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Abstract
This work examines the thermal stability of Ta barrier layer for Cu metallization with the effect of oxygen. The CurTarSiO2rSi
films were annealed at temperatures ranging from 400 to 600⬚C under various vacuum conditions. Transmission electron
microscopy has been performed to characterize the microstructure of the films after annealing. The results show that an
amorphous interlayer of oxide between Cu and Ta can be formed at 400⬚C in a vacuum of 10y2 mbar. X-Ray energy dispersive
spectroscopy and electron energy loss spectroscopy confirm that this interlayer is tantalum oxide. This interlayer transformed into
a crystalline phase of Ta᎐Cu oxide at 600⬚C. In addition, formation of tantalum oxide interlayer is more thermodynamically
favorable than that of copper oxide layer at the CurTa interface. Growth of the amorphous interlayer is atmosphere-dependent,
as evidenced by the thickness of tantalum oxide being decreased with better vacuum or argon gas. This observation suggests that
the oxidation source may arise from the annealing atmosphere rather than from interior SiO 2 . Furthermore, it has been observed
that oxygen diffuses along grain boundaries in copper films to cause tantalum oxidation. 䊚 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction
With a lower bulk electrical resistivity Ž1.68 ⍀ cm.
and better resistance to electromigration than
aluminum and aluminum alloys w1,2x, Cu is highly attractive for interconnections in sub-0.25 m ultra-large
scale integration ŽULSI. device applications. Despite
the increasing application of Cu metallization in
commercial ULSI device fabrication, several issues related to processing with Cu for future devices of smaller
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sizes have not been clarified. According to previous
investigations, Cu is a fast diffusion species in silicon
oxide and silicon w3,4x and causes deep-level trapping
which seriously degrades the electronic properties of
silicon devices w5x. Other drawbacks include susceptibility to oxidation, corrosion and high chemical reactivity
w6x. Among these drawbacks, a diffusion barrier against
copper plays a major role in Cu metallization. Recent
investigations have conferred that Ta is a promising
material as a diffusion barrier layer for Cu metallization because Ta and Cu are mutually insoluble w7᎐16x.
In addition, Ta has a relatively low resistivity of ; 100
 ⍀ cm. Although the thermal stability of
CurTarSiO2rSi structure has received considerable
attention w17,18x, interfacial structures between the lay-
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ers in nanometer scale which may affect the barrier
properties have seldom been studied in detail.
In this investigation, we study the microstructures of
barriers and Cu after thermal annealing in various
environments to elucidate the oxygen effect on barriers. The high affinity of Ta for oxygen enhances the
oxide formation, resulting in structural changes of Ta.
The microstructural and compositional evolutions at
the CurTarSiO2 interfaces are also investigated by
cross-sectional transmission electron microscopy
ŽTEM.. In addition, CurTarSiO2rSi films were annealed at temperatures ranging from 400 to 900⬚C in
different atmosphere andror pressures.
2. Experimental details
CurTarSiO2rSi structure in blanket films was used
in this study. The Cu and Ta films were deposited on
8-inch silicon wafers in an Applied Materials ElectraTM
system which utilized ion metal plasma ŽIMP. processing technology w19x. The base pressure of the IMP
chambers was typically ; 10y8 mbar. The stacking
sequences and thickness of the deposited films were Cu
Ž150 nm.rTa Ž25᎐30 nm.rSiO 2 Ž1000 nm. on Si wafers.
To investigate the relation between thermal stability
and temperature, samples were annealed at various
temperatures from 400 to 900⬚C in a vacuum furnace at
a pressure of 10y2 torr. A couple of samples were
treated at 500 and 600⬚C in pure argon Ž4 N. atmosphere at a pressure of 3 mtorr. Before feeding with Ar
gas, the furnace was purged several times with Ar and
evacuated to 10y2 torr range. All samples were sliced
into 1 = 1 cm2 , before annealing. Annealing time for
all treatments was 30 min.
Wedge method with grinding and polishing has been
used to prepare cross-sectional TEM specimens w20x.
The final step is ion milling to perforation. A JEOL
2010F field-emission TEM, equipped with an X-ray
energy dispersive spectrometer ŽEDS. and a Gatan
imaging filter ŽGIF. was used to investigate the microstructures with chemical compositions. Electron energy loss spectroscopy ŽEELS. was performed with the
GIF system. All EDS and EELS spectra were obtained
by using a 0.5-nm diameter electron beam. Mo or Ni
grids were used to mount TEM specimens to prevent
the EDX signal from Cu films in the samples from
being interfered with that from the Cu grid.

