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Abstract

The structure and mechanical behavior of organosilicate glass (OSG) coatings have been analyzed as a function of composition and
UV irradiation time. A decrease in the OSG carbon content results in more networking bonds and increased connectivity; UV irradiation
increases the connectivity by severing weak terminal bonds and stabilizes the network through local bond rearrangements. These struc-
ture modifications lead to a significant improvement in the stiffness, hardness, and fracture energy of these coatings. The networking
bond density and mean connectivity number correlate well with the mechanical behavior of the OSG films, although network bond den-
sity weighted by bond energy is a more appropriate measure. The adhesion energy of silicon nitride to OSG is significantly higher than
the cohesive energy of the OSG as a result of interface densification and crack-tip shielding. Subcritical fracture measurements in aque-
ous environments show that the detrimental effect of water on adhesion surpasses the effect of network connectivity.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As the microelectronics industry strives to manufacture
high-performance integrated circuits at lower cost, new
materials are introduced to meet the evermore-stringent
requirements raised by the shrinking feature size. Dielectric
materials with low permittivity, primarily organosilicate
glass (OSG) fabricated with plasma-enhanced chemical
vapor deposition (PECVD) technologies, are employed to
replace conventional silicon dioxide as the inter-metal insu-
lator. These new materials are necessary to reduce the
interconnect delay and power dissipation associated with
the capacitive coupling between closely placed copper
wires. Fully dense OSG has a bulk dielectric constant that
is tunable from 2.8 to 3.3, and is currently used in the pro-
duction of advanced integrated circuits. However, to meet
the requirements for future technology nodes, the dielectric
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constant needs to be reduced even more and this requires
the introduction of porosity into the OSG coatings [1].

The low dielectric permittivity of OSG as compared to
silica is attributed primarily to its lower density, which
results from the disruption of the silicon dioxide network
by terminal organic groups (mostly methyl groups) [2,3].
Introduction of these organic groups lowers the dielectric
constant k at the expense of the mechanical integrity of
the material, making it a challenge to integrate these dielec-
trics without causing reliability issues such as delamination
and cracking during or after manufacturing [4]. Hence it is
important to optimize the mechanical properties of OSG
coatings through a good understanding of the relationship
between film matrix structure and mechanical behavior,
especially if porous films are to be used [5].

In this study, we try to shed light on this relationship
by measuring the mechanical response of a series of OSG
films and by correlating this response with the network
structure of the films. In a recent paper, we presented
a systematic analysis of the composition, structure and
rights reserved.
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Fig. 1. Schematics of the bulge test specimens: (a) cross-sectional views of
the freestanding OSG trilayers and Si3N4 bilayers; (b) perspective views of
the specimen before and after pressurizing.
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polarization of a set of OSG films deposited using octa-
methylcyclotetrasiloxane (OMCTS) as a precursor [3].
Based on this analysis, a quantitative structure model
for OSG was proposed and the densities of the various
bonds in the OSG network were derived. Infrared (IR)
absorption inverse cross-sections, which relate the peak
area in an IR spectrum to the number density of the cor-
responding bond in the material, were determined for
various groups. In this paper, we discuss results obtained
for OSG films that were deposited using two different
precursors. Films deposited using one of the precursors
were grown under a wide range of precursor flow condi-
tions. Films deposited using the other precursor were
exposed to ultraviolet radiation for different periods of
time. These OSG films provide information on the struc-
ture evolution of OSG via bond stabilization and cross-
linking with little variation in composition and
dielectric constant. The Fourier transform infrared
(FTIR) spectra of the OSG films were analyzed utilizing
infrared absorption inverse cross-sections [3]. Mechanical
properties, such as stiffness, hardness, and cohesive and
adhesive energies of the OSG films, were systematically
measured and related to the structure of the films.

