sto
a Secco etch solution which consisted of 1 part by
volume of 0.15 M potassum dichromate (K,Cr,0O;)
in H,0O and 2 parts HF.°

[ll. RESULTS AND DISCUSSION

A. Characterization of pre- and postannealed Ta
films prior to Cu processing

The properties of as-deposited PPCVD Ta,
annedled PPCVD Ta, and as-deposited PVD Ta
films are summarized in Table II. Prior to Cu
deposition and annedling experiments, al types of
Ta films were exposed to the same annealing recipe
used for the Cu/Ta/Si contact systems, namely, 450
to 650 °C at 50 °C intervals. The purpose of this
thermal trestment was to establish basdine
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TARLE [1. Rebevant propertics for PPCVYD and PV Ta films.
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Light ebeent tngurities (AES and XPS)

Hydrogen incornposation (hydrogen pro-
filing!
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performance metrics and to determine the effects of
annealing on key film characteristics, including Br Energy (MeV)
concentration, hydrogen incorporation, film micro- o ) 3 3 4

structure, and surface morphology. = T T T
KBS As-depaosited PPCVD Talsi

Energy (Me¥)

1. Effects of thermal treatment on Br in PPCVD Ta —
1.8 22 i LY ]

films

As expected, no Br was observed in the PVD Ta
films. In contrast, approximately 2.7 at.% Br was
measured by RBS in the as-deposited PPCVD Ta
films. As aresult, Br stability within the PPCVD Ta
matrix was investigated as a function of annealing
temperature. Figure 1(a) displays the RBS spectrum
of as-deposited PPCVD Ta, while Figure 1(b) shows
the same film after exposure to the highest annealing
temperature of 650 °C. No change was observed in
Br concentration and peak profile after al annealing (a)
steps. This finding supports the expectation that Br Energy (Me¥)
requires high thermal energy for out-diffusion from 0 . 2 N 4
Ta and, consequently, is not expected to negatively
impact the reliability and stability of the Cu/Ta/S -
contact system. = Energy (MeV) -

The observed stability of residual Br in Ta is in B . .
good agreement with the work of Seel et al. *° They
found that the barrier to chlorine (Cl) diffusion in Si
was dgnificantly higher than its fluorine (F)
counterpart, a behavior attributed to the higher
ionicity (larger size) and greater Coulomb
interaction for Cl in comparison with F. Similar
trends were aso seen for the thermally activated s 1w e 15
diffuson characteristics of iodine (1) and Cl in
titanium nitride, with the heavier halide (1) requiring
significantly higher activation energy to diffuse than ]
its lighter analog (Cl). ** . . 1800 e 2008

In addition, no variations in the Taand S RBS (b) Channel
peak heights and profiles were detected, even after
annealing at 650 °C. This finding is expected given
the known stability of the Ta-Si contact system. *

Indensity (arbitrary wnits)

Uivtensity {artitrary unitsh
T

Channel

| RBS PPOVD TwSi, Annealed ut 650°C

Br

Intensity (arbitrary umits)

Intensity (arbilrary wnits)

FIG. 1. Typical RBS spectra of PPCY D Ta films: (1) as-deposited and
(by annealed at 630 °C, The Br RBS peak s shown magnified in the

insels.
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2. Effects of thermal treatment on H in PPCVD
Ta films

Nuclear reaction analysis (NRA) for hydrogen
profiling indicated the absence of hydrogen in PVD
Ta In contrast, NRA yielded approximately 20 at.%
H in as-deposited PPCVD Ta, as shown in Fig. 2(a).
The incorporation of H in Ta is expected to be in the
form of a solid solution, given the solubility limits
(up to 30 at.%) of H in Ta However, the level of
hydrogen decreased to below the detection limits of
NRA &fter annealing at 450 °C, as shown in Fig.
2(b), indicating the complete out-diffusion of H from
the Tafilms.
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3. Effects of thermal treatment on Ta microstructure

Typical XRD spectra for as-deposited and post-
annealed (650 °C) PVD Ta films are shown in Figs.
3(a) and 3(b), respectively. The XRD spectrum of
as-deposited PVYD Ta indicated a polycrystaline
tetragonal b Ta phase with a <001> fiber texture. No
significant change was observed between the XRD
spectra of as-deposited and postannedled PVD Ta
films.

