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a b s t r a c t

The degradation of reliability for intra-level voltage-breakdown in the 45 nm generation node has
become an increasingly important issue with the introduction of porous low-k dielectrics. The dominant
failure mechanism for lower voltage ramping-up to dielectric breakdown and higher leakage current was
that more electrons easily transported through the percolation path in intra-level porous low-k intercon-
nections damaged from HF corrosion. An optimal ultraviolet curing process and a less NH3 plasma pre-
treatment on porous low-k dielectrics before the SiCN capping layer are developed to improve perfor-
mance in both of these cases. The stiff configuration of the reconstruction of Si–O network structures
and less HF corrosion is expected to have high tolerance to electrical failure. As a result, the proposed
model of this failure facilitates the understanding of the reliability issue for Cu/porous low-k interconnec-
tions in back-end of line (BEOL) beyond 45 nm nodes.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

As the size of integrated circuit features shrinks, the intercon-
nect widths become smaller; therefore, signal propagation delays
become a dominant part of the overall chip delay. Cross-talk and
power consumption greatly increase due to the parasitic capaci-
tance of interlayer dielectrics and the resistance of wiring metals.
Moreover, inter-level or intra-level dielectric reliability issues have
become an increasingly crucial concern in addition to increasing
process complexity. Major reliability issues of back-end of line
(BEOL), such as electro-migration (EM), stress migration (SM), volt-
age ramping-up to dielectric breakdown, and time-dependent
dielectric breakdown (TDDB), have received more attentions in
Cu damascene architectures. Cu ions can easily diffuse into inter-
connecting insulators in the absence of a metal barrier or an oxide
barrier when an electric field is applied.

The failures of inter-level dielectric reliability in Cu damascene
architecture have been reported. Some researches reported that
the intrinsic properties of the dielectrics contribute to the degrada-
tion of reliability [1,2]. ‘‘Intrinsic”, denotes that the material prop-
erties and integration strategy are used in the formation of BEOL,
including Cu and low-k dielectrics. Gonella et al. [1] reported that
the presence of Cu contamination gives rise to a significant leakage
current. Ogawa et al. [2] reported that a porous silica-base low-k

film resulted in the degradation of Ebd and TDDB. Other researchers
have emphasized the reliability issues related to the interface be-
tween the inter-level dielectrics and the oxide diffusion barrier
[3,4]. Alers et al. [3] reported that the reliability failure of the inter-
connection strongly depends on the properties of the dielectric dif-
fusion barrier because the adhesion energy between Cu and the
dielectric barrier, and the mechanical strength of the dielectric bar-
rier are two crucial parameters. Noguchi [4] reported that Cu ions
migrate along the dielectric surface due to heavier metal residues
from the Cu CMP, resulting in the degradation of dielectric
reliability.

A popular strategy for reducing the dielectric constant of a sil-
ica-based matrix is to add porosity into it. The added pores can
be formed through self-organization of the material, such as a ter-
mination (Si–CH3 or Si–H) or, can be formed through the selective
removal of part of the material. The latter is a novel and advanced
technology in recent IC fabrication. The purpose for the introduc-
tion of porogen organic chemicals into low-k dielectrics is to create
a greater porosity by using ultraviolet (UV) irradiation curing or
other technologies, such as thermal annealing or E-beam, to re-
move them to reach a lower dielectric constant [5–9]. However,
this new approach rise more challenges for the reliability of in-
tra-layer voltage-breakdown in or beyond 45 nm generation de-
vices. In this paper, we explore the failure model of voltage
ramping-up to dielectric breakdown from fabricated integrations
in the Cu/porous low-k interconnections of 45 nm generation
devices.
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2. Experiment

Fig. 1 shows single Cu damascene process flows in a standard
interconnection of BEOL fabrication. First, three dielectric films,
SiCN film (silicon carbide doped nitride film), porous low-k SiOCH
films (k = 2.5–2.6), and a hard mask layer, were deposited subse-
quently using plasma-enhanced chemical vapor deposition (PEC-
VD) and physical vapor deposition (PVD), followed by trench
lithography and etching processes. Porogen-based porous low-k
SiOCH films were used in UV curing with a wavelength at the range
of 200–300 nm to remove the organic porogen. The UV curing time
was examined because the film properties correspond to UV curing
behavior. In these experiments, the UV curing time varied around a
reference time, ‘‘T”, which was 7 min, from 1 to 3T. The etching
steps used fluorine-based chemistries to define the trench profile
and the following ash steps used CO/O2 and He/H2 chemistries to
remove photo resist, respectively. Conventional metallization
including TaN/Ta barrier, Cu seed and Cu electrochemical deposi-
tion was then carrier out on the patterned dielectric. Then, the wa-
fers were followed by Cu chemical–mechanical polishing (CMP).
After CMP process, thermal annealing was performed to control
Cu stress and to clean the impurity residue. NH3 plasma pre-treat-
ment was employed on the surface of the underlying layers before
dielectric diffusion barrier deposition, followed by SiCN dielectric
film deposition. A previous study [10] reported that NH3 plasma
treatment can be applied to improve the quality of the interface
between a barrier dielectric and the underlying films, including
Cu wire and porous low-k dielectrics.