2. Experiment

OSG films were deposited on 200 mm (100) silicon
wafers at 400 �C in an industrial PECVD system using
OMCTS as a precursor. Helium and oxygen served as car-
rier gas and oxidizer, respectively. Four OSG films with
different compositions (denoted by OSG-1, 2, 3, 4, respec-
tively, and referred to as the OSG-series) were fabricated
by varying the flow rate of the OMCTS precursor. The
thickness of the OSG-series films was 1.5 lm, except for
the films used in the fracture measurements, which were
0.5 lm thick. The dielectric constant of the OSG-series
films varied from 3.08 to 3.33 as measured using a KLA
Quantox XP metrology system. These OSG films were
characterized as deposited; no post-deposition thermal
anneal was performed. Another set of OSG films with
thicknesses of 0.9 lm was deposited at 275 �C on 300 mm
(100) silicon wafers using diethoxymethylsilane (DEMS)
as a precursor. These films were subsequently cured in a
single step using a commercial broadband UV-source for
0, 2, 10, 20, 30, and 40 min (denoted by UV-1, 2, 3, 4, 5,
6, respectively, and referred to as the UV-series films). This
UV-curing process took place in ultra-high vacuum and at
a temperature of 400 �C. The dielectric constants of the
UV-cured films ranged from 2.90 to 2.98 while the dielec-
tric constant of the uncured film (UV-1) was 3.15.

The structure of the OSG-series films was discussed in
detail in a previous paper [3]. The structure of the UV-
series films was characterized by means of FTIR spec-
troscopy. The measurements were made in transmission
mode at a resolution of 2 cm�1 using a Nicolet NEXUS
670 spectrometer equipped with an MCT-A detector and
a KBr beam splitter. The concentration of the various
bonding structures was determined using the infrared
inverse cross-sections reported previously [3].

The stress–strain curves of the OSG-series films were
measured by means of the plane-strain bulge test [6]. In this
test, the stress–strain curve of a thin film is determined by
deflecting membranes fabricated from the film of interest.
As shown in Fig. 1a, freestanding composite membranes
consisting of 80 nm LPCVD Si3N4/1.5 lm OSG/30 nm
PECVD Si3N4 were fabricated using Si micromachining
techniques [7,8]. Long rectangular windows were opened
in the LPCVD Si3N4 coating on the backside of the wafer
using photolithography and reactive ion etching (RIE).
The exposed Si substrate was etched using a potassium
hydroxide-based solution to create freestanding OSG films
sandwiched between LPCVD and PECVD Si3N4 coatings.
Freestanding LPCVD/PECVD Si3N4 bilayers with identi-
cal layer thicknesses were also prepared to subtract the
contribution of the Si3N4 coatings, as shown in Fig. 1a.

The stress–strain curves of the OSG films were deter-
mined from the experimental pressure–deflection curves
of the membranes using the following analytical formulae
[6,7]:



Fig. 2. (a) Schematic view of a DCB test specimen. (b) A typical load–
displacement curve for the DCB tests.
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where p is the applied pressure, d the membrane deflection,
t the film thickness, 2a the membrane window width, as
shown in Fig. 1b, and e0 the residual strain in the film.
The strain rate was about 10�6 s�1.

In addition to bulge tests, nanoindentation tests were
performed on both the OSG- and the UV-series films using
a MTS nanoindenter with a Berkovich indenter tip. The
nanoindenter was operated in the continuous stiffness mea-
surement mode with an oscillating load applied to the
indenter tip [9,10]. This mode of operation allows the mod-
ulus and hardness to be determined continuously as a func-
tion of indentation depth. The indentation modulus,
M = E/(1 � m2), and the hardness, H, were extracted from
the experimental indentation curves using the following
equations:

S ¼ b
2ffiffiffi
p
p M

ffiffiffi
A
p

and H ¼ P=A ð2Þ

after correction for the finite compliance of the indenter tip
and load frame. In these equations, P is the indentation
load and A the projected contact area; E and m are Young’s
modulus and Poisson’s ratio of the material, respectively,
and b � 1.034 is a correction factor for the Berkovich in-
denter [11]. The contact stiffness S = dP/dd was obtained
from the dynamic response of the indenter during the mea-
surement. The projected contact area was calculated from
the contact stiffness and the applied load as described by
Oliver and Pharr [10].