Figure 4 displays the XRD spectra for PPCVD
Ta films that were treated as follows: (a) no thermal
treatment, (b) annedled at 600 °C, and (c) annealed
a 650 °C. The XRD profiles of dl PPCVD Ta films
were practicaly identica, with al samples
exhibiting the characteristic XRD spectrum of a
polycrystalline tetragonal b-Ta phase with no
preferential orientation. However, the XRD
reflection peaks became sharper and exhibited
higher intensity after annealing at 650 °C, a behavior
that indicates the occurrence of grain growth.

4. Effects of thermal treatment on Ta surface
morphology

The AFM measured surface grain size of
PPCVD Ta films as a function of anneadling

0 Taliaz)
31 Teidil XHD of PPCVD Ta
| 1} Twl202)
| ) Taidiny ™
g | 1B TalsdN) @ |
3 i
E‘ |I|* lie) B80T 5
] (7]
@ 14 :
g o b °C (H
=
i¥
o .
i H () As-deposised (5}
x - e T
Fo M il 0 [ i
Angle ¥ [Degrees)

FIt:. 4. Xeray diffrection pagterns of FRCVD Ts films: () as-
deposited, (B) annealed at 600 °C, and (¢} annealed a1 630 *C.

Surface Grakn Sze inm}
® N OB B B B

Asedepunited 450 Si L] L] L] e
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FIG. 5. AFM average surface groin size of PPCVD Ta films as a
lumction of annealing emperabure.
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temperature is plotted in Fig. 5. No marked changes
in surface grain size were observed up to 600 °C.
However, an increase in the annealing temperature
from 600 to 650 °C resulted in a Sgnificant
enhancement in the AFM measured average surface
grain size, from approximately 8 to about 14 nm.

Similarly, Fig. 6 plots the AFM derived rms
surface roughness of PPCVD Ta films as a function
of annedling temperature. The data indicates an
increase of 60% in rms surface roughness, from
approximately 1.1 to about 1.8 nm, after the 450 °C
annealing step. Further annedling a  higher
temperature did not generate any additional increase
in surface roughness of the PPCVD Ta films, except
after the 650 °C annedling step. The latter yielded an
increase in surface roughness to 2.7 nm. This trend
is condgtent with our XRD findings, and it is
attributed to the occurrence of grain growth after
annealing at 650 °C. In the case of PVD Ta, surface
grain size and surface roughness were independent
of the annealing temperature.

LE
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RMS Surface Roughness (mm)
=
.
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FIG. 6. AFM rms surface roughness of PPCVD Ta films as a funciion
of annealing remperature,
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B. Characterization of diffusion barrier
performance of PVD and PPCVD Ta

1. Effects of thermal treatment on the microstructure
of Cu/ Ta/Si stacks

The microstructure and potentia material
interactions in Cu/as-deposited PVD TalS,
Cu/untreated PPCVD Ta/ Si, and Cu/preanneded
PPCVD TaS were examined by XRD.
Representative XRD spectra are displayed in Fig. 7
for CWPVD TalS stacks which were treated as
follows. () no thermal treatment, (b) annedled at
600 °C, and (c) annedled at 650 °C. In al cases,
strong Cu(111), Cu(200), and b-Ta(002) reflection
lines were detected, aong with weak and broad
peaks corresponding to the b-Ta phase. In addition,
XRD detected the presence of Cu;S and TasSi; after
the 650 °C annedling step. This result indicates
barrier failure, as evidenced by Cu diffusiontothe S
interface and the formation of Cu-S and TaS
compounds.

