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a b s t r a c t
In this study, we have prepared surfactant templated mesoporous silica thin ﬁlms as the ultralow-k
dielectrics and a TaNX thin ﬁlm deposited by plasma enhanced atomic layer chemical vapor deposition
(PE-ALCVD) using TaCl5 as the gas precursor was used as the diffusion barrier. Without any surface modiﬁcation for the dielectric layer, Ta atoms could easily diffuse into the mesoporous layer seriously degrading dielectric properties. O2 and Ar plasmas have been used to modify the surface of the mesoporous
dielectric in a high density plasma chemical vapor deposition (HDP-CVD) system, and both of the treatments produced a densiﬁed oxide layer a few nanometer thick. According to transmission electron
microscopy and Auger electron spectroscopy, the pore sealing treatment could effectively prevent Ta
atoms from diffusing into the mesoporous dielectric during the PE-ALCVD process.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Future generations of integrated circuits require continual
introduction of low-dielectric constant (low-k) dielectrics with
decreasing k value to reduce resistance–capacitance (RC) delay,
power and heat dissipation, and interline cross-talk. A wide range
of approaches have been developed to lower the k value of dielectrics, e.g., incorporation of carbon and hydrogen into silica network
by chemical vapor deposition (CVD) [1,2], micropore or mesopore
formation in dielectrics by spin-coating of silica sol, and by porogen removal [3–5]. Among various low-k dielectrics, porous silica
materials are generally believed to be one of the most promising
candidates for interlayer dielectrics at technology nodes of 60 nm
and below because they are chemically compatible with contemporary IC processes and a k < 2.0 can be easily obtained owing to
a high porosity. However, before being implemented in Cu damascene processes, porous dielectrics need to overcome many integration challenges. One of the major concerns about integration
of porous dielectrics into Cu interconnect technology is that surface pores are penetration pathway of adverse impurities into the
porous dielectrics, such as moisture uptake during cleaning and
plasma species diffusion during etching. Therefore, surface modiﬁcation is imperative for porous low-k dielectrics being integrated
into Cu damascene process. This is particularly true when the diffusion barrier layer is deposited by atomic layer CVD (ALCVD).
Because of the self-limiting surface reaction kinetics, ALCVD is
very suitable for deposition of ultrathin barrier layers with an
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accurately controlled thickness as well as an excellent conformity
and uniformity. However, gas precursors can easily diffuse into
porous dielectrics during ALCVD processes, degrading electrical
properties of the low-k dielectrics. Many solutions have been attempted to alleviate the precursor penetration, such as capping
layer deposition [6–8], plasma treatment [9–11], and etch-byproduct deposition [12,13]. In this work, we used O2 and Ar plasma to
modify the surface of surfactant templated mesoporous silica
dielectrics by reconstructing the pore structure and thereby forming a densiﬁed surface layer to achieve the pore sealing. For most
previous studies using plasma treatments, porous low-k dielectrics, such as MSQ and organic polymers, were generally hydrophobic in nature. The as-calcined mesoporous silica prepared in the
study is intrinsically hydrophilic, and methylsilylation can be performed to improve hydrophobicity of the low-k dielectric [5]. In
this work, the as-calcined mesoporous silica was directly subjected
to the plasma treatment without any hydrophobicity pretreatment
so that retardation of moisture uptake due to the pore sealing
treatment could be investigated. To study the effectiveness of the
pore sealing process on suppressing impurity diffusion, we deposited the TaN barrier layer on the as-calcined and plasma-treated
mesoporous silica dielectric ﬁlms by plasma enhanced-ALCVD
(PE-ALCVD).
2. Experimental
The preparation method of the mesoporous silica thin ﬁlm has
been described previously [5]. In brief, a silica precursor sol was
prepared by mixing and reﬂuxing a solution of tetraethyl orthosilicate, H2O, HCl, ethanol and a nonionic surfactant, Pluronic P-123.
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The precursor was spin-coated on precleaned 6 in p-type Si(1 0 0)
wafers, followed by baking at 80–110 °C for 1 h to remove the
aqueous solvent. The organic template molecules were removed
from the mesoporous silica ﬁlm by calcinations at 400 °C for
30 min in a furnace with air ﬂow. Pore sealing of the as-calcined
mesoporous silica by O2 and Ar plasma treatments were performed
in a high-density-plasma CVD system. The plasma treatments were
carried out under the following process conditions: sample bias:
150 W; plasma power: 750 W; ﬂow rate: 70 sccm; treatment time:
10 sec.
The PE-ALCVD system had a base pressure of 5  10 4 torr. During the PE-ALCVD TaN deposition, the stainless steel tube containing the solid TaCl5 precursor was maintained at 110 °C to develop
an adequate amount of TaCl5 vapor and all the delivery lines were
heated at 115 °C to prevent the precursor from condensation. Ar
was used as the carrier gas. The thickness of the TaN barrier layer
was controlled by optimizing the number of ALCVD process cycles.
One ALCVD cycle consisted of a series of process steps, including
introduction of TaCl5, Ar purge, H2/N2 plasma nitridation, and Ar
purge. TaN deposition was carried out at the substrate temperature
of 300 °C.
Partially nitrided Ta (Ta(N)) was also sputter deposited on the
mesoporous silica layer for thermal stability study. The sputter
deposition of Ta(N) was carried out in a sputtering system (ULVAC
SBH-3308RDE) at a power of 500 W. The base pressure of the sputter chamber was <5  10 7 torr. During the Ta(N) deposition, a gas
mixture of Ar and N2 with the ﬂow rate ratio Ar/N2 = 20:1 was used
for Ta nitridation. The Cu ﬁlm 20 nm in thickness was then deposited on the Ta(N) layer at a power of 1500 W in the same sputtering
chamber without breaking the vacuum.
Density variation of the mesoporous silica ﬁlms due to the plasma treatment was studied by high resolution specular X-ray reﬂectivity (SXR) (Panalytical X’Pert PRO). The SXR measurement was
performed using a modiﬁed high resolution X-ray diffractometer
using the Cu Ka radiation (0.15406 nm). The sample position was
slightly shifted by 0.1° from the symmetric h/2h position to avoid
strong specular reﬂection. The reﬂectivity data was used to extract
the density, thickness and roughness of the thin ﬁlm sample using
the simulation software (WingixaTM) bundled with the SXR system,
which uses Parrat formalism for reﬂectivity to model the X-ray
intensity scattered from a multilayer thin ﬁlm [14,15].
Moisture uptake of the mesoporous silica ﬁlm was studied by
thermal desorption spectroscopy (TDS, Hitachi Tokyo Electronics
TDS-APIMS). Auger electron spectroscopy (VG Microlab 350) depth
proﬁling was performed to analyze elemental composition distribution in samples. Transmission electron microscopy (TEM, Philips
tacnai 20) was used to study the interfacial microstructure of samples. Quick estimations of porosity of the as-calcined silica thin
ﬁlm was performed by a refractive index analyzer (n&k analyzer
1280) [16]. Dielectric property of the mesoporous silica ﬁlm was
measured with an HP 4145B semiconductor parameter analyzer
using the metal–insulator–semiconductor (MIS) capacitor measurement structure with evaporated Al thin ﬁlms as the electrodes.

