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Abstract

Microstructure, composition and thermal stability of the SiNx/Cu/Ta/SiO2/Si (hereinafter ‘passivated’) multi-layer sample were
investigated after annealing at different temperatures and compared with those of the Cu/Ta/SiO2/Si (hereinafter ‘unpassivated’)
multi-layer sample. Observed in this study were formation of new phases, movement of element atoms across the interface, failure
of a tantalum (Ta) barrier layer, agglomeration of Cu grains and change in surface morphologies of nitride and Cu layers by
Rutherford backscattering spectrometry, X-ray diffraction and scanning electron microscopy. The Cu layer of the passivated
sample did not show a severe agglomeration phenomenon at high annealing temperature due to protection of the Cu surface from
oxygen in the annealing ambient. In addition, there were no such phases as Cu2O and Ta2O5 that were detected in the
unpassivated sample. Although the thermal stability of the Ta layer was improved by addition of the passivation layer, Ta atoms
diffused out to the passivation layer during annealing process at 750 °C, resulting in formation of Ta2N at the SiNx/Cu interface.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent research efforts have been focused on devel-
opment of processes with which to utilize copper in
place of aluminum as a conductor in microelectronic
circuits. However, there are a number of issues that
need to be addressed [1–4] before such a substitution
can take place. Firstly, copper oxidation is not self-lim-
iting and therefore some method of passivating the
copper surface is needed. Secondly, adhesion at the
copper/dielectric interface should be good and this in-
terface must act as a diffusion barrier to transport of
copper atoms from the metal lines into sensitive regions
of the devices. A number of approaches have been
investigated for passivation of the exposed Cu surface,
including ion implantation, formation of surface sili-
cides, treatment with organic inhibitors, annealing bi-
layer [4–7] and doping of the copper with metals

[4,8–10]. Dielectric passivation films may be more fa-
vorable than others to suppress oxidation of the Cu
surface because the process is easier and can be carried
out with existing equipment. Silicon nitride is a typical
dielectric material and has been extensively used in
various technological areas, especially in the fabrication
of microelectronic devices as an oxidation mask, a gate
dielectric, an interlevel insulator, and a final passivation
layer. All these applications are due to its remarkable
properties such as high thermal stability, chemical inert-
ness, extreme hardness, and good dielectric property. In
this work, we have used the silicon nitride SiNx layer
for passivation of the copper surface.

The usual approach to resolve the adhesion issue is
to insert a diffusion barrier/adhesion promoter between
the dielectric layer and the copper. A variety of materi-
als have been evaluated from low melting point metals
[1,11,12] to refractory metals [4,13] to amorphous car-
bon [14] and several candidates have been proposed,
including refractory metals (Ta and W) [15,16], nitrides
(TiN and TaN) [17,18] and compounds (TiW and Ta–
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Si–N) [19,20]. Out of these candidates Ta has been
widely investigated as a single metal diffusion barrier
for the Cu metallization scheme, because it not only has
both high melting point (2996 °C) and silicidation tem-
perature (�650 °C), but it also shows a very low
solubility limit in Cu [21]. In this study we have investi-
gated the microstructure, composition, and thermal
stability of the SiNx/Cu/Ta/SiO2/Si multi-layer struc-
ture after annealing process at up to 850 °C

2. Experimental details

Sample preparation started with cleaning 8-inch bare
Si wafers with (100) orientation in 10:1 diluted HF
solution and rinsing in deionized water before SiO2

deposition. A 500 nm thick PECVD SiO2 layer was
deposited with a gas mixture of SiH4, O2 and Ar at
350 °C. Subsequently the wafers were loaded into a
cluster type of ionized metal plasma (IMP) sputtering
equipment so that the Ta (30nm) layer and the Cu (200
nm) layer were deposited sequentially without vacuum
break. Then, a PECVD SiNx (20 nm) passivation layer
was deposited with silane (SiH4) and ammonia (NH3)
at 285 °C. The IMP and PECVD deposition process
has been explained details elsewhere [22,23].

The samples were annealed for 35 min in N2 ambient
at an interval of 100 °C from 350 to 850 °C. X-ray
diffraction (XRD) was used for analysis of both result-
ing phases and interdiffusion of the elements across the
interface. The Cu–K� X-ray (�=1.542 A� ) scan was
conducted from 2�=20 to 85° using a RIGAKU
model RINT2000 diffractometer at a grazing incident
angle of 2.5°, a scan speed of 4° min−1 and a 0.05° scan
step. Surface morphologies of the layers were examined
using JEOL 5410 scanning electron microscopy oper-
ated at 20 kV together with a Nanoscope III multimode
atomic force microscope in tapping mode with silicon
cantilevers at resonance frequencies in the range of
200–300 kHz.