The film thickness and refractive index (at a 632.8 nm wave-
length) were measured on an optical-probe system with an ellips-
ometer. The shrinkage ratio of the thickness was determined by the
difference of the film thickness for different UV curing times.
Chemical bonding of the SiOCH films was characterized using Fou-
rier transform infrared (FTIR). FTIR spectroscopy measurements,
using a Bio-Rad’s QS2200 system, within a range from 400 to
4000 cm�1. Hardness and Young’s modulus were determined using
nano-indentation. Dielectric constant was obtained at a frequency
of 1 MHz using capacitance–voltage (C–V) methods (HP-4284 C-V
system) at the accumulation region with a metal–oxide-semicon-

ductor (MIS) structure. After finishing the IC fabricated processes,
series electrical characterizations were performed on the patterned
wafer-level to evaluate its impact. Electrical characterizations such
as copper line resistance, line-to-line leakage current, and voltage
ramping-up to dielectric breakdown were measured using serpen-
tine/comb test structure. For the voltage ramping-up to dielectric
breakdown test, the applied voltage to the dielectrics was uni-
formly stair-step upwards in a fixed voltage. Transmission electron
microscopy (TEM) was used for failure analysis (FA).

3. Results and discussion

The bonding structures and film properties of the porous low-k
SiOCH materials with the various UV curing conditions are exam-
ined in this study. The UV curing times were varied around a refer-
ence time, T (of the magnitude of 7 min). Following different curing
splits, a variety of material’s characterization techniques were used
to investigate film properties. Several studies [11–13] reported
that the variation of these bonding structure changes of porous
low-k materials with various UV curing times are related to the
chemical reactions on these films during UV irradiation curing.
The FTIR spectra of porous low-k films distributed upon different
UV curing time are shown in Fig. 2a. It features the following
absorptions: network Si–O–Si stretching (�1060 cm�1); cage-like
Si–O–Si stretching (�1150 cm�1); Si–O–Si bending (�440 cm�1);
CH3 symmetric bending in Si–(CH3)x (�1270 cm�1); C–Hx stretch-
ing (�2850–3100 cm�1). The changes of these bonding structures
of the porous low-k materials with different UV curing times were
observed from FTIR spectra, we can infer the chemical reactions on
these films during UV irradiation curing. The structure modifica-
tion of Si–O–Si network structures comes from the reactions be-
tween cage-like structures and Si–CH3 bonds [11–13]. The CHx

band over the range of 2750–3100 cm�1 comprises four hydrocar-
bon peaks, including the CH3 asymmetric (�2970 cm�1), CH2

asymmetric (�2925 cm�1), CH3 symmetric (�2890 cm�1) and
CH2 symmetric (�2875 cm�1) vibrations, as shown in Fig. 2b. The
peak area of C–Hx stretching mode strongly decreased with the in-
crease of UV curing time, as shown in Fig. 2c, indicating that organ-
ic species were removed from the film. We also believe that the

Fig. 1. Process flow of Cu single damascene wiring architecture.
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variance of CHx peaks provides evidence of the removal of the ther-
mally unstable CHx fragments from the mixture precursor [6,13].
Verdonck et al. [6] indicated that the removal of CH2 groups in-

creases the porosity and decreases the dielectric constant, and that
the removal of the CH3 groups increases cross-linking and hence
probably decreases the porosity and increases mechanical
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Fig. 2. (a) FTIR spectra within the range of 400–4000 cm�1 for porous low-k films
distributed upon different UV curing time. (‘‘T” expresses the UV curing time of
7 min), (b) the FTIR-spectrum peak distribution of the CHx band at the range of
2750–3200 cm�1 for porous low-k films distributed upon different UV curing time.
(‘‘T” expresses the UV curing time of 7 min) and (c) the peak area ratios of SiCH3/SiO
and CHx/SiO for the low-k films.
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Fig. 3. Hardness and Young’s modulus as a function of UV curing time.
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Fig. 4. The variation of shrinkage ratio, refractive index and dielectric constant with
varying UV curing time for the low-k films.
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strength. Fig. 3 shows that mechanical strength, including hard-
ness and Young’s modulus, is as a function of the UV curing time.
As a result, the removal of the unstable hydrocarbon (CHx) groups
further strengthens the structure configuration of the film and in-
creases the film density.

Fig. 4 shows the variations of shrinkage ratio and refractive in-
dex of the porous SiOCH films using UV irradiation with various
curing conditions from 1 to 3T. Several reports indicated that struc-
ture modifications of Si–O–Si suboxide bonds and Si–O–Si cage-
like bonds turn into Si–O–Si network structures, subsequently
dominating the variation of shrinkage ratio and refractive index
on low-k materials because the average bond strength is intensi-
fied with increasing Si–O–Si bonds in the skeleton of the network
that is produced by UV irradiation curing [14]. The changes of the
dielectric constant of porous SiOCH materials for as-deposited film
and UV irradiation with various UV curing time are also shown in
Fig. 4. It can be concluded that the cross-linking structures and the
removal of the organic CHx phase through UV irradiation improve
the mechanical and electrical properties of porous low-k SiOCH
materials [15]. These results further demonstrate the relationship

between electrical failure and intrinsic properties of the porous
dielectrics.

