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Abstract

Comparative study of ionized metal plasma (IMP)-Cu and chemical vapor deposition (CVD)-Cu on diffusion barrier properties
of IMP-Tantalum nitride (TaN) has been investigated in the Cu(200 nm)/TaN(30 nm)/SiO2(250 nm)/Si multi-layer structure.
IMP-TaN thin film shows a better metallurgical and thermal stability with IMP-Cu than CVD-Cu thin film not due to lower
concentration of oxygen and carbon in Cu film, but due to the smaller grain size and lower roughness of IMP-Cu microstructure.
The thermal stability was evaluated by electrical measurements, X-ray diffraction (XRD) and RBS. As a main part of the studies,
the atomic intermixing, new compound formation, and phase transitions in the test structure were also studied. For the
comparison of IMP and CVD deposited Cu and their effect on the IMP-TaN diffusion barrier, atomic force microscopy (AFM),
SIMS, XRD and Rutherford backscattering spectroscopy (RBS) were employed in conjunction with electrical measurements.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Copper has drawn attention as a new interconnect
material for deep sub-micron integrated circuits due to
its low resistivity and high electromigration and stress
migration resistance that are superior to the Al and Al
alloy interconnects [1,2]. However, successfully integrat-
ing Cu metallization into ICs, some problems such as
an anisotropic etching, oxidation, corrosion, diffusion
and adhesion to interlayer dielectric must be solved [3].
Among these problems, Cu diffusion into dielectric and
subsequently into silicon regions underneath is fatal
because it can deteriorate the device operation [4,5].
Therefore, it is essential to suppress Cu diffusion into
transistor regions, and many investigations have been

carried out using metals and compounds as potential
diffusion barrier materials.

Tantalum nitride (TaN) has been of increasing inter-
est because it shows not only relatively high melting
temperature, but also is known to be thermodynami-
cally stable with respect to Cu. Previous studies have
revealed that ionized metal plasma (IMP)-TaN films
are excellent barrier to in-diffusion of Cu and a supe-
rior conformality in the small feature sizes (less than
0.35 mm) and high aspect ratio contact and via holes [6].
However, the effect of Cu deposition method (IMP and
chemical vapor deposition (CVD)) on the thermal sta-
bility of IMP-TaN diffusion barrier has not yet been
demonstrated. Hence, in our present work, we focus on
the effect of the type of Cu (deposited by IMP or CVD)
on the thermal stability of IMP-TaN diffusion barrier.
The test sample structures are IMP-Cu (200 nm)/IMP-
TaN (30 nm)/SiO2 (250 nm)/Si and CVD-Cu (200

* Corresponding author. Tel.: +65-790-5174; fax: +65-792-6559.
E-mail address: asyklee@ntu.edu.sg (Y.K. Lee).

0921-5107/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
PII: S0921 -5107 (00 )00504 -3



Y.K. Lee et al. / Materials Science and Engineering B77 (277) 282–287 283

nm)/IMP-TaN (30 nm)/SiO2 (250 nm)/Si. The diffusion
barrier properties and the effect of the type of Cu
(deposited by IMP or CVD) were evaluated by electri-
cal measurement, X-ray diffraction (XRD), secondary
ion mass spectroscopy (SIMS), atomic force mi-
croscopy (AFM) and Rutherford backscattering spec-
troscopy (RBS).

2. Experimental procedure

For all sample preparation and experiments de-
scribed in this study used 6-in. Si (100) wafers. Si wafers
were cleaned in 10:1 diluted HF solution and rinsed in
deionized water before SiO2 deposition. First, a 500-
nm-thick plasma enhanced chemical vapor deposited
(PECVD) SiO2 dielectric was deposited on 6-in. wafers.
TaN films of 30-nm thickness, which act as a diffusion
barrier and adhesion layer for the highly conductive Cu
atoms, were deposited onto PECVD-SiO2 (500 nm)/Si
substrates by using IMP sputtering of a Ta target in a
gas mixture of Ar and N2 without breaking the vac-
uum, a 200-nm Cu layer was then deposited in the same
setup for IMP-Cu or the CVD-Cu deposition was
carried out by the disproportionate of [hfac Cu (I)
tmvs] also known as CupraSelect, using a specially
designed vaporizer. Ar/He mixture was used as carrier
gas. A very thin layer, �200-A, thick, of Cu (referred
to as a flash) was also sputtered prior to the CVD Cu
deposition. Details of IMP and CVD deposition pro-
cesses have been described elsewhere [7,8].