Rutherford backscattering spectrometry (RBS) was
employed to investigate diffusion behaviour of each
element of the sample in conjunction with electrical
measurements with a Four-point probe. Rutherford
backscattering spectrometry (RBS) spectra were taken
with 2 MeV He+ ions at a scattering angle of 160°
using a 50 mm2 passivated implanted planar silicon
(PIPS) detector of 13.5 keV resolution.

3. Results and discussion

Fig. 1 shows an X-ray diffraction pattern of the
passivated multi-layer sample as deposited. The Cu film
sputter-deposited on the Ta diffusion barrier has a
strong (111) preferred orientation at 43.30°, while low-
intensity peaks of (200) and (220) were observed at
50.43 and 74.13°, respectively. In contrast to sharp and
strong Cu diffraction peaks, the low intensity reflection
lines centered at 2� angles of 13.439 and 33.153° can be
indexed as �-Si3N4 (100) and (101) [24] showing crys-
talline structure since microstructure of SiNx which
depends on the deposited temperature was reported
[25]. According to their results, the transformation from
amorphous to crystalline structure for SiNx films occurs
the deposited temperatures in the range of 200–250 °C.
The XRD pattern (inset) reveals that the peaks center-
ing approximately at 33.55, 38.2 and 43.30° correspond
to (002), (202) and (413) of the tetragonal �-Ta struc-
ture with a high-resistivity of 200 �� cm, respectively.

The XRD measurement, identified new phases
formed in the passivated sample annealed at high tem-
peratures, revealing interaction of the elements across
the interface. As shown in Fig. 2, there are two new
peaks, Ta6O (001) at 38.80° and Ta2N (111) at 38.90°
[24], in the XRD patterns of the samples annealed at
and above 750 °C. The solubility of oxygen in Ta of
the body centered cubic (BCC) structure is high [26]
and the incorporation of oxygen of more than 2–3 at.%
in the Ta layer at high annealing temperatures leads to
formation of the metastable Ta6O oxide with small
tetragonal distortion. Contrary to Ta2O5 phase formed
in the Cu/Ta/SiO2/Si multi-layer sample above 650 °C
[27]. Ta binds nitrogen from the SiNx layer to form the
Ta2N phase. A �-Ta peak overlaps with those new
peaks. A strong Cu (111) peak is shown at 2� angles of
43.3° [24]. In contrast, any reaction among Cu, Ta, O
and N was not observed in the samples annealed at and
below 650 °C.

Upon annealing at 750 °C, a new low intensity peaks
were appeared at 2� angle of 20.680° which was iden-
tity as �-Si3N4 (101) and more peaks were observed at
38.535 and 36.53° which can be indexed as �-Si3N4

(102) and (220) [24]. This reveal the fact that �-Si3N4

has undergone a transformation into �-Si3N4 when
annealing temperature higher than 750 °C since �-

Fig. 2. XRD measurement results of SiNx/Cu/Ta/SiO2/Si multilayer
structure before and after annealing at various temperatures for 35
min in N2 ambient.
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Fig. 3. Sheet resistance of Cu/Ta/SiO2/Si multilayer structure as a
function of annealing temperature.

The Cu2O oxide found in the unpassivated sample
[27] was not formed in the passivated one because
oxygen atoms of the annealing ambient were prevented
from directly reacting with the Cu layer. The mecha-
nism of the Cu oxidation was studied by Li et al. [30].
It was observed that Cu was oxidized to Cu2O at the
temperature as low as 200 °C and then to CuO at
300 °C. Oxidation starts at the surface and progresses
slowly into the bulk. Since the inward diffusion of
oxygen proceeds gradually as a function of annealing
time, the complete oxidation from Cu2O to CuO de-
pends on the extent to which oxygen is available for it.
According to the XRD results of the Cu2O phase was
first detected upon thermal annealing at 750 °C and
more Cu2O found as the annealing temperature in-
creased. However, the CuO phase did not show-up
upon annealing even at higher temperature due to N2

annealing ambient. Furthermore, any form of Cu oxide
was not observed upon thermal annealing of the passi-
vated sample.

