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Silicon nitride (SiNx ) thin film layers were deposited on Cu/Ta/SiO2/Si multilayer structures
by Plasma Enhanced Chemical Vapor Deposition at the temperature 285◦C. The influence of
post deposition thermal annealing treatments on the micro-structural, compositional and
thermal stability study of SiNx /Cu/Ta/SiO2/Si multilayer structure was studied and
compared with unpassivated, Cu/Ta/SiO2/Si multilayer structure. It was found that after
SiNx passivation, the formation of Cu2O and Ta2O5 was significantly reduced and the
structure becomes more stable than unpassivated one. The reaction between Cu, Ta and O
was not found in this SiNx /Cu/Ta/SiO2/Si multiplayer structure but the out diffusion of Ta to
the Cu surface was unable to be suppressed. The Ta barrier was observed to fail at
temperatures above 750◦C due to the formation of TaxNy , at the interface of SiNx /Cu.
C© 2002 Kluwer Academic Publishers

1. Introduction
Currently there is a large effort to develop a process
with which to utilize copper in place of aluminum as a
conductor in microelectronic circuits. However, there
are a number of issues, which need to be addressed
[1–4] before such a substitution can take place. One
of these is that copper oxidation is not self-limiting,
and therefore some method of passivating the surface
of copper is needed. A second group of concerns re-
lates to the copper-dielectric interface. Adhesion at this
surface needs to be good, and this interface must act
as a diffusion barrier to the transport of copper ions
from the metal into sensitive regions of the devices.
These characteristics are compounded for integration
with a high temperature (>400◦C) metallization pro-
cess. A number of approaches have been investigated
for passivation of the exposed surface of Cu including
ion implantation, formation of surface silicides, treat-
ment with organic inhibitors, annealing bilayer [4, 5–7]
and doping the copper with the metals which can be
used to passivate the surface of the copper [4, 8–10]. Di-
electric passivation films may be more favorable to sup-
press Cu oxidation because the process using dielectric
passivation is easier. Thin films of silicon nitride have
been extensively used in various technological areas,
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especially in the fabrication of microelectronic devices
as oxidation masks, gate dielectric, interlevel insula-
tors, and final passivation layers. All these applications
are due to silicon nitride’s remarkable properties such
as high thermal stability, chemical inertness, extreme
hardness, and good dielectric properties. In this work,
we have used SiNx as a passivation layer to protect from
the oxidation of Cu metallization.

The usual approach to deal with the second prob-
lem is the deposition of a diffusion barrier/adhesion
promoter layer between the dielectric materials and
the copper. Many possible thin film materials have
been explored varying from low melting point met-
als, [1, 11, 12] to refractory metals [4, 13] to amorphous
carbon [14]. In order to find a suitable diffusion barrier,
a significant amount of research work has been per-
formed, and various diffusion barriers, including refrac-
tory metal (Ta and W) [15, 16] nitrides (TiN and TaN)
[17, 18] and compounds (TiW and Ta-Si-N) [19, 20]
have been proposed. Among the proposed diffusion
barriers, Ta has been widely investigated as a single
metal diffusion barrier for Cu metallization because it
not only has a high melting point (2996◦C) and silicida-
tion temperature (∼650◦C), but it also shows a very low
solubility in Cu [21]. In this communication we report
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the effect of a thin passivation layer of PECVD-SiNx

on top of Cu in the Cu/Ta/SiO2/Si multilayer structure
and subsequent annealing.