due to moisture uptake. According to SXR and TEM studies, a densiﬁed surface layer was formed on the mesoporous silica thin ﬁlm
after the plasma treatments.
3.1. Specular X-ray reﬂectivity analysis
SXR has been widely used to study material properties of thin
ﬁlms, such as mass density, ﬁlm thickness and surface roughness,
which can be deduced from SXR experimental data by curve ﬁtting
using modeling software [17,18]. Fig. 1 shows SXR spectra of the
as-calcined and the plasma-treated mesoporous silica thin ﬁlms
within the Qz range between 0 and 0.1. Qz is the magnitude of Xray momentum transfer in the ﬁlm thickness direction and is deﬁned as (4p/k)sin h, where k is the wavelength of the X-ray and h
the grazing incident angle. The SXR result indicated that the surface region of the mesoporous silica ﬁlm was signiﬁcantly modiﬁed
by the plasma treatments. The reﬂectivity within the Qz range between 0.024 and 0.033 was shown in the inset of Fig. 1 to better
illustrate the curve feature around the critical angle (hc). The two
reﬂectivity drops were due to X-ray reﬂections around the critical
angles characteristic for the mesoporous dielectric and the silicon
substrate. The ﬁrst hc around Qz  0.026 Å 1 was due to the mesoporous dielectric and the second one around Qz  0.032 Å 1 was
due to the Si substrate. According to the best ﬁt of simulation to
the experimental data, the mass density of the as-calcined mesoporous silica ﬁlm was 1.40 g/cm3, assuming that a thin native oxide
layer 2 nm thick was present at the interface between the mesoporous layer and the Si substrate. If one assumed that the density
of the pore wall of the mesoporous layer was comparable to that of
the conventional silicon dioxide, 2.25 g/cm3, the corresponding
porosity of the as-calcined mesoporous silica would be 37.8%. This
value was close to the porosity estimated by the refractivity measurement (41%). The SXR spectra of the plasma-treated mesoporous silica thin ﬁlm demonstrated a periodical oscillation feature
largely different from that of the as-calcined ﬁlm, indicating that
the thickness of the mesoporous ﬁlm was changed after the plasma
treatment [16]. For the O2 plasma-treated mesoporous silica ﬁlm,
one more top surface layer with a thickness of 19.2 nm was required to obtain the best ﬁt, and the simulated hc revealed a mass
density about 82.2% that of the conventional SiO2. The rest of the
plasma-treated ﬁlm had a porosity similar to that of the as-calcined mesoporous ﬁlm. Compared with the O2 plasma-treated
mesoporous silica ﬁlm, the Ar plasma-treated ﬁlm showed a larger
hc, as shown in the inset of Fig. 1, revealing that the top surface
layer had a larger mass density. The top surface layer of the Ar