ration. No reaction or formation of any interlayer
between stacking layers can be observed, implying that
the as-deposited film is clean and has no contamination
or oxidation from the environment. The TEM image
with selective area diffraction pattern ŽSADP. in Fig.
1b shows that Ta is a beta-phase Žbct, body-center-tetragonal structure . in the form of nanocrystallinity.
This TEM sample was re-examined after being stored
in air at room temperature for 1 week. Fig. 2a reveals
an interlayer of thickness from 2 to 4 nm between Cu
and Ta. Nanobeam diffraction pattern from this region
shows a diffused ring, indicating that it is amorphous.
The thickness of Ta reduced from 30 nm in the as-deposited condition to 28 nm, as a result of formation of
a 2-nm thick interlayer. Fig. 2b,c are the EDS spectra
from the interlayer and the Ta film, respectively. Apparently, the interlayer contains a significant amount of
oxygen, while the oxygen content in the Ta film is
negligible. EELS maps in Fig. 3, obtained from another
area, display the zero loss map and distribution of Cu,
Ta and O. The elemental maps were taken at Cu L

3. Results
3.1. Room-temperature aging effect on TEM specimens
Fig. 1a displays a typical cross-sectional high-resolution TEM ŽHRTEM. image Ženlargement section shown
in the inset. from an as-deposited CurTarSiO2rSi
sample, taken immediately after TEM specimen prepa-

Fig. 1. Ža. Cross-sectional TEM image from an as-deposited
CurTarSiO2 rSi sample and Žb. a SAD pattern from the Ta layer.
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edge of 931 eV, Ta O edge of 36 eV and O K edge of
532 eV with a width of energy window from 5᎐40 eV.
An intensity profile across the interface clearly reveals
strong oxygen signals at the interlayer that corresponds
to the white contrast in Fig. 3c. Notably, the Cu and Ta
maps confirm that interdiffusion of Cu and Ta has not
occurred yet at room temperature. The results clearly
demonstrate the interlayer of amorphous tantalum ox-

Fig. 3. EELS maps from different regions in the same
CurTarSiO2 rSi sample as used in Fig. 2.

ide between Cu and Ta layers can form at room temperature for 1 week. The oxidation occurred at the
interface between Cu and Ta layers rather than between
Ta and SiO 2 . To avoid the aging effect of oxygen, the
following TEM observations were made immediately
after TEM specimen preparation.
3.2. Vacuum annealing

Fig. 2. Ža. Cross-sectional TEM image of the same TEM sample as
used in Fig. 1 which was re-examined after it was kept in air at room
temperature for 1 week. A nanobeam diffraction pattern from the
interlayer in insets. Žb. and Žc. EDS spectra obtained from the
interlayer and Ta film, respectively.

After thermal annealing of the as-deposited samples
at 400⬚C for 30 min in a vacuum of 10y2 torr, the
microstructure in Fig. 4a reveals a thick amorphous
layer of approximately 20 nm between the Cu and Ta
films. The high-temperature treatment enhances the
interlayer growth. EDS in Fig. 4b indicates that the
amorphous layer is also composed of Ta and O with
little Cu. The Ta layer remains to be beta phase. After
heat treatment at 500⬚C for 30 min, all metallic Ta
transformed into amorphous tantalum oxide with the
thickness of tantalum oxide increased to approximately
70 nm, as shown in Fig. 5.
Further annealing at 600⬚C resulted in an 83-nm
thick interlayer between Cu and SiO 2 , as shown in Fig.
6a. Diffraction pattern and lattice image in the insets
of Fig. 6a indicate that it is of crystalline structure.
˚ have been
Interplanar spacings of 3.09 and 11.0 A
identified from this phase. Diffraction patterns from
several different zone axes reveal that it has no cubic
symmetry. EDS in Fig. 6b indicates that it consists of
Ta, Cu and O. Quantitative analysis shows that the
atomic ratio of Ta to Cu is approximately 3. Therefore,
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Fig. 5. Cross-sectional TEM image after thermal annealing at 500⬚C
for 30 min in a vacuum of 10y2 mbar.