The cohesive energy of the UV-4 and the OSG-series
films was measured utilizing the double cantilever beam
(DCB) technique [12], in which the OSG films were sand-
wiched between two silicon substrates and subjected to
mode I loading as illustrated in Fig. 2a. The sample
preparation and testing process is described below. The
mode I loading forces a crack to propagate in the interior
of the films, so that the cohesive fracture energies of the
OSG films are measured. Fig. 2b shows a typical load–dis-
placement curve. The load increases linearly under a con-
stant displacement rate of 0.3 lm s�1 until it reaches a
critical point at which the crack starts to grow and the load
decreases. The load continues to drop with further crack
extension. The specimen is then unloaded and reloaded
several times during the process, to determine the crack
length from the specimen compliance according to [12]:

c ¼ DEbh3

8Pð1� m2Þ

� �1=3

� 0:64h ð3Þ

where c is the crack length, D the displacement, b and h, the
width and the half height of the beam, P the load, and E, m
the Young’s modulus and Poisson’s ratio of silicon. The
corresponding energy release rate is given by [12]:
G ¼ 12P 2c2ð1� m2Þ
Eb2h3

1þ 0:64
h
c

� �2

ð4Þ

Finally, the adhesion energy of PECVD silicon nitride,
which is a common barrier and etch stop layer in semicon-
ductor processes, to the OSG-series films was characterized
by means of the four-point bend (FPB) test [13,14]. A sche-
matic view of the specimen geometry is shown in Fig. 3a.
The film stack is sandwiched between two silicon substrates
and a transverse notch is machined in one of the silicon
substrates to facilitate crack initiation. This particular
specimen and loading geometry applies almost equal
amount of normal and shear stress to a crack in the plane
of the film with a phase angle of approximately 43�. The
mixed mode load drives the crack towards the OSG/silicon
nitride interface. The corresponding energy release rate (or
adhesion energy) is given by [13,14]:

G ¼ 21P 2l2ð1� m2Þ
16Eb2h3

ð5Þ

When the interfacial crack is subject to a constant moment
and its length is longer than the beam thickness, the energy
release rate is independent of the crack length. A typical
test curve is shown in Fig. 3b. In the linear loading region,
a pre-crack emanates from the notch. The steps in the lin-
ear loading line occur when the pre-crack propagates in the



Fig. 3. (a) Schematic view of a FPB test specimen. (b) A typical load–
displacement curve for the FPB test.
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silicon substrate until it reaches the film stack. The interfa-
cial crack is initiated when the applied load reaches a crit-
ical level. This process results in a steep drop in the load.
Once the interfacial crack enters a steady state, a plateau
is observed in the load–displacement curve. The adhesion
energy is then calculated from the plateau load using Eq.
(5). A standard displacement rate of 0.3 lm s�1 was main-
tained for all adhesion measurement in this study. It should
be noted that the height of the plateau is a slight function
of the displacement rate if there are reactive species in the
environment [15]. In order to evaluate the effects of compo-
sition and structure on the susceptibility of OSG to stress-
corrosion fracture, subcritical fracture measurements were
performed on the OSG-series films in ambient and aqueous
environments using the four-point bend test and a load–
relaxation technique described previously [16–18].

Detailed sample preparation and testing procedures for
the DCB and four-point bend experiments were reported
previously [17,18]. Briefly, 500 nm thick OSG films were
deposited on a silicon wafer. The films were exposed to
an ammonia (NH3) plasma and then capped by 100 nm
PECVD silicon nitride. The wafers were then bonded to
a blank silicon wafer with epoxy. The bonded wafers were
cut into 65 � 6 mm2 (for FPB) or 65 � 13 mm2 (for DCB)
pieces using a high-speed diamond dicing saw. For the FPB
samples, a notch was made on the film-deposited substrate
with the dicing saw to introduce a pre-crack, which propa-
gates to the film stack during the test. For the DCB speci-
men, a razor blade was used to open a pre-crack at one end
of the beam. All the DCB and FPB tests were performed at
26 �C in dry N2.