To investigate the thermal stability of the CVD-Cu/
IMP-TaN/SiO2/Si and IMP-Cu/IMP-TaN/SiO2/Si
structures, the samples were annealed at temperatures
ranging from 350 to 950°C for 35 min in N2 ambient.
The sheet resistance of the annealed samples was mea-
sured by a four-point probe to survey the overall

reaction involving Cu. SIMS was used to determine the
C and O contamination in the test structures. AFM
images were taken to compare the grain sizes and the
surface roughness obtained from the different deposi-
tion techniques (IMP-Cu and CVD-Cu). Microstruc-
tural analysis of the samples, before and after
annealing, was carried out by XRD and RBS. A com-
puter controlled RIGAKU model RINT2287 diffrac-
tometer using Cu Ka radiation (l=1.542 A, ), operated
at 50 kV and 20 mA, was used for phase identification
with the glancing of 2.5°(IMP-Cu structure) and
1.0°(CVD-Cu structure). RBS spectra were taken with 2
MeV He+ ions at a scattering angle of 160° using a 50
mm2 passivated implanted planar silicon (PIPS) detec-
tor of 13.5 keV resolution.

3. Results and discussion

Fig. 1 shows the sheet resistance of the IMP-Cu/
IMP-TaN/SiO2/Si and CVD-Cu/IMP-TaN/SiO2/Si
structures as a function of annealing temperature in N2

ambient for 35 min. The measured sheet resistance was
dominated by the unreacted copper thin film since the
copper film (200 nm and 1.7 mV cm) is much thicker
and has a markedly lower bulk resistivity than TaN
film (30 nm and 380 mV cm) or any other reaction
products. Since the top Cu layer of 200 nm carries
almost all the current, the sheet resistance measure-
ments monitor the condition and the quality of the Cu
overlayer. It was observed that for IMP-Cu/IMP-TaN/
SiO2/Si sample, the sheet resistance slightly decreases
with increasing annealing temperature up to 550°C due
to the reduction of crystal defects and grain growth in
the copper film and then remains constant up to 800°C.
However, after annealing at 850°C, the color of the
sample was observed to change from Cu color to gray,
and the sheet resistance increase abruptly indicating the
severe intermixing and reactions between copper and
the underneath films. Similar behavior was observed in
CVD-Cu/IMP-TaN/SiO2/Si sample, but the sheet resis-
tance increased abruptly at 650°C, much lower than
850°C for IMP-Cu/IMP-TaN/SiO2/Si. Here, the
sources and/or reasons of the difference in thermal
stability temperature of the structures will be consid-
ered. Firstly, the amounts of carbon and oxygen resid-
ing in CVD and IMP Cu were examined and compared
by SIMS analysis since it was reported that a higher
carbon and oxygen concentration, the higher the film
resistivity [9]. However, in our case, it must be excluded
as the main cause because both IMP and CVD Cu have
almost the same concentrations and depth profiles of
carbon and oxygen as shown in Fig. 2. Secondly, the
grain size and roughness were examined with AFM and
compared as shown in Fig. 3. AFM images revealed
that CVD Cu has a grain size of �170 nm and surface

Fig. 1. Sheet resistance of CVD-Cu/TaN/SiO2/Si and IMP-Cu/TaN/
SiO2/Si samples as a function of temperature.
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Fig. 2. SIMS depth profile for oxygen and carbon atoms for (a) CVD and (b) IMP Cu.

roughness (RMS) �15 nm while IMP Cu has a grain
size of �30 nm and roughness of (RMS) �1.4 nm.
Since the grain size of the Ta (5�10 nm) is much less
than that of IMP-Cu and CVD-Cu, the out diffusion of
Ta to the Cu film will be faster in larger grain size
CVD-Cu. (see the following RBS result and Fig. 7).
Hence, IMP-Cu microstructure with smaller grain sizes,
in other words, with denser grain boundaries, in con-
junction with IMP-TaN can retard the intermixing and
interdiffusion of Cu, Ta, O, and Si atoms more effective
than the CVD-Cu with IMP-TaN, which can account
for a higher thermal stability of IMP-Cu/IMP-TaN/
SiO2/Si sample.