Cu to CurTa interface and Ta is then gradually oxidized. The SADPs with EDS Žnot shown. indicate that
the interlayer is an amorphous Ta oxide and Ta remains to be bct phase.

Fig. 4. Ža. Cross-sectional TEM image after thermal annealing at
400⬚C for 30 min in a vacuum of 10y2 mbar. Žb. EDS spectrum
obtained from Ta oxide layer.

the interlayer is a tantalum᎐copper oxide. No known
structure of tantalum oxides and tantalum᎐copper oxides could be identified with the diffraction patterns
after an extensive search of JCPDS files w21x. This
Ta᎐Cu oxide can persist up to 900⬚C.
3.3. Annealing in argon atmosphere
Samples were treated in Ar atmosphere at a pressure
of 3 = 10 ᎐ 3 torr to understand whether oxidation of Ta
could be avoided. The TEM image in Fig. 7 zero loss
map, obtained from a sample annealed at 500⬚C, shows
that an oxide layer of 5᎐7-nm thick exists between
copper and Ta. For samples treated in Ar atmosphere
at 600⬚C, the TEM image in Fig. 8 displays that Ta
oxide is in contact with underneath SiO 2 , as well as
along a Cu grain boundary that are perpendicular to
the surface and interfaces. A thin oxide layer parallel
to the interface is also found between Cu and Ta. Most
of the metallic Ta layer remains between Cu and SiO 2 .
Also, it is noticed that the interface between Ta and
SiO 2 is still very sharp and Ta oxide has no reaction
with SiO 2 . The results strongly suggest that oxygen
from outside source diffuses along grain boundaries of

Fig. 6. Ža. Cross-sectional TEM image after thermal annealing at
600⬚C for 30 min in a vacuum of 10y2 mbar. SAD patterns and
lattice images from the tantalum᎐copper oxide layer are shown in
the insets on the right-hand side and left-hand side, respectively. Žb.
EDS spectrum obtained from the tantalum᎐copper oxide layer.
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Fig. 9. Cross-sectional TEM image after thermal annealing at 400⬚C
for 30 min in air atmosphere.

Fig. 7. EELS maps after thermal annealing at 500⬚C for 30 min in
argon atmosphere.

3.4. Annealing in air atmosphere
Annealing of the as-deposited samples in ambient air
resulted in oxidation of both Ta and Cu. Fig. 9 displays
that the Cu film has been oxidized into Cu 2 O at 400⬚C.
Notably, there are two layers between Cu and SiO 2 :
the dark layer in 21-nm thick is bct Ta; and above
which is an amorphous Ta oxide in gray contrast with
17-nm thickness.
4. Discussion
The results show that Ta would be oxidized both in
vacuum and air annealing. The vacuum annealing results in oxidation of Ta barrier. From room temperature to 500⬚C, an amorphous Ta oxide formed after
annealing. The oxide thickness increased with anneal-

Fig. 8. Cross-sectional TEM image after thermal annealing at 600⬚C
for 30 min in argon atmosphere.