After the DCB and FPB tests, the samples were opened
and the fracture surfaces were identified using a Surface
Science X-ray photoelectron spectroscopy (XPS) system,
model SSX-100. Monoenergetic soft Al Ka X-rays
(1486.6 eV) were used to irradiate the samples. The photo-
electron take-off angle was 35� corresponding to a detec-
tion depth of �5 nm. An electron flood gun was used
during the measurements to minimize charging of the sam-
ple surface. The binding energies were calibrated by setting
the graphitic C 1 s peak equal to 284.6 eV. Survey scans
were made at a 150 eV pass energy and with a 1 mm spot
size, while a 25 eV pass energy and a 0.3 mm spot size were
used for high-resolution scans.

3. Results and discussion

3.1. Composition and structure

A systematic study of the composition and network
structure of the OSG-series films was conducted previously
[3]. Relevant results and conclusions are summarized here.
As shown in Table 1, more carbon and less oxygen are
incorporated into the film if the OMCTS flow rate is
increased during the OSG deposition process. Both the
mass density and the relative dielectric constant of the films
decrease. FTIR analysis shows that carbon in the film takes
the form of CH3 and CH2, both of which substitute for
oxygen in the network. As the carbon content increases
the amount of CH3 increases, while that of CH2 decreases.
Evidence obtained from the FTIR spectra further indicates
that the film structure becomes less cross-linked with
increasing carbon content [3]. This is exemplified in the
change of the SiAO bond configurations, which show up
as a broad band in the FTIR spectrum extending from
925 to 1250 cm�1. Three configurations of SiAO bonds
can be identified [19]: the network structure where one Si
is connected to four O atoms (like in SiO2) and the
SiAOASi bond angle is �144�, the caged structure where
one of the O atoms is replaced by a terminal group and
the SiAOASi bond angle is larger than 144�, and the sub-
oxide/chain structures where one or more O atoms are
replaced and the SiAOASi bond angle is less than 144�.
The FTIR results show that the amount of network and
caged structures decreases, while that of suboxide/chain
structures increases with increasing OMCTS flow rate.

The bonds in the OSG network can be divided into two
groups: terminal bonds and networking bonds. The former
group includes SiACH3, SiAH and SiAOH, while the latter
includes SiAO and SiACH2. The FTIR results indicate that
the number of OH-groups in the OSG-series films is insig-
nificant [3]. Consequently, hydroxyl groups are not
included in the current analysis. The ratio of the
SiACH3/SiAO peak areas in the FTIR spectrum has been
used as a parameter to characterize the OSG film structure



Table 1
Physical properties and structure of OSG-series films

Films a-Silica OSG-1 OSG-2 OSG-3 OSG-4

OMCTS flow rate (f/f1) 1.00 1.13 1.25 1.42
Relative dielectric constant, k 4.0 3.33 ± 0.17 3.22 ± 0.16 3.16 ± 0.16 3.08 ± 0.15
C/Si atomic ratio 0 0.68 ± 0.03 0.71 ± 0.04 0.75 ± 0.04 0.79 ± 0.04
Density (g cm�3) 2.25 1.525 ± 0.019 1.475 ± 0.017 1.446 ± 0.014 1.403 ± 0.017
Terminala/networking bondb ratio 0 0.253 ± 0.055 0.268 ± 0.055 0.285 ± 0.058 0.307 ± 0.063
Networking bond density (1019 m�2) 2.01 1.535 ± 0.096 1.486 ± 0.095 1.434 ± 0.093 1.396 ± 0.091
Mean connectivity number <r> 2.667 2.490 ± 0.164 2.478 ± 0.164 2.463 ± 0.163 2.446 ± 0.163
Weighted network bond density (1019 m�2) 2.01 1.361 ± 0.068 1.324 ± 0.066 1.289 ± 0.064 1.263 ± 0.063

a Terminal bonds include SiACH3 and SiAH.
b Networking bonds include SiAO and SiACH2.