Rutherford backscattering spectrometry (RBS) was
used to examine migration of each element across the
interface in the multi-layer sample upon annealing in
N2 ambient for 35 min at different temperatures. Fig. 4
shows the RBS profile of the unpassivated sample. The
surface scattering energies for O, Si, Cu and Ta are
indicated. The as-deposited films exhibit two insepara-
ble Ta and Cu peaks without evidence of intermixing.
The Ta layer appears to remain largely intact up to
450 °C. For the sample annealed at 550 °C, the motion
of Ta atoms toward the Cu surface gradually begun,
but the integrity of the structure is still remained. For
the sample annealed at 650 °C (Fig. 4c), the motion of
elements are more clearly observed and the RBS spec-
tra show that the gradient of the trailing edge of the Cu
signal changes and a small amount of Ta appears at the
higher energy levels. The back edge of the Cu signal
becomes more graded with increasing temperature (Fig.
4d), implying that Cu film starts to agglomerate, thus
exposing Ta grains to the ambient.

Discrete peaks of Ta and Cu are clearly shown in the
RBS profile (Fig. 5a) of the passivated as-deposited
sample and do not change up to the annealing temper-
ature of 650 °C. Upon annealing at 750 °C there is a
shift of the Ta peak towards the surface. The occur-
rence of a small Ta peak at energy level of 1.836 MeV
in Fig. 5c indicates that Ta atoms have diffused out to
the Cu layer, unaffected by the presence of the SiNx

capping layer. They accumulated at the Cu/SiNx inter-
face and reacted with nitrogen, producing the Ta2N
phase during annealing at 750 °C. In contrast, the
interface between the Ta layer and the SiO2 layer
remains smooth and intact throughout the same ther-
mal annealing. For the samples annealed at 850 °C
(Fig. 5d), movement of Ta atoms toward the Cu layer
is more pronounced, which is evidenced by a reduction

Si3N4 was totally disappeared from the XRD spectrum.
However, there is no significant change observed in Cu
peaks after high temperature annealing process.

Fig. 3 shows a change in sheet resistance measured
on the unpassivated sample as a function of annealing
temperature. The sheet resistance value is determined
almost by the copper thin film since it is much thicker
(200 vs. 20 nm) and has a markedly lower resistivity
(1.72 vs. 200 �� cm) than the Ta film and any other
phases. Since the top Cu layer carries almost all the
current, an increase in the sheet resistance can be
assumed to reflect a microstructural or compositional
change in the Cu layer. Hence, this curve can be used to
estimate the degree of intermixing, reaction, or changes
of integrity across the metallization layers as well.
According to this figure, all samples, annealed up to
650 °C can maintain the same level of sheet resistance
as the as-deposited sample. The abrupt rise in sheet
resistance of the samples annealed at temperature
higher than 650 °C for the unpassivated sample is
primarily attributed to the penetration of Ta atoms into
the Cu layer, resulting in intermixing with the Cu
atoms. The surfaces of the samples appeared in patches
after annealing at 750 °C for 35 min as in SEM obser-
vation (see Fig. 7). It is further evidenced by RBS
spectrum (Fig. 4) in which a marked decrease in height
of the existing Ta peak and the appearance of a new Ta
peak at higher energy level. The concentration of Ta
atoms at the sample surface annealed at 750 °C is a few
orders higher in comparison to the sample annealed at
650 °C and the underlying films and/or a symptom of a
catastrophic failure caused by an overall reaction in-
volving all the metallization layers. The sheet resistance
of the unpassivated sample drops down at annealing
temperatures higher than 800 °C and returns to the
level of the as-deposited sample at an annealing temper-
ature of 900 °C. It is probably due to the phase trans-
formation of �-Ta (tetragonal) to �-Ta (body centered
cubic) since �-Ta phase has more than one order of
magnitude lower resistivity compared to �-Ta (15 vs.
200 �� cm) [28,29].
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of the Ta peak height as compared with the as-de-
posited samples and an appearance of a new peak at
higher energy band. However, diffusion of Cu and Ta
atoms into the SiO2 layer was not detected (i.e. the
formation of TaxSiy and CuxSiy).

It is important to know microstructure of the thin
film because it plays an important role in deciding
texture of the overlayer to be deposited on itself. AFM
pictures are shown in Fig. 6 for the passivated sample
as deposited. The 30 nm Ta film had a smooth and
nonporous surface morphology, a surface roughness
(rms) of �0.29 nm and very fine grains with a mean
grain size of �10 nm as shown in Fig. 6a. The
crystalline Cu layer, in Fig. 6b, exhibits small bumps
with grain size of about �80 nm and a roughness of

�1.309 nm. These bumps may correspond to the
columnar structure of the film. The dielectric SiNx layer
deposited on Cu with SiH4/NH3=1 has a roughness of
�1.311 nm (Fig. 6c). Surface morphology of the silicon
nitride film grown in island mode and composed of
very fine particles.