2. Experimental details
For all sample preparation and experiments described
in this study used 8′′ Si (100) wafers. Si wafers were
cleaned in 10 : 1 diluted HF solution and rinsed in deion-
ized water before SiO2 deposition. First, a 500 nm thick
plasma enhanced chemical vapor deposited (PECVD)
SiO2 dielectric was deposited by using a gas mixture
of SiH4, O2 and Ar at 350◦C on 8′′ Si wafers. The SiO2
deposited Si substrates were loaded into the IMP sput-
tering chamber for the deposition of Ta (30 nm) and sub-
sequently Cu (200 nm) without breaking the vacuum.
The IMP deposition process has been described in detail
elsewhere [22]. Then, the 20 nm thick passivation film,
SiNx , was deposited from a silane (SiH4) and ammonia
(NH3) mixture at 285◦C by Plasma Enhanced Chemi-
cal Vapor Deposition (PECVD) system. This technol-
ogy provides low substrate temperature and allows its
use in temperature sensitive materials. Also, it has ad-
vantages of low cost and small area occupation. The
properties of film made by PECVD are influenced by
deposition parameters and can be tailored to the re-
quirement over a wide range. The PECVD deposition
process has been described in detail elsewhere [23]. The
samples were annealed for 35 min in N2 ambient up to
850◦C from 350◦C with 100◦C intervals. X-ray diffrac-
tion was used for the analysis of reaction product phases
and the interdiffusion of the elements across the inter-
face, respectively. X-ray diffraction (XRD), scanning
electron microscopy (SEM) and Rutherford backscat-
tering spectrometry (RBS) were employed in conjunc-
tion with electrical measurements to examine the failure
mechanism.

3. Results and discussion
The X-ray diffraction (XRD) measurements were per-
formed with a RIGAKU model RINT2000 diffractome-

Figure 1 XRD pattern obtained from the as deposited samples of Si3N4 coated Cu/Ta/SiO2/Si multilayer structure and the XRD pattern for as-deposited
tantalum showing β-Ta (inset).

ter using a γ = 2.5◦ grazing incident angle geometry.
The Cu Kα X-ray (λ = 1.542 Å) detection was done
from 2θ = 20◦ to 2θ = 85◦ with scan speed of 4◦/min
and scan step 0.05◦ for the analysis of reaction product
phases and the interdiffusion of the elements across the
interface, respectively. Fig. 1 shows the XRD pattern
obtained from the as-deposited samples of SiNx coated
Cu/Ta/SiO2/Si multilayer structure. As see in Fig. 1 the
reflection lines from SiNx and Ta are broad in shape
and weak in intensity, while that from Cu are sharp
and strong as compare with that of from SiNx and Ta.
Pure Ta sputtered in pure Ar ambient on SiO2 grown as
the high-resistivity (200 µ
-cm) tetragonal metastable
phase and apparently polycrystalline. The XRD pattern
(inset) reveals that the peaks centered approximately at
33.55◦, 38.2◦ and 43.30◦ were correspond to those of
tetragonal β-Ta and were indexed to the (002), (202)
and (413) respectively [24]. The Cu film sputter de-
posited on Ta diffusion barrier has a strong (111) pre-
ferred orientation at 2θ angle of 43.30◦ but low intensity
peaks of (200) and (220) were also observed at 50.43◦
and 74.13◦. Fig. 1 reveals the broad low intensity reflec-
tion lines centered at 2θ angles of 13.439◦ and 33.153◦
can be indexed as β-Si3N4 (100) and (101) [24] show-
ing crystalline structure since there is a report on mi-
crostructure of SiNx which depends on the deposition
temperature. According to their results, the transforma-
tion from amorphous to crystalline structure for SiNx

films occurs for the deposited temperatures in the range
of 200–250◦C [25].

The surface morphologies and grain sizes of the
as-deposited Ta diffusion barrier, Cu metallization
layer and SiNx passivation layer were examined by
atomic force microscopy. AFM was performed using
a Nanoscope III multimode atomic force microscope.
Data were collected in tapping mode AFM with silicon
cantilevers at resonance frequencies in the range of
200–300 KHz. It is important to know the microstruc-
ture of the IMP-Ta diffusion barrier because they play
an important role on the texture of the to be deposited
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Figure 2 AFM measurement result for SiN coated Cu/Ta/SiO2/Si multiplayer structures before deposition of the next subsequent layer (a) β-Tantalum
(b) Cu metallization and (c) the Si3N4 encapsulation layer deposited on Cu.