XRD analysis identified the intermixing and new
phase formation for the IMP-Cu/IMP-TaN/SiO2/Si and
CVD-Cu/IMP-TaN/SiO2/Si structures annealed up to
950°C. XRD analysis with Cu Ka source at a glancing
angle of 2.5° was used for IMP-Cu/IMP-TaN/SiO2/Si
structure. The as deposited CVD-Cu film deposited on
IMP-TaN diffusion barrier layer has a predominantly
(111) texture at 2u angle of 43.0° while IMP-Cu film
deposited on IMP-TaN has a strong (220) at 74.05° as
shown in Fig. 7and figure 8. Other small Cu peaks
(200), (311), (222) and (400) were also observed at
50.45, 89.9, 95.05 and 116.8°, respectively. Only a
broad peak of TaN having a full width half maximum
of 6° appeared at 36° indicates IMP-TaN is an amor-
phous phase.

As shown in Fig. 4, the IMP-Cu/IMP-TaN/SiO2/Si
structures show distinct XRD spectra between samples
annealed below and above 750°C. Below 750°C, any

reaction involving Cu, Ta, O or Si was not observed.
Distinctly, at 750°C, several new peaks were found at
around 23, 29 and 36°, which were identified as TaO
(001), Ta2O5 (100) and Cu2O (111), respectively. An-
nealing at 750°C makes Cu and Ta start to react with
the O2 existing in the grain boundaries and/or interface
of Cu and TaN. At 800°C annealing, a new peak of
CuTa10O26 appeared, probably due to the reaction
among TaO, Ta2O5, Cu2O, Ta and Cu. XRD analysis
shows some transition from TaO and Ta2O5–
CuTa10O26 between 750 and 800°C annealing. We can
speculate that a small amount of CuTa10O26 is growing
at the expense of tantalum oxides. The perceivable
uprising of sheet resistance is the next stage.

CuTa10O26 can be said as Ta rich compound forming
near the interface or in the TaN layer since they still
don’t affect the sheet resistance considerably as shown
in Fig. 1. At 850°C annealing, small peaks of
Cu5Ta11O30 start to appear on both sides of the
CuTa10O26 peak and becomes dominant over
CuTa10O26 at 900°C. Cu5Ta11O30 has copper content
about five times that of CuTa10O26. It costs consider-
able loss of conductive copper atoms in the copper
layer, which can explain the steep rise of sheet resis-
tance at 900°C shown in Fig. 1. Hence, it can be
concluded that the loss of copper by forming
Cu5Ta11O30 compound brought about the abrupt rise in
sheet resistance at 850°C.

Fig. 5 shows the XRD spectra of CVD-Cu/IMP-
TaN/SiO2/Si structure with Cu Ka source at a glancing
angle of 1.0°. CVD-Cu structure shows similar XRD
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spectra to IMP-Cu structure except for the orientation
of Cu(111). However, in contrast to the IMP-Cu/IMP-
TaN/SiO2/Si structure, Ta2O5 seems to be directly re-
lated to the increase in sheet resistance at 650 and
750°C annealing in the CVD-Cu/IMP-TaN/SiO2/Si
structure (as shown in Fig. 1). Ta2O5 starts to form at
below 650°C annealing, affecting the sheet resistance at
650°C annealing, and then lead to the breakdown of
structure at 750°C annealing.

Here, three sources of oxygen atoms forming Cu2O
and Ta2O5 will be considered. Firstly, oxygen atoms
from the SiO2, which would diffuse into and/or react
with the TaN layer, as the annealing temperature in-
creased since Lane et al. reported the possible reactions
between SiO2 and TaN and the formation of Ta2O5

Fig. 4. XRD patterns of the IMP-Cu/IMP-TaN/SiO2/Si structure
annealed at various temperatures for 35 min in N2 ambient.

Fig. 3. AFM measurement result for (a) IMP-Cu; (b) CVD-Cu film.

Fig. 5. XRD patterns of the CVD-Cu/IMP-TaN/SiO2/Si structure
annealed at various temperatures for 35 min in N2 ambient.