3. Results and discussion
The as-calcined mesoporous silica thin ﬁlm prepared as described in the experimental was about 250 nm thick. A quick evaluation by refractivity spectroscopy showed that the as-calcined
mesoporous ﬁlm had a porosity of 41% [16]. According to our previous study, the average pore size of the mesoporous thin ﬁlm was
probably smaller than 40 Å [5]. The k value of the as-calcined mesoporous ﬁlm was 2.1 according to the CV measurement. Without
any hydrophobicity treatment for the silica ﬁlm, the k value increased to >4.0 after one week storage in the cleanroom ambient

Fig. 1. SXR curves of the as-calcined and the plasma-treated mesoporous silica
ﬁlms.
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plasma-treated mesoporous ﬁlm had a ﬁtted thickness of 17 nm
and the mass density was 87.3% that of the conventional SiO2. The
SXR analysis clearly indicated that the surface region of the mesoporous silica ﬁlm was densiﬁed by the plasma treatments. The
densiﬁed layer could seal opening pores on the surface of the mesoporous silica dielectric, thereby retard moisture uptake and impurity penetration during storage and subsequent processes.
3.2. Moisture uptake and leakage current
The as-calcined mesoporous silica thin ﬁlm was inherently
hydrophilic due to the presence of residual silanol terminal groups
on the pore surface. Moisture uptake by these silanol groups can
substantially degrade dielectric properties of the mesoporous silica
thin ﬁlm. In order to study the effect of the plasma treatments on
moisture uptake of the mesoporous silica dielectric, the as-calcined
and plasma-treated ﬁlms were stored in the cleanroom ambient for
20 days. Fig. 2 shows thermal desorption spectra (TDS) of H2O for
the as-calcined and the plasma-treated mesoporous silica ﬁlms.
According to the TDS spectra of H2O (m/e = 18), a large amount
of water desorbed from the as-calcined mesoporous silica when
the sample was thermally heated. Desorption of physisorbed water
and weakly hydrogen-bonded water molecules prevailed around
100 and 250 °C, respectively [19,20]. On the other hand, water
desorption from the plasma-treated mesoporous silica thin ﬁlm
was greatly reduced, suggesting that the plasma treatments could
effectively impede moisture uptake. The retardation of water
absorption could be ascribed to the presence of the plasma-densiﬁed surface layer formed on the mesoporous silica ﬁlm.
Because of the densiﬁed surface layer, dielectric properties of
the mesoporous silica dielectric can be signiﬁcantly improved.
The k value of the mesoporous silica was close to that of the as-calcined ﬁlm (2.1) right after the Ar and O2 plasma treatments. But
after one week storage in the cleanroom ambient, the k value could
increase to 3.4, indicating that the densiﬁed surface layer still allow moisture uptake to take place because it had a mass density
12–18% less than the conventional oxide as revealed by the SXR
analysis. The increase in k value with the storage time suggests
that, after the plasma treatment, subsequent metallization processes should be proceeded as soon as possible, or hydrophobicity
pretreatment, such as methylsilylation, should be performed before the plasma treatment. Fig. 3 shows the leakage current density

Fig. 2. TDS of H2O (m/e = 18) for the as-calcined and the plasma-treated mesoporous silica ﬁlms.