films. AFM measurements demonstrate a smooth and
nonporous surface morphology with a surface rough-
ness (rms) of ∼0.2912 nm for a 30 nm Ta Film, doc-
umented by the AFM surface plot of Fig. 2a, which
consists of very fine grains with a mean grain size
of ∼10 nm. The crystalline Cu sample exhibits small
bumps with grain size of about ∼80 nm and a rough-
ness of ∼1.309 nm as shown in Fig. 2b. These bumps
may correspond to the columnar structure of the film.
The dielectric SiNx layer, which deposited on Cu (111)

with the ratio of SiH4/NH3 = 1 has a roughness of
∼1.311 nm Fig. 2c. The surface morphology of the
silicon nitride film is grown in island mode and com-
posed of very fine particles.

Before describing our results of thermal stabil-
ity of the SiNx passivated Cu/Ta/SiO2/Si multilayer
structures, it may be worthwhile to present the re-
sults and the solid-phase reactions in the unpassivated
Cu(200 nm)/Ta(30 nm)/SiO2/Si multilayer structure
[26]. The graphs presented in Fig. 3 indicate the change
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Figure 3 Sheet resistance of Cu/Ta/SiO2/Si multilayer structure as a
function of annealing temperature.

in sheet resistance measured on the Cu/Ta/SiO2/Si
structure as a function of annealing temperature in N2
ambient for 35 min. The measured sheet resistance val-
ues were dominated by the copper thin film since the
copper film (200 nm and 1.72 µ
-cm) is much thicker
and has a markedly lower resistivity than Ta film (30 nm
and 200 µ
-cm) and any reaction products. Since the
top Cu layer of 200 nm carries nearly all the current, the
sheet resistance measurements monitor the condition
and the quality of the Cu overlayer. Hence, these curves

Figure 4 2 MeV He+ RBS spectra of the Cu/Ta/SiO2/Si multilayer structure annealed at various temperatures for 35 min in N2 ambient (a) as deposited
(b) 450◦C (c) 650◦C (d) 850◦C.

can be used to estimate the degree of intermixing, reac-
tion, and 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 samples. The abrupt
rise in sheet resistance after 650◦C for Cu/Ta/SiO2/Si
structure is primarily attributed a partial intermixing
between Cu and the underlying films and/or a symp-
tom of a catastrophic failure caused by an overall re-
action involving all the metallization layers. The sheet
resistance of the Cu/Ta/SiO2/Si structure drop back to
a very low value after 800◦C annealing which is proba-
bly due to the β-Ta (tetragonal) to α-Ta (body centered
cubic) phase transformation since β-Ta has a resistiv-
ity of 200 µ
-cm and α-Ta phase has a relatively low
value, 15 µ
-cm [27, 28].

Rutherford Back Scattering (RBS) was used to ex-
amine reaction and interdiffusion between the Cu met-
allization layer and a Ta diffusion barrier. 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. Fig. 4 shows the RBS
depth profile of the Cu/Ta/SiO2/Si sample annealed for
35 min at various temperatures in N2 ambient. The sur-
face scattering energies for O, Si, Cu and Ta are indi-
cated. The as-deposited films exhibit two inseparable
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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 sam-
ple annealed at 650◦C (Fig. 4c), the motion of elements
are more clearly observed and the RBS spectra 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. Out-diffusion of Ta into the Cu films
seems to start along the grain boundaries, due to the
columnar structure of Cu film, in the range of ∼550 to
600◦C. However, the sheet resistance of the structure
remains unchanged if the annealing temperature does
not exceed 650◦C. The following features were also ob-
served for samples annealing temperature higher than
650◦C (i) a significant reduction of the Ta peak height
and the broadening of the Ta peak (ii) the tailing of
Cu peak into even lower energy. These features indi-
cate a possible formation of a new (Cu-Ta) compound
and XRD result confirmed the formation of Cux TayOz