The XRD studies described above were repeated
for each thermal treatment step after removal of the
top Cu layer. The purpose was to diminate any
possible XRD peak interference effects that could
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result from the presence of the thicker Cu overlayer
and ensure higher accuracy in the detection of
possible thermally induced material interactions. The
resulting XRD spectra, as shown in Fig. 8,
confirmed the stability of the PVD Ta barrier up to
600 °C. Above that temperature, XRD revealed the
existence of a TaSi, phase, in addition to the CusSi
and TasSi; phases that were observed prior to Cu
stripping.

Representative XRD spectra are displayed in
Fig. 9 for Cu/untreated PPCVD Ta/S stacks which
were treated as follows: (a) no thermal treatment, (b)
anneadled at 600 °C, and (c) anneded a 650 °C.
Similarly, Figures 10(a)-10(c) exhibit the XRD
profiles of the same samples after Cu stripping. The
XRD data indicated that the stacks were structurally
stable up to 600 °C, as documented by the absence
of any Cu-S and TaS compounds. However,
formation of the CusS, TasSi;, and TaSi, phases was
observed after the 650 °C, indicating barrier failure.
Similar results were obtained for Cu/pretreated
PPCVD TalS stacks, where the PPCVD Ta films
were thermally treated at 450 °C in 1-atm of argon
for 30 min to ensure complete hydrogen remova
prior to Cu deposition and stack annealing.
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FIG, 12, RBS spectra of CwPPCVD TafSi stacks: (a) as-deposited, (b) annealed at 500 °C, (c) annealed at 550 °C, {d) annealed at 608 °C, and
() annealed at 650 °C. All specira were compiled after Cu removal. The Br and Cu peaks are shown magnified in the inser.

2. Effects of thermal treatment on composition
of Cu/Ta/Si stacks

In this part of the study, Cu was stripped from
the preand postannealed Cu/PVD TaS,
Cu/untreated PPCVD Ta/S, and Cu/preanneaed
PPCVD Ta/S dacks prior to RBS analysis. The
purpose was to ensure accuracy in RBS
compositional results. Representative RBS spectra
are displayed in Fig. 11 for CWPVD Ta/S stacks
which were trested as follows: (@) no therma
treatment, (b) annedled a 500 °C, (c) anneadled at
550 °C, and (d) annedled at 600 °C. As mentioned
earlier, the RBS spectra are shown after Cu removal,
with magnification of the Ar and Cu peaks being
provided in the inset.
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No changes were observed in the RBS spectra
for stacks annedled up to 500 °C. However, the Cu
peak increased in width and intensity with higher
annealing temperatures, indicating the gradua
diffusion of Cuinto Ta. Significant diffusion of Cu
into S was clearly observed after the 600 °C
annealing step.

Representative RBS spectra are displayed in Fig.
12 for Cu/untreated PPCVD Ta/S stacks which
were treated as follows: (a) no thermal treatment, (b)
annedled at 500 °C, (c) annealed at 550 °C, and (d)
annealed at 600 °C. The RBS spectra were compiled
after Cu stripping, with magnification of the Cu and
Br peaks being provided in the inset. As in the case
of PVD Ta, no changes were observed in the RBS
spectra for stacks annealed up to 500 °C. However,
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the Cu pesak increased in width and intensity with
higher annedling temperatures, indicating the
gradud diffusion of Cu into Ta. Significant diffusion
of Cuinto S was clearly observed after the 600 °C
anneding step. Similar results were obtained for
Cu/pretreated PPCVD TalS sacks, where the
PPCVD Tafilms were thermally treated at 450 °C in
Katz argon for 30 min to ensure complete hydrogen
removal prior to Cu deposition and stack annealing.