Fig. 7 shows SEM images of the Cu surface of the
unpassivated sample after different thermal treatments.
A smooth and uniform surface of the as-deposited Cu
film is shown in Fig. 7a. Similar surface images were
observed for the samples annealed at temperatures
lower than 500 °C. Upon annealing at 650 °C, it
changes to a rough surface with small Ta grains dis-
persed between large Cu grains of about 1 �m (Fig. 7b).
It can be supported with the RBS data (Fig. 4c) and a

Fig. 4. 2 MeV H+ RBS depth profile of the Cu/Ta/SiO2/Si multilayer structure annealed at various temperatures for 35 min in N2 ambient.
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Fig. 5. 2 MeV H+ RBS depth profile of the SiNx/Cu/Ta/SiO2/Si multilayer structure annealed at various temperatures for 35 min in N2 ambient.

sudden increase in sheet resistance (Fig. 3) of the same
sample. During annealing treatment at 850 °C the Cu
grains agglomerate into very big grains (Fig. 7c).
Large Ta grains are conspicuously seen dispersed
across the Cu surface. However, the Cu agglomeration
phenomenon is not observed in the passivated sample
due to isolation of the Cu layer from oxygen by the
nitride passivation layer. No evidence of Cu agglomer-
ation was observed in the RBS data of the passivated
sample annealed even at 850 °C. Neither sample
showed any peak of CuxSiy phase resulting from diffu-
sion of Cu through the Ta diffusion barrier.

Fig. 8 shows surface morphologies of the SiNx lay-
ers in the passivated multi-layer samples. A smooth
and uniform surface of the as-deposited SiNx layer is
shown in Fig. 8a. In contrast, a few ridges showed up
on the nitride surface annealed at 650 °C and more

pronouncing ridges/patches for the sample held at
850 °C (Fig. 8c). As the annealing temperature in-
creases, out-diffusion of Ta atoms into the Cu film
proceeds along the Cu grain boundaries due to its
columnar structure. It has been explained in two ways.
Firstly, the Cu layer has an average grain size of �80
nm while Ta has a much smaller grain size, of the
order of �10 nm. Hence, it is easier for Ta atoms to
migrate to the Cu film rather than Cu atoms to the Ta
film. Secondly, it is still possible for Ta to diffuse
outwards due to its high affinity with oxygen. Migra-
tion of Ta atoms to the Cu layer upon high tempera-
ture annealing leads to formation of a new (Cu–Ta)
compound, CuxTayOz, as evidenced by XRD
analysis [27]. It is thought that Ta atom is the main
moving element for the Ta2N formation at the inter-
face of SiNx/Cu and Cu just offers short-circuit
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diffusion paths for Ta to react with N atoms dissoci-
ated from the nitride layer. However, the sheet resis-
tance of the sample remains unchanged up to
annealing temperature of 650 °C. Below 650 °C a
metastable TaOx layer at the Ta/Cu interface effec-
tively blocks Cu from moving into Ta as an addi-
tional barrier layer [31].

4. Conclusions

The effect of passivation layer of SiNx on the ther-
mal stability of Cu/Ta/SiO2/Si multilayer structure
was studied before and after annealing and the failure
mechanism was compared to the uncoated one. It
was found that after passivated with SiN film, the

Fig. 6. AFM measurement result for SiNx coated Cu/Ta/SiO2/Si multiplayer structures before deposition of the next subsequent layer (a)
�-tantalum (b) Cu metallization and (c) the SiNx encapsulation layer deposited on Cu.
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Fig. 7. SEM images of Cu/Ta/SiO2/Si multilayer structure before (a)
and after annealing at (b) 650 °C and (c) 850 °C for 35min in N2

ambient.

Fig. 8. SEM images of SiNx on top of Cu/Ta/SiO2/Si multilayer
structure before (a) and after annealing at (b) 650 °C and (c) 850 °C
for 35 min in N2 ambient.

formation of Cu2O was not observed through out the
annealing process. Ta6O was formed only after 750 °C
annealing instead of Ta2O5, which was found uncoated
structure at the same temperature. But the reactions
between Cu, Ta and O and the formation of CuxTayOz

were fully suppressed in this SiNx/Cu/Ta/SiO2/Si multi-
layer structure. The diffusion barrier found to be failed
at 750 °C by out diffusion Ta atoms to the Cu layer
and reacted with the dissociated N from SiNx passiva-
tion layer and formed Tan. No further reactions were
observed to taking place in the structure and no evi-
dence of Cu diffusion through the Ta diffusion layer
was found until after annealing at 850 °C. The passiva-
tion layer, SiNx, after annealing at 850 °C clearly ex-

hibited ridges and patches and grew as the annealing
temperature increased.
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