Fig. 3. Leakage current density versus electric ﬁeld for the as-calcined and plasmatreated mesoporous silica ﬁlms.

of the mesoporous silica ﬁlm as a function of the electric ﬁeld (J–E)
before and after the plasma treatments. Prior to the plasma treatment, the mesoporous ﬁlm showed a leakage current density of
1.3  10 9 A/cm2 at a stress ﬁeld of 1 MV/cm. The leakage current
density dropped to 1.4  10 10 and 4.0  10 11 A/cm2 after the O2
plasma and Ar treatments, respectively. The one order of magnitude of decrease in the leakage current density after the plasma
treatment can be attributed to the reduction of moisture uptake
due to the plasma-densiﬁed surface oxide layer. During the J–E
measurement, electrons injected into a thermal oxide thin ﬁlm
can be captured by water-related traps [21]. The porous nature
of the mesoporous silica thin ﬁlm could provide much more such
traps in the ﬁlm. After the plasma treatment, the leakage current
of the mesoporous silica ﬁlm was signiﬁcantly reduced due to less
adsorbed water molecules on the pore surface.
3.3. PE-ALCVD TaN barrier layer on the plasma-treated mesoporous
SiO2 dielectric
Without the densiﬁed surface layer, metallic impurities can easily diffuse into the mesoporous silica dielectric during the PEALCVD TaN deposition process. Fig. 4 shows TEM images of the
PE-ALCVD TaN capped mesoporous silica dielectric with and without the plasma treatments. The TEM image of Fig. 4a clearly shows
that Ta diffusion occurred when PE-ALCVD TaN was deposited on
the as-calcined mesoporous silica at 300 °C. The dark band with
a thickness of 5 nm at the top of the sample was the PE-ALCVD
TaN barrier layer. Below the barrier layer, a transition region with
a gradual decrease in the mass contrast can be clearly observed.
This was an indication that Ta had penetrated into the mesoporous
silica layer during the TaN deposition. Auger depth proﬁles also
provided the evidence of Ta diffusion in the mesoporous dielectric.
The corresponding Auger depth proﬁles are shown in Fig. 5a. The
Ta proﬁle extended deeply into the mesoporous silica as compared
with the nitrogen proﬁle, indicating that Ta atoms had diffused
into the mesoporous silica layer after the PE-ALCVD TaN deposition. It has been reported that the Ti precursor was found to penetrate into the porous low-k dielectric during the deposition of
the TiN barrier layer on the porous low-k ﬁlm by PE-ALCVD [22].
However, in this study, chlorine was not detected in the Auger
depth proﬁling analysis (not shown in Fig. 5a), indicating that Ta
penetration into the as-calcined mesoporous silica was due to inward diffusion of Ta atoms during the ALCVD process, but not
due to diffusion of TaCl5 precursor species.
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Fig. 5. AES depth proﬁles of the (a) as-calcined, (b) O2 and (c) Ar plasma-treated
mesoporous silica ﬁlms.

Fig. 4. Cross-sectional TEM images of the (a) as-calcined, (b) O2 and (c) Ar plasmatreated mesoporous silica ﬁlms.

When the mesoporous silica thin ﬁlm was treated by O2 or Ar
plasma before the PE-ALCVD TaN deposition, Ta diffusion could