3. Secco etch pit observation

RBS studies indicated that the Cu/PVD Ta/S,
Cu/untreated PPCVD Ta/S, and Cu/pretreated
PPCVD Ta/ Cu stacks were structurally stable, with
no Cu being detected in the underlying Si substrate,
up to 550 °C. However, due to sengitivity limitations
in RBS andyss, Secco etch treatment and
subsequent inspection by SEM were implemented to
document the onset temperature of diffusion of Cu
into Si. Etch-pit observation using the Secco etch
has been shown to be more sensitive to the detection
of the initia stages of Cu diffusion into S than the
analytical techniques listed above.13

Typica SEM micrographs of the Si surface are
shown in Fig. 13 after Secco etch of Cu/PVD TalS
stacks that were annealed as follows: (a) 550 °C and
(b) 600 °C. The samples anneded a 550 °C
exhibited a smooth and clean S surface. However
rectangular-shaped etch pits, with sizes on the order
of a few microns, were detected after the 600 °C
annealing step. The precipitates around the etch pits
are believed to be Cu silicides.”®

Secco etching of the Cu/pretrested PPCVD
Ta/S contact systems yielded a similar result, with
etch pits being observed only after the 600 °C
annealing step. In contrast, the Cu/untreated PPCVD
Ta/lS contact system faled above 500 °C, as
documented by the observation of etch pits in Si
after the 550 °C annedling step. This result is
illustrated in the SEM micrographs of Fig. 14, which
displays the morphology of the S surface after
Secco etch of Cu/untreated PPCVD TalS stacks that
were annedled as follows: (a) 500 °C, (b) 550 °C,
and (c) 600 °C.

C. Discussion

The results reported above indicate that PVD Ta
and thermally pretreated PPCVD Ta films act as a
good diffusion barrier between Cuand S up to 550
°C. The PPCVD Ta Ellms were thermally treated at
450 °Cin |I-atm argon for 30 min to ensure complete
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(a) S pm

{b) S pm

FIG. 13. SEM micrographs of the Si surface after Secco
etch for Cu/PVD Ta/Si stacks annealed at the following
temperatures: (a) 550 °C and (b) 600 °C.

hydrogen removal prior to Cu deposition and stack
annealing. In contrast, untreated PPCVD Ta films
exhibited thermal stability up to 500 °C only.

In terms of breakdown mechanisms, our findings
for both PVD and PPCVD Ta are consistent with the
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{a) Spm ib)
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FIG. 14. SEM micrographs of the 51 surface afler Secco etch for Co/PPCVD TafSi stacks annealed at the following temperatures: (a) 500 *C,

(b) 550 *C, and (c) 600 °C.
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FIG. 15, Hydrogen depth profiles for Cw/PPCYD Ta/Si stacks:
{a) m-depasited and (b) annealed a1 450 °C. Specira were compiled
after Cia removel.

failure mechanisms previoudy reported by Min et
al.* and Holloway et al.*® In particular, the studies
by Min et al. indicated that failure of the Ta barrier
occurs through the migration of Cu into Si rather
than an interfacial reaction between Ta and S
Similarly, Holloway et al. reported Ta out-diffusion
to the Cu surface after annealing of Cu/PVD TalSi
stacks at 550 °C, a step which was followed by Cu
migration through the Ta layer and its subsequent
reaction with S to form Cu,S.

These observations are supported by our RBS
and Secco etch results, which showed that Ta films
without a Cu overlayer did not react with the S
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substrate, even after annealing at 650 °C. They are
aso in agreement with our XRD findings, which did
not detect any Ta-Si phases for uncapped PVD Ta/S
and PPCVD Ta/S stacks, even after annedling at
650 °C. By contrast, PVD Taand PPCVD Ta barrier
fallure occurred at lower temperatures in the
presence of a CU capping layer, which was
accompanied by the formation of Cu-Si and Ta-S
compounds. It is suggested that the diffusing Cu
species may be instrumenta in the breakage of S-S
bonds, leading to the formation of vacancies and
other defects in the S lattice. These defects in turn
facilitate the silicidation of Tafilms.™