[10]. The second source is oxygen atoms incorporated
with Cu and Ta metal film from the deposition ambient
during the Cu and Ta deposition and decorating the
grain boundaries of each film [11]. We also reported the
oxygen and carbon concentration and the depth profile
in IMP-TaN being examined by SIMS analysis and the
formation of Cu2O and Ta2O5 [12]. Lastly, oxygen
atoms incorporated from annealing ambient, but were
excluded because all the samples were annealed in an
‘inert’ nitrogen atmosphere. However, the formation of
Cu2O and/or Ta2O5 cannot be fully prevented. This
reveals the fact that formation of Cu2O and Ta2O5 in
the structure is mainly due to the oxygen incorporated
during the deposition process and form SiO2.
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The comparison of the two XRD spectra (Figs. 4
and 5) leads to a conclusion that (111) oriented CVD-
Cu with larger grain size in the CVD-Cu/IMP-TaN/
SiO2/Si structure showed lower thermal stability than
(220) oriented IMP-Cu with smaller grain size in the
IMP-Cu/IMP-TaN/SiO2/Si structure. It was reported
by Tsai et al. [13] that CVD-TaN has lower thermal
stability than PVD-TaN due to the wide opened grain
structure serving as an easier diffusion path for Cu
penetration. In our work, we deposited TaN with the
same method (IMP) and Cu with different deposition
method (IMP and CVD). In both CVD-Cu and IMP-
Cu structures, Ta2O5 was detected at the same temper-
ature (750°C). However, since the compact grain

structure of IMP-Cu sample makes Ta hard to migrate
into the IMP-Cu layer, the intermixing between Cu
and TaN will be retarded, which results in the constant
sheet resistance up to 800°C. As for crystal structure,
however, IMP-Cu exhibits strong Cu (220) peak while
CVD-Cu shows strong Cu (111) peak. It can be con-
cluded that the dominant factor influencing the diffu-
sion barrier property in the Cu/TaN structure is the
grain boundary structure rather than crystal structure
of both films.

RBS spectra were taken with 2 MeV He+ ions at a
scattering angle of 160° using a 50 mm2 PIPS detector
of 13.5 keV resolution. Fig. 6 shows the RBS spectra
of CVD-Cu/IMP-TaN/SiO2/Si films as deposited, and
when annealed to 450, 550 and 650°C for 35 min. The
surface scattering energies of Ta and Cu are indicated.
At 450 and 550°C, the trailing edge of the Cu peak and
the leading edge of the Ta peak show decreasing gradi-
ent. This indicates intermixing and/or agglomeration of
the Cu and Ta. At 650°C, a new peak appears at the
surface scattering energy of Ta indicating that Ta is
present on and has accumulated on the surface. This
result indicates that the quality of the Cu overlayer has
deteriorated and is consistent with the abrupt rise in
Rs at this temperature (Fig. 1). Fig. 7 shows a com-
parison of the RBS spectra of CVD-Cu/IMP-TaN/
SiO2/Si and IMP-Cu/IMP-TaN/SiO2/Si films annealed
to 650°C for 35 min. The surface scattering energies of
Cu and Ta are indicated. The CVD spectrum has a
peak at the surface scattering energy of Ta, showing
Ta accumulation on the surface. Heavy tailing of the
Cu peak is also observed. These features are less sig-
nificant in the IMP spectrum, indicating that intermix-
ing and/or agglomeration of the constituent elements is
far more severe in the sample with CVD Cu.

4. Conclusion

The effect of Cu deposition method (IMP and CVD)
on the thermal stability of IMP-TaN diffusion barrier
was investigated in the Cu(200 nm)/TaN(30 nm)/
SiO2(250 nm)/Si structure. The IMP-Cu/IMP-TaN
structure was found to be stable up to 800°C, which
is much higher than 550°C of CVD-Cu/IMP-TaN
structure. It was found that IMP sputtering of Cu
made the individual grains tightly packed and hence
increased the packing density. Correspondingly, IMP
Cu deposition method enhanced the IMP-TaN diffu-
sion barrier property by suppressing the fast diffusion
and intermixing between Cu and TaN film. The failure
mechanism of IMP-Cu/IMP-TaN structure was at-
tributed to the formation of Cu5Ta11O30 compound
after 850°C annealing, which leads to loss of conduct-
ing Cu layer.

Fig. 6. RBS spectra of the CVD-Cu/IMP-TaN/SiO2/Si structure after
annealing at various temperatures for 35 min.

Fig. 7. RBS spectra of the IMP-Cu/IMP-TaN/SiO2/Si and CVD-Cu/
IMP-TaN/SiO2/Si structures after annealing at 650°C for 35 min.
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