[26]. When the annealing temperature reaches 850◦C
(Fig. 4d), a new Ta peak appears at the energy level of
1.836 MeV and grows indicating that Ta had migrated
to the surface, giving a peak in the RBS signal at the
surface energy expected for Ta. Annealing to higher
temperatures resulted in accumulation of Ta on the sur-
face of Cu film. The back edge of the Cu signal becomes
more graded with increasing temperature, implying that
Cu film starts to agglomerate, thus exposing part of the
Ta film to the ambient. As the results of RBS are greatly
affected by the morphologies and interface roughness
of the samples, they were interpreted in conjunction
with SEM observation.

The surface morphologies of the Cu/Ta/SiO2/Si
multiplayer structure was examined by the JEOL
5410 scanning electron microscopy operated at 20 KV.
Fig. 5a shows surface morphology of the samples be-
fore annealing; it is evident that a smooth and uniform
surface was observed. A similar morphology was also
found for samples annealed at temperatures less than
500◦C. At 650◦C, motion of Ta atoms towards the Cu
surface was initiated with high grain concentration was
observed on the surface (Fig. 5b). The surface become
rougher, but does not seem to have any voids. This is
supported by the RBS spectrum of the sample annealed
at this temperature (Fig. 4c) and sudden increase in
sheet resistance value (Fig. 3). The average grain size
at this temperature was about 1 µm. At the temperature
of 850◦C (Fig. 5), the surface of Cu/Ta/SiO2/Si multi-
layer structure shows an increase in average grain size,
and agglomeration of Cu film, that exposed the under-
neath Ta layer to the ambient, was clearly observed.
The SEM figures clearly reveal, even in low magnifica-
tion, the patches after high temperature annealing. The
grazing incident angle of 2.5◦ identified the intermixing
and new phase formation for the SiNx /Cu/Ta/SiO2/Si
structure annealed up to 850◦C. As shown in Fig. 6
there is a distinction in XRD spectra between samples
annealed below and above 750◦C. Annealing temper-
atures lower than 750◦C, only a strong pure Cu (111)
peak was found in the spectrum at 2θ angle of 43.3◦

Figure 5 SEM images 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.

[24]. Any reaction involving Cu, Ta, O or Si was not
observed. Distinctly, at 750◦C, several new peaks were
found which were identified as Ta6O (001) at 2θ◦ angles
of 38.80, and Ta2N (111) at 38.90◦ [24] respectively and
the β-Ta peak was overlap with those new peaks. It is
clear that Ta was reacted N2 which dissociated, proba-
bly, form the SiNx layer and formed Tax Ny since it was
reported that SiNx have Si and N dangling bonds as the
defects and the defect density was increased for higher
annealing temperature [29]. After annealing at 750◦C,
a new low intensity peaks were appeared at 2θ angle of
20.680◦ which was identity as α-Si3N4 (101) and more
peaks were observed at 38.535◦ and 36.53◦ which can
be indexed as α-Si3N4 (102) and (220) [23]. This reveal
the fact that β-Si3N4 has undergone a transformation
into α-Si3N4 when annealing temperature higher than
750◦C since β-Si3N4 was totally disappeared from the
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Figure 6 XRD measurement results of SiNx /Cu/Ta/SiO2/Si multilayer
structure before and after annealing at various temperatures for 35 min
in N2 ambient.

XRD spectrum. However, no significant changes in Cu
peaks were observed through out annealing process.