be effectively prohibited by the plasma-densiﬁed oxide layer.
Fig. 4b and c shows the TEM images of PE-ALCVD TaN capped mesoporous silica thin ﬁlms treated with O2 and Ar plasma, respectively. Below the TaN barrier layer of both the plasma-treated
samples, there was a region with an image contrast slightly heavier
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than that of the mesoporous silica layer. Fig. 5b and c are the corresponding Auger depth proﬁles of the two samples shown in
Fig. 4b and c. For both the samples, the Ta and N proﬁles decayed
in accordance with each other and did not extend far into the mesoporous silica layer as compared with that shown in Fig. 5a. Based
on the Auger analysis, the plasma-treated mesoporous silica exhib-
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ited resistance against Ta diffusion during the PE-ALCVD TaN deposition. Therefore, observation of the interfacial region between the
TaN and mesoporous silica layers shown in Fig. 4b and c is not due
to Ta penetration, but likely the plasma-densiﬁed surface layer.
The vague boundary between the interfacial region and the mesoporous silica layer shown in the TEM images was a consequence of
plasma bombardment on the mesoporous silica layer, which could
cause a statistically random distribution of substrate atoms as a
function of the depth, during the plasma treatments. A rough estimation from the TEM images gives the interfacial region a thickness of 20 nm, which is in agreement with the thickness of the
densiﬁed surface layer derived from the SXR analysis discussed
above. Combined with AES analyses, the TEM observations suggested that the plasma induced densiﬁed surface layer could effectively prevent Ta impurity from diffusing into the mesoporous
silica dielectric during PE-ALCVD TaN deposition.
3.4. Thermal stability of the plasma-densiﬁed surface oxide
In order to study thermal stability of the plasma-densiﬁed oxide
surface layer, a Ta(N)/Cu ﬁlm stack was deposited on the mesoporous silica layer, and thermally annealed in vacuum at 600 °C for
30 min. Both the Cu and Ta(N) thin ﬁlms were sputter-deposited,
and had a thickness of 20 nm. Fig. 6 shows Auger depth proﬁles
of the ﬁlm stacks. Without the plasma treatment, serious diffusion
of Ta atoms into the mesoporous silica thin ﬁlm took place during
the thermal anneal as shown by the extended tail of the Ta proﬁle
in Fig. 6a. Fig. 6b and c shows depth proﬁles of the ﬁlm stacks with
the mesoporous silica layer treated by the O2 and Ar plasma,
respectively. The quick Ta signal drop at the interface between
the Ta(N) and the mesoporous silica ﬁlms indicates that Ta diffusion into the mesoporous layer did not occur during the thermal
anneal at 600 °C. The thermal stability study suggested that the
plasma treatments are suitable for porous low-k dual-damascene
processes in the aspect of the process temperature. It is worth noting that, compared with the ﬁlm stacks with the as-calcined and
the Ar plasma-treated mesoporous silica ﬁlms, signiﬁcant oxygen
was present in the Ta(N) layer of the ﬁlm stack with the O2 plasma-treated mesoporous ﬁlm. Because the anneal was carried out
under a vacuum condition of 2  10 3 torr, oxidation of the
Ta(N) ﬁlm due to inward diffusion of oxygen from the ambient
was not likely. Moreover, the oxygen content was much less in
the Ta(N) layer of the ﬁlms stacks without the O2 plasma treatment
as shown in Fig. 6a and c. It was possible that residual oxygen species trapped in the mesoporous silica ﬁlm during the O2 plasma
treatment diffused into the Ta(N) ﬁlm during the high temperature
anneal. It appears that, in respect of electrical conductivity, the O2
plasma treatment may not be an appropriate pore sealing method
for integration of the mesoporous silica ﬁlm with the Ta(N) barrier
layer.

4. Conclusions

Fig. 6. AES depth proﬁles of the Ta(N)/Cu ﬁlm stack was deposited on the (a) ascalcined, (b) O2 and (c) Ar plasma-treated mesoporous silica ﬁlms after annealing in
vacuum at 600 °C for 30 min.

Pore sealing of the mesoporous silica ultralow-k dielectric thin
ﬁlm was performed using O2 and Ar plasma treatments. A densiﬁed
layer <20 nm thick with a porosity of 80–90% was produced under the plasma treatment conditions. The plasma-densiﬁed surface
oxide layer could greatly reduce moisture uptake and thereby improve dielectric properties of the mesoporous dielectric. According
to TEM and AES analyses, the densiﬁed surface layer could prevent
Ta precursor species from penetrating into the mesoporous dielectric during PE-ALCVD deposition of the TaN barrier layer. Thermal
stability study showed that the plasma treatments were effective
to block impurity diffusion into the mesoporous low-k dielectric
at temperatures as high as 600 °C.
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