Fig. 4. (a) Typical pressure–deflection curves for sandwiched OSG films
and Si3N4 bilayers. Each curve consists of loading (solid line for the
composite films and dotted line for Si3N4 bilayers) and unloading (h for
OSG-1 and j for Si3N4 bilayers) segments. (b) Plane-strain stress–strain
curves of the OSG-series films obtained by subtracting the elastic
contribution of the Si3N4 bilayers.
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and properties. A more accurate method would be to com-
pare the number of all the terminal bonds to the number of
all the networking bonds across the films. This comparison
cannot be accomplished by simply combining the peak
areas for the various bonds in the OSG, because infrared
inverse cross-sections vary from peak to peak. If the infra-
red inverse cross-sections are known, however, it is possible
to correlate the mechanical behavior directly with the var-
ious bonds densities in the OSG network. The infrared
inverse cross-sections for OSG were determined in a previ-
ous paper [3]; the corresponding network bond densities
and the terminal/networking bond ratios are listed in Table
1 for each of the OSG-series films.

The behavior of amorphous solids with a covalent net-
work structure has been modeled using constraint theory
[20–22]. In a continuous random network, each atom is
bound to its nearest neighbors through short-range cova-
lent bonds. Thus each atom is subject to constraints asso-
ciated with bond stretching and bond bending. The mean
connectivity number <r> is then defined as the average
coordination number (CN) of the atoms in the network.
For a binary system AxB1-x, for instance,
<r> = x*CNA + (1 – x)*CNB. The connectivity number
<r> has an impact on a number of materials properties
[23–26]. From a mechanical point of view, it correlates with
the rigidity of the network as it is a measure of the average
number of constraints on each atom. Rigidity percolation
occurs when <r> exceeds 2.4, at which point the system
changes from under-constrained to over-constrained.
Therefore, it seems logical to examine the correlation
between the mean connectivity number and the mechanical
behavior of the OSG films. Table 1 lists the mean connec-
tivity numbers for the OSG-series films, as determined
from the FTIR spectra using the inverse cross-sections
from Ref. [3]. In the calculation, CH3 and CH2 groups were
each counted as one ‘‘atom” with a coordination number
of 1 and 2, respectively.

3.2. Stiffness and hardness

Typical bulge test pressure-deflection curves for the sand-
wiched films and the Si3N4 bilayers are presented in Fig. 4a.
The corresponding stress–strain curves for the OSG series



Table 2
Mechanical properties of OSG-series films

Films Nanoindentation Bulge test

Modulus* (GPa) Fitted modulus (GPa) Hardness* (GPa) Plane strain modulus (GPa) Residual stress (MPa) Residual strain (10�3)

OSG-1 18.3 ± 0.9 15.6 ± 0.8 2.7 ± 0.1 15.9 ± 0.8 51.6 ± 2.6 3.4 ± 0.1
OSG-2 15.6 ± 0.8 13.3 ± 0.7 2.3 ± 0.1 13.5 ± 0.6 54.1 ± 2.6 4.2 ± 0.1
OSG-3 12.4 ± 0.7 10.4 ± 0.5 1.9 ± 0.1 11.3 ± 0.6 56.4 ± 2.8 5.0 ± 0.2
OSG-4 10.3 ± 0.6 9.2 ± 0.5 1.5 ± 0.1 9.5 ± 0.5 58.9 ± 2.9 6.4 ± 0.2
a-Silica 75.0 ± 0.8 10.2 ± 0.2

* 5% rule.
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films are presented in Fig. 4b. It is evident from the stress–
strain curves that the films deform elastically; there is no sign
of plastic deformation. The plain-strain moduli of the films
were determined through linear regression of the stress–
strain curves and are listed in Table 2. Clearly, the film stiff-
ness decreases with increasing OMCTS flow rate.