For the case of the presence of an oxide, Ta6O, at an-
nealing temperature at 750◦C, since Ta has very affinity
to oxygen, it forms one stable oxide Ta2O5 together with
several metalstable oxides. In an unpassivated structure
[26], it was found that Ta2O5 was formed after anneal-
ing at 650◦C due to the oxygen mainly incorporated
during the deposition process in the Cu/Ta/SiO2/Si mul-

Figure 7 2 MeV He+ RBS spectra of the Cu/Ta/SiO2/Si multilayer structure annealed at various temperatures for 35 min in N2 ambient.

tilayer structure. After passivated with SiNx , it was ob-
served that only Ta6O was formed instead of the Ta2O5.
In addition, the solubility of oxygen in the body-centre-
cubic (bcc) lattice of Ta is high (∼5at.% at 1500◦C)
[30]. The presence of oxygen in the Ta layers is indi-
cated indirectly by the formation of metalstable β-Ta
phase, which is a body centered cubic (bcc)-based super
lattice structure with only slight tetragonal distortion.
The incorporation of oxygen of more than 2–3 at.%
in the Ta layer at the annealing temperatures used in
the study leads to the formation of metalstable oxide,
Ta6O. The solubility of oxygen in the metalstable β-Ta
is not known accurately but it has to be larger than that
of stable α-Ta. The larger solubility of oxygen into the
β-Ta layer is expected to rule out the possibility that the
segregation of oxygen in the grain boundaries of the Ta
film inhibits Cu diffusion.

To examine reaction and interdiffusion between the
Cu meatllization and Ta diffusion barrier layer at differ-
ent temperatures, Rutherford backscattering spectrom-
etry was used (Fig. 7). The discrete layers of Ta and
Cu are clearly seen in the spectrum from the samples
without annealing. The measurement shows that these
layers were present up to 650◦C. At 750◦C there is a
shift in Ta peak towards the surface, but it can be at-
tributed to the thickness variations in the Cu layer as the
trailing edge of the Cu peak also shifts about the same
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amount. The occurrence of the small surface peak cor-
responding to that of Ta indicates that a small amount
of Ta has diffused to the surface of Cu. The motion of
Ta to the surface of Cu is unaffected by the SiNx cap-
ping layer. The first event of the reaction sequence is the
accumulation of Ta at the Cu/SiNx interface at 750◦C
annealing which causes reactions between Ta and SiNx

passivation layer and produced Tax Ny after annealing
at 750◦C. However, the interface between Ta and SiO2
remains smooth and intact at this temperature. For the
samples annealed at 850◦C (Fig. 7d), the motion of Ta
atoms toward the Cu surface layer are more clearly ob-
served but in-diffusion of Cu atoms as well as partial
diffusion of Ta into Si/SiO2 were not found. According
to the RBS analysis, it is believed that tantalum nitride
could be formed on the Cu surface at this tempera-
ture under this experimental condition. Concerning the
TaN formation, the following features were observed
at 850◦C (i) a considerable motion of Ta atoms toward
the surface, (ii) a reduction of the Ta signal height as
compared with the as deposited samples (iii) the Ta
signal gets broader. These features are indicative of the
reaction between Ta and N and formation of TaN at the
interface of SiNx /Cu, which is consistent with the XRD
result.

Fig. 8 shows the surface morphologies of SiNx /Cu/
Ta/SiO2/Si multilayer structure annealed at various
temperatures in N2 ambient for 35 min. Fig. 8a shows
the surface morphology of SiNx surface before anneal-
ing which reveals a smooth and uniform surface. A
similar morphology was also found but some ridges
appeared for sample annealed at temperature of 650◦C.
SEM micrograph at 850◦C (Fig. 8c) shows that the SiNx