The reduced barrier effectiveness for untreated
PPCVD Tafilms cannot be attributed to the presence
of bromine. This observation is supported by the fact
that pretreated PPCVD Ta and PVD Ta films
exhibited similar barrier performance, in spite of the
presence of equivdent amounts of Br in the
untreated and pretrested PPCVD Ta films. In
addition, no variations in Br concentration or peak
profile were observed even after thermal treatment at
650 °C. The high therma stability of Br was
independent of the presence of the Cu capping layer,
as supported by our RBS data. The same conclusion
applies to other potentia impurities in the PPCVD
Ta films, given that their concentrations were too
smdll to significantly influence barrier properties.

The observed variations in the thermally induced
diffusion barrier behavior of the PVD and PPCVD
Ta films cannot be attributed to microstructural
differences between the two types of Ta films either.
No changes were detected in the texture or
morphology of the PVD and PPCVD Ta films as a
function of annealing temperature. Instead, both Ta
films were stable under the therma treatment
conditions investigated.

Ba et a.'® have reported that barrier
effectiveness could be affected by surface roughness
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of the barrier, if the vaue of roughness is on the
order of the film thickness. This was éttributed to the
presence of short diffusion paths for Cu migration
through the barrier. However, surface roughness in
the PPCVD Tafilms did not exceed 2.7 nm and was
thus less than 5% of actua film thickness. This
observation eliminates surface roughness as a
potential factor in the observed difference in barrier
performance.

Alternatively, it is suggested that the out-
diffuson of hydrogen from the PPCVD Ta films
during thermal annealing might have caused their
inferior barrier performance. This suggestion is
supported by complete hydrogen removal after
annedling at 450 °C, a behavior that was detected in
the as-deposited Ta films prior to Cu deposition
(Fig. 2). It is dso supported by the fact that PPCVD
Ta films that were pretreated at 450 °C in argon to
ensure the complete remova of hydrogen (see Fig.
15) exhibited a diffusion barrier performance that
was equivaent to their PYD Ta counterparts.
However, dl andytica studies were inconclusive in
teems of eucidating the specific structura or
chemical changes that resulted from the thermaly
activated hydrogen out-diffuson and which led to
the accderated barrier failure for as-deposited
PPCVD Ta

It is thus clear that one possible solution for
improving the barrier effectiveness of PPCVD Ta
films is to implement a 450 °C annedling step prior
to Cu deposition, to drive out hydrogen from the Ta
matrix. The Cu/untreated PPCVD TalS contact
system was thermaly stable up to 500 °C, a
temperature in excess of those encountered during
the device fabrication flow, especialy in intercon-
nect schemes which incorporate thermally labile,
low dielectric constant materials. This temperature
requirement, when combined with the superior step
coverage provided by PPCVD Ta in comparison
with its PVD counterparts ensures that as-deposited,
untreasted PPCVD Ta is a viable approach for
incorporation in emerging Cu/low dielectric constant
metallization schemes.

IV. CONCLUSIONS

A systematic evaluation was carried out of the
barrier performance of Ta films grown by PVD and
PPCVD using pentabromotantalum and hydrogen as
coreactants. The study indicated that the PVD Ta
films, and PPCVD Ta films that were hydrogen-free
after a preanneding step a 450 °C, were stable
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against Cu diffuson into S up to 550 °C. In
contrast, untrested PPCVD Ta films exhibited
barrier failure above 500 °C. The poorer per-
formance of the untreated PPCVD Ta films could
not be attributed to the presence of bromine, given
the high therma stability of Br against migration,
even a temperatures in excess of 650 °C. Instead, it
is suggested that the out-diffusion of hydrogen from
the PPCVD Ta films might have caused ther
inferior barrier performance. However, al analytical
studies were inconclusive in terms of elucidating the
specific structural or chemical changes that resulted
from the thermally activated hydrogen out-diffusion
and which led to the accelerated barrier failure for
as-deposited PPCVD Ta
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