The indentation modulus and hardness are presented as
a function of normalized indentation depth d/t in Fig. 5.
Fig. 5. (a) Indentation modulus and (b) hardness as a function of
normalized indentation depth for the OSG-series films.
The increase in both properties with increasing indentation
depth is due to the presence of the silicon substrate, a well-
known phenomenon [27]. To minimize the impact of the
substrate on the measurements, the indentation modulus
and hardness of a coating are usually reported at indenta-
tion depths of less than 10% of the film thickness. Table 2
lists the modulus and hardness values obtained at a relative
indentation depth of 5%. As expected, both modulus and
hardness decrease with increasing OMCTS flow rate. For
an isotropic material the indentation modulus is equal to
the plane-strain modulus, i.e., the plane-strain modulus
obtained from the bulge test can be directly compared with
the indentation modulus. As is evident from Table 2, the
indentation moduli are approximately 10–15% higher than
the plane-strain moduli. We attribute this difference to the
presence of the much stiffer silicon substrate. Much better
agreement with the bulge test results is obtained if the
indentation moduli are determined through linear extrapo-
lation to zero indentation depth as illustrated in Fig. 6 (fit-
ted modulus in Table 2).

The stiffness and hardness of the OSG-series films are
comparable to or greater than those of other PECVD
OSG films with similar dielectric constants [28–31], and
superior to the same properties for spin-on glass [32–35].
This observation may be attributed to the energetic process
Fig. 6. Indentation modulus as a function of normalized contact radius
for the OSG-series films. Solid lines are linear regression curves.
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in PECVD, which preferentially sever weak bonds like
SiAH and CAH in the precursor while preserving the silox-
ane backbone and thus promote cross-linking. A slight
decrease in the carbon content of the OSG-series films
results in only a modest increase in the dielectric constant,
mean connectivity, and network bond density, but
improves the stiffness and hardness by nearly 80%. This
is achieved for the most part through increased bond
cross-linking of the OSG network. The mechanical proper-
ties of OSG films are evidently very sensitive to the precise
network structure of the films.

Next, we correlate the mechanical behavior of the OSG-
series films with parameters describing the network struc-
ture. The stiffness and hardness are plotted as functions
of the networking bond density in Fig. 7a and the mean
connectivity number in Fig. 7b. All films have a mean con-
Fig. 7. Modulus and hardness of the OSG-series films presented as a
function of: (a) the networking bond density and (b) the mean connectivity
number. The modulus is an average of the values obtained from the bulge
test and the indentation experiments.
nectivity number <r> larger than 2.4, the rigidity percola-
tion threshold. It has been reported that the addition of
terminal nodes to an over-constrained covalent network,
results in a softening of the material. The mechanical prop-
erties of such a network closely correlate with the mean
connectivity number [23,36]. This is indeed borne out in
Fig. 7b, where both stiffness and hardness correlate well
with the mean connectivity number over the range of pro-
cess parameters considered in this study. It should be
noted, however, that network bond density provides an
equally good description.

3.3. Effect of UV irradiation on film structure and

mechanical properties

Fig. 8 shows the evolution of various bonds in the UV-
series films as a function of UV irradiation time. Film
properties and information obtained from the FTIR anal-
ysis are listed in Table 3. The mass densities obtained from
the FTIR analysis are within 4% of the gravimetrically
measured values. The as-deposited film (UV-1) has a larger
density than most of the UV-irradiated films. The initial
reduction in density upon irradiation suggests that there
are entrapped volatile species that are removed from the
network during irradiation process. This observation is
supported by the FTIR results. For instance, Fig. 8a shows
that the content of hydrocarbon species decreases with
increasing irradiation time. These species may be methyl
and methylene groups or other small hydrocarbon mole-
cules that are weakly bound and entrapped in the network
during film deposition and that gain enough energy to
escape during UV irradiation. Most of the decrease in den-
sity occurs within the first 10 min of the irradiation process,
indicating that the volatile hydrocarbon species are rapidly
exhausted. With continuing UV irradiation, the disruption
of Si- and O-bound methyl and methylene groups promote
the formation of siloxane bond as shown in Fig. 8a. Fig. 8b
illustrates that with increasing irradiation time, the number
of methyl groups that are bound to Si decreases, while that
of silicon-linked methylene increases. This observation sug-
gests that UV irradiation converts some of methyl groups
into methylene groups possibly by severing one of the
CAH bonds and by the subsequent formation of a CASi
bond. Comparing the initial CAH bond density in Fig.
8a and b further suggests that there are indeed hydrocar-
bon species that are not bound to silicon. The amount of
SiAH bonds is insignificant as shown in Fig. 8b. In Fig.
8c, we show the change of the different SiAO bond config-
urations during UV irradiation. Evidently, in addition to a
net increase in the total number of bonds, the SiAO bonds
are also reconfigured during the irradiation process. The
unstable and energetically unfavorable cage/large angle
SiAO bonds are converted to a silica-like network or the
more stable suboxide [19,30].