surface exhibit changes as compare to that of at 650◦C,
ridges and patches were seen more clearly and grew
with the increasing temperature. However, as compare
to the uncoated Cu/Ta/SiO2/Si structure, the SiNx pas-
sivated structure has become more stable in thermal
treatment and shows less out diffusion of Ta atoms to
the Cu surface and interfacial reactions at Cu/Ta in-
terface. Evidences of agglomeration of Cu were not
observed in the RBS analysis of SiNx /Cu/Ta/SiO2/Si
multilayer structure even at 850◦C. Both structures did
not show any evidence (formation of Cux Siy , Tax Siy) of
Cu diffusion through Ta diffusion barrier but exhibit the
out-diffusion of Ta to the Cu surface. The out-diffusion
of Ta can be explained by two ways (i) according to
AFM measurement, the Cu has the average grain size
of ∼80 nm while Ta has a much smaller grain size, of
the order of ∼10 nm, so it is easier for Ta atoms to
migrate to Cu film rather than Cu atoms to Ta film de-
spite the faster lattice diffusion of Cu compared with
Ta, and it is not necessary for Cu to diffuse first at the
interface; (ii) it is still possible for Ta to diffuse out-
wards, due to the high affinity toward oxygen, if there
is enough oxygen available in the ambient. It is though
that Ta has the main moving elements during TaN for-
mation at the interface of SiNx /Cu and Cu just offered
short-circuit diffusion paths for Ta to react with N atoms
which were dissociated from SiNx . Apart from this the
formation of tantalum oxides (Tax Oy) can be assumed
as another reason for the retarded diffusion of the Cu

Figure 8 SEM images of Si3N4 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.

atoms. Below 650◦C, in the XRD analysis (Fig. 6), the
presence of the tantalum oxide layer prevents the dif-
fusion of Cu atoms through Ta film into the SiO2/Si
layer. It was reported that the driving force for the dis-
solution of oxygen into the Ta layer is very high [30].
Hence, the Ta-O solid solution is expected to be more
stable than the oxide layer (Ta2O5) in a large temper-
ature range. However, the dissolution of oxygen into
the Ta-rich layer becomes possible only after the relax-
ation of kinetic constraints. This will take place when
the intrinsic diffusion coefficient of oxygen in the Ta
layer is high enough. Since the intrinsic diffusion co-
efficients are exponentially dependent on temperature,
the kinetics of the dissolution reaction change strongly
with temperature. Thus, it was suggested that at tem-
perature below 650◦C kinetic constraints prevent the
dissolution of the oxide layer which is impeding the
migration of Cu atoms. As a result, no evidences of
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silicides formation like Cux Siy and Tax Siy was seen in
the XRD and RBS results in this new structure. On the
other hand, in our previous work it was found that the
severe reactions were taking place between Cu, Cu2O,
Ta and Ta2O5 and produced Cux TayOz after anneal-
ing at 750◦C. These kind of reaction products were not
appeared after passivation layer was deposited on Cu
and oxidation of Cu metallization layer was protected
effectively with this dielectric passivation layer. The
mechanisms of the Cu films oxidation at low tempera-
tures were studied by Li et al. [31]. It was observed that
Cu is first oxidized to Cu2O at the temperature as low as
200◦C and then to CuO at 300◦C. The 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 depends on the annealing condition. In
the previous experiment, the observed mircostructure
of the sample annealed at 650◦C (Fig. 5b) is likely the
result of partial formation of Cu2O. XRD results re-
vealed the formation of Cu2O after annealing at 750◦C
and grown as the temperature increased. It might be
due to the N2 ambient annealing, no transformation of
Cu2O to CuO was seen in XRD analysis. However,
the formation Cu oxide was existed in Cu/TaN/SiO2/Si
multilayer structure due to annealing process but any
form of Cu oxidation was not observed in SiNx passi-
vated Cu/TaN/SiO2/Si multilayer structure through out
the annealing process.

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 mech-
anism was compared to the uncoated one. It was found
that after passivation with SiNx film, the 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 for the uncoated
structure at the same temperature. But the reactions
between Cu, Ta and O and formation of Cux TayOz was
fully suppressed in this SiNx /Cu/Ta/SiO2/Si multilayer
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 passivation
layer and formed TaN. No further reactions were ob-
served to taking place in the structure and no evidence of
Cu diffusion through the Ta diffusion layer was found
until after annealing at 850◦C. The passivation layer,
SiNx , after annealing at 850◦C clearly exhibited ridges
and patches and grew as the annealing temperature
increased.
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