Fig. 5 shows the distributions of the line-to-line leakage current
of Cu wires (pitch/line = 124/66 nm) at an applied electric field of
2 MV/cm in room temperature. The enhanced UV curing sample

Fig. 6. The schematic diagrams of TEM cross-section for: (a) standard UV curing sample; (b) enhanced UV curing sample.
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(2T) shows better line-to-line leakage current than that of the stan-
dard one (1T). There are several important implications of this re-
sult. Fist of all, this data suggests that the enhanced UV curing
produces a well-fabricated Si–O–Si structure with high mechanical
strength and appropriately low dielectric constant. Secondly, the
line-to-line spacing of meander-fork pattern would be changed,
because the line width is changed with different UV curing process
on low-k dielectrics. Fig. 6a and b show that the graphs of the TEM
in the Static Random Access Memory (SRAM) region for standard
UV curing sample and enhanced curing one. A percolation path cre-
ated in the space of SRAM region for standard UV curing sample
can be seen in the cross-sectional TEM micrograph shown in
Fig. 6a. Fig. 7 shows the distributions of the line resistance in a sin-
gle damascene architecture, Cu with the porous low-k interconnec-
tions. The Cu line resistance was increased slightly because of its
smaller line width for an enhanced UV curing condition. The aver-
age intra-level voltage ramping-up to dielectric breakdown of the
standard UV curing sample with a value of 12.2 voltage was
18.853% lower than that of the enhanced UV curing one with a va-
lue of 14.5 voltage. We demonstrated that the inter-level VRDB
failure mechanism relies on UV curing conditions on this porous
low-k dielectric.

Studies [3,16] have reported that the quality of the interface be-
tween a dielectric oxide barrier and the underlying films are re-
lated to the electrical breakdown strength. The interfacial
characteristics between a dielectric oxide barrier and the underly-
ing film were influenced by not only the adhesion strength be-
tween both materials but also the pre-treatment on the
underlying film. Noguchi [16] reported that NH3 plasma heals
the damage on the surface of Cu and porous dielectrics by forming
a nitride layer on the Cu surface and Si–H and Si–N bonds on the
dielectric surface, thus improving the electrical performance.
Fig. 8 shows the distributions of voltage ramping-up to dielectric
breakdown for various NH3 plasma pre-treatment conditions be-
fore SiCN capping. Non-NH3 plasma pre-treatment has better volt-
age ramping-up to dielectric breakdown performance. This result
seems to contradict previous studies, but thermal annealing may
have prevented damage after CMP in our study. Moreover, double
NH3 plasma pre-treatment obviously degrades the performance of
voltage ramping-up to dielectric breakdown. It is inferred that
some factors of NH3 plasma pre-treatment on underlying films
deteriorate the electrical performance.

Fig. 9 shows the distribution of HF concentration out-gases after
various BEOL processes in ULSI manufacturing. The etching process
used fluorine-based chemistries to pattern the trench profile. In
addition, the fluorine-based chemistries dissociated, and then the
residue of fluorine ion on the surface of the sidewall is considered.
Hence, high HF concentration out-gases was also found after this

etching process. Fig. 10 shows the illustration of voltage ramp-
ing-up to dielectric breakdown failure model during integrated
fabrication. Porous low-k dielectric degradation during fabricated
integration is caused by a combination of two factors: first is the
residual fluorine contamination left in a pattern trench after etch-
ing; second is hydrogen ion diffusing into the porous low-k dielec-
tric during NH3 plasma pre-treatment before the SiCN capping
layer. The residual fluorine and hydrogen ions react and then dam-
age the inner porous structures, increasing the film porosity. This is
explained why a percolation path was found in the porous low-k
dielectric layer due to the damage from HF corrosion. The greater
porosity forms more defective sites which create a percolation path
under an applied electrical stress [17], then Cu easily penetrated it.
As a result, dielectric breakdown easily fails under an enhanced
electric field.

4. Conclusions

The introduction of porosity into low-k dielectric interconnec-
tions introduces more challenges for the reliability in or beyond
45 nm node devices. In conclusion, the dominant failure mecha-
nism for both the lower voltage-ramped breakdown and higher
leakage current was that more electrons easily transported
through the percolation path in intra-layer porous low-k materials
damaged from HF corrosion. Moreover, an optimal ultraviolet cur-
ing process (Enhanced UV curing) and less NH3 plasma pre-treat-
ment on porous low-k dielectrics before a SiCN capping layer is
developed improving the electrical performance in both cases. This
is believed to be the result of the stiff configurations of the recon-
struction of Si–O network structures and lower HF damage made.
These reconstruction structures preserve its pore architectures
and suppress the damage from the HF. In our study, the proposed
failure model from integrated processes facilitates the understand-
ing of the reliability issue and provides valuable fabrication data
for well-built interconnections of back-end of line (BEOL) in or be-
yond 45 nm node devices.
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