Overall, UV irradiation removes the entrapped volatile
species and disrupts the weak terminal groups in the film.
It also supplies the energy for local bond rearrangements.



Fig. 8. Structure of OSG films with different UV cure time. (a) The concentration of siloxane bonds (based on the band at 1250–950 cm�1) and
hydrocarbon species (based on the band at 3010–2820 cm�1 including CH3 and CH2). (b) The silicon-bound methyl (1274 cm�1), methylene (1360 cm�1),
and SiAH bonds (2320–2120 cm�1). (c) Different forms of siloxane bonds shown in the broad band around 1250–950 cm�1.

Table 3
Structure, physical and mechanical properties of UV-series films

Films UV-1 UV-2 UV-3 UV-4 UV-5 UV-6

Cure time (min) 0 2 10 20 30 40
Dielectric constant k 3.15 2.90 2.91 2.93 2.96 2.98
Density (g cm�3) 1.473 1.375 1.431 1.468 1.458 1.503
Thickness reduction (%) 3.1 7.2 9.6 10.9 12.3
Modulus# (GPa) 7.3 ± 0.1 9.1 ± 0.1 13.3 ± 0.2 16.1 ± 0.3 19.1 ± 0.2 21.0 ± 0.3
Hardness* (GPa) 1.17 ± 0.05 1.52 ± 0.05 2.16 ± 0.07 2.53 ± 0.08 2.89 ± 0.08 3.06 ± 0.09
Mean connectivity number <r> 2.451 2.473 2.501 2.516 2.528 2.540
Networking bond density (1019 m�2) 1.218 1.270 1.383 1.463 1.511 1.578
Weighted network bond density (1019 m�2) 1.208 1.249 1.318 1.375 1.403 1.452

# Fitted.
* 5% rule.
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Thus it stabilizes the structure and promotes cross-linking
in the network. In terms of its mechanical response, the
film becomes more robust as evidenced by the increase in
modulus and hardness values shown in Table 3. While
the mechanical properties of the film increases significantly
with irradiation, the value of the dielectric constant
increases only slightly from 2.90 to 2.98. These results dem-
onstrate that, when optimized, the UV-cure process can
greatly enhance the mechanical properties without signifi-
cant reduction in electrical properties.

In Fig. 9a and b, the stiffness and hardness of the UV-
series films are plotted against networking bond density
and compared to those of the OSG-series films. The mod-
ulus values of the OSG-series are the same as shown in Fig.



Fig. 9. Modulus (a) and hardness (b) of the UV- and OSG-series films plotted against networking bond density. The modulus (c) and hardness (d) are
better described for both the UV- and OSG-series films if the networking bond density is weighted by the corresponding bond energies.
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7; those of the UV-series are extrapolated from the inden-
tation curves as described in the previous section. While
both stiffness and hardness values correlate well with the
network bond density, the data for UV- and OSG-series
do not collapse, i.e., the network bond density alone does
not suffice as a descriptor of the network structure. This
is so because the SiAO and SiACH2 bonds are counted
equally when calculating the network bond density, ignor-
ing the fact that their respective bond stiffness and strength
are quite different (800 kJ mol�1 for SiAO versus
451 kJ mol�1 for SiAC) [37]. Similarly, the mean connectiv-
ity number <r> fails to account for the different stiffness of
the various bonds; thus <r> is not sufficient to describe the
structure evolution either. An alternative approach is to
weigh the densities of the various bonds by their respective
bond energies. For instance, if a SiAO bond is counted as
one, a SiACH2 bond counts for only 451/800, thus taking
into account the reduced stiffness of the SiACH2 bond. We
refer to the bond density calculated using this method as
the weighted network bond density. Fig. 9c and d depict
the stiffness and hardness of both the UV- and OSG-series
films as a function of the weighted networking bond den-
sity. Evidently, the weighted networking bond density cor-
relates very well with the mechanical properties of the OSG
films over a wide range of process conditions and even
works for OSG films deposited using different precursors.