ing temperature, to 83 nm after annealing at 500⬚C.
Annealing above 600⬚C, the Ta barrier was completely
replaced by a crystalline Ta᎐Cu oxide. With addition of
Ar gas in low vacuum annealing, the oxide thickness
can be significantly reduced to approximately 5᎐7 nm
between the Cu and Ta layers. Thus, Ar gas can
effectively protect the Ta from oxidation. Also, air
annealing can oxidize the Ta layer at 400⬚C. The thickness of the oxide layer formed in air and low vacuum is
comparable, 20 and 17 nm, respectively. This can be
explained as follows. During air annealing, the amount
of oxygen supplied is sufficient to oxidize the copper
while Ta is partially oxidized. Oxidation rate of copper
is significantly higher in air than in vacuum, so that the
copper oxide layer formed is thick enough to slow down
oxygen diffusion to Ta. Consequently, the tantalum
oxidation in air annealing might be retarded to a similar level as in low vacuum annealing. The fact that Ta
has a higher oxygen affinity than Cu accounts for why
Ta oxidation happens at low temperatures in vacuum
annealing conditions. In vacuum annealing, oxygen in
residual gas is not enough to oxidize the Cu film but
sufficient to oxidize Ta. Also, oxygen may have a fast
diffusion rate along Cu grain boundaries, compared
with low oxidation rate of Cu in vacuum. Though
vacuum ambient can reduce the extent of oxidation of
Cu, it can not inhibit oxidation of Ta. Even with Ar
protection, Ta can not be completely immune from
oxidation at 500⬚C. The fact that Ta is highly susceptible to the residual oxygen content in vacuum is due to
its strong oxygen affinity.
Tantalum oxide forms at the interface between Cu
and Ta rather than between Ta and SiO 2 simply because Si has a stronger oxygen affinity than Ta w22x.
According to thermodynamic calculations, all the reactions of Ta with SiO 2 in which the products can be
TaSi 2 , Ta 2 Si, Ta 5 Si 3 or Ta 2 O5 have positive free energies. Hence, it can explain why no reaction occurs
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between Ta and SiO 2 even after annealing at temperatures up to 600⬚C.
Partial oxidation of Ta films starting from the position where Cu grain boundaries terminated at the Ta
films as shown in Fig. 8 obtained from a sample annealed at 600⬚C for 30 min in Ar, provides strong
evidence that Cu grain boundaries perpendicular to the
surface and or interface are a fast path for oxygen
diffusion. It is possible that further oxidation takes
place along the CurTa interface instead of the TarSiO2
interface. This is due to strong bonding of Ta with
oxygen in SiO 2 . Eventually, Ta oxide completely replaces the whole Ta layer. Formation of Ta oxide also
occurs at Cu grain boundaries, which might result in
the rupture of Cu film, i.e. the loss of continuity of Cu
film. In addition, the amorphous characteristic of Ta
oxide could retard the Cu diffusion into SiO 2 and Si,
which usually brings about formation of Cu silicide.
Therefore, the failure m echanism for the
CurTarSiO2rSi structure is probably caused by Ta
oxidation in vacuum annealing and Cu oxidation in air
annealing.
It is well known that bcc Ta has lower resistivity than
bct Ta. The bcc Ta is beneficial for Cu metallization
with lower effective resistivity. It has been shown that
the residual stress strongly affects the bct-to-bcc transformation behavior w23,24x. The transformation temperature ranges from 600 to 800⬚C. In the present work,
the bct Ta film can persist up to 600⬚C. At higher
temperatures, bct Ta could transform into bcc Ta if
annealed in low vacuum annealing with Ar ambient,
but will be replaced by Ta oxide without Ar or in air.
The above results have significant implications for
device fabrication in thermal processing. Undoubtedly,
the annealing environment strongly affects the barrier
properties of Ta films as thin oxide can form even in
low vacuum with Ar atmosphere at 500⬚C. It has been
reported that in situ oxygen dosing during depositing
Ta and Cu increases the failure temperature by
30᎐250⬚C after annealing, in comparison with those of
without dosing w23,24x. Although the present work did
not investigate the capabilities of amorphous tantalum
oxide against copper diffusion, the thin oxide layer Ždue
to its amorphous structure . would likely, slow down the
diffusion of copper. The oxide formation obviously
increases the apparent resistance of copper. On the
other hand, whether or not oxide formation can raise
the failure temperature of the device remains to be a
question. Thick oxide as insulator, formed after annealing in air and low vacuum conditions, would degrade
the performance of interconnects.
5. Conclusion
TEM characterization with composition analyses has
been used to examine microstructures of the interfacial

regions in CurTarSiO2rSi structure after annealing
under various environments. Based on the above results, we conclude the following.
1. The oxidation of Ta starts at room temperature
when the TEM specimen is stored in ambient atmosphere. An interlayer of amorphous tantalum
oxide is found between Cu and Ta.
2. In a low vacuum condition, heat treatments at
higher temperatures enhance growth of the oxide.
At 500⬚C, the metallic Ta films transform completely into amorphous tantalum oxide. After further annealing at 600⬚C, a new crystalline tantalum᎐copper oxide replaces the Ta films.
3. Argon atmosphere in a base vacuum of 10y2 mbar
can significantly reduce the extent of oxidation of
Ta.
4. Oxidation occurs mainly at the interface between
Cu and Ta, implying that oxygen originates from
outside sources rather than from SiO 2 .
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