3.4. Cohesive and adhesive fracture energies

The fracture energies, GIC, of the OSG-series films and
the UV-4 film as measured by the DCB test are listed in
Table 4. XPS measurements (spectra not shown) indicate
that fracture always takes place inside the OSG films.
The adhesion energies of the PECVD Si3N4 barrier layers
to the OSG-series films as measured by the FPB test are
also listed in Table 4. Fig. 10a shows typical XPS survey
spectra obtained from the crack faces. On the Si3N4 side,
a strong N 1s signal is clearly identified; on the OSG side,
no nitrogen signal is evident. This result would seem to
indicate a clean interfacial fracture along the OSG/Si3N4

interface. High-resolution scans on the OSG side (Fig.
10b), however, reveal a small peak at 398.9 eV. This peak
is associated with SiOAN bonds [38,39] that form when
the OSG films are exposed to the ammonia plasma during



Table 4
Fracture and adhesion energies

Films Fracture toughness,
GIC (J m�2)

Adhesion energy
to Si3N4 (J m�2)

OSG-1 3.77 ± 0.56 6.89 ± 0.71
OSG-2 3.56 ± 0.26 6.16 ± 0.32
OSG-3 3.41 ± 0.20 5.84 ± 0.50
OSG-4 3.26 ± 0.21 4.58 ± 0.21
UV-4 3.73 ± 0.40

Fig. 10. (a) Survey scans of fracture surfaces showing the N 1s signal on
the nitride side; (b) high-resolution spectra of the N 1s peak show SiOAN
species on both sides.

Fig. 11. Adhesion and cohesive fracture energy of the OSG-series films as
a function of weighted networking bond density.
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the silicon nitride deposition process. The high-resolution
N 1s peak obtained on the Si3N4 side (Fig. 10b) shows a
shoulder on the high-energy side and actually consists of
two peaks: A strong peak at 397.9 eV, which is due to
the silicon nitride [40], and a weak peak at 398.9 eV, which
corresponds to the same SiOAN bonds found on the OSG
side. Thus it seems likely that a small amount of OSG
material remains on the silicon nitride after fracture.

The adhesion energy and cohesive energy are plotted
against the weighted network bond density in Fig. 11.
The cohesive energy scales linearly with the bond density
and extrapolates to approximately 7 J m�2 for the weighted
network bond density of fused silica, which is in reasonable
agreement with the literature value of 7.6 J m�2 [41]. It is
somewhat surprising, however, that the adhesive values
are much larger than the cohesive energies. In order to
explain this result, at least two factors need to be
considered.

First, the loading mode is different between the two
techniques (mixed mode in FPB vs. pure mode I in
DCB). The effect of mode mixity on the fracture energy
can be estimated from a model by Evans and Hutchinson
[42]. This model examines shielding of the crack tip caused
by contact between two non-planar crack faces. The phe-
nomenon is governed by a parameter a0, which is a func-
tion of the material properties and the roughness of the
crack faces:

a0 ¼ 0:28MF 2=GICL ð6Þ
where F is the height of the steps on the crack surface and L
the wavelength. These parameters may be determined by
scanning the crack surfaces with an atomic force micro-
scope. For the OSG-series films in this study, F and L were
approximately 2 and 20 nm, respectively, yielding a0 values
from 0.23 to 0.16. Based on the fracture energies measured
in the DCB experiments, the model predicts that the frac-
ture energies obtained from the four-point measurement
should follow the solid line in Fig. 11.

Second, the fracture location is different: in the FPB test,
fracture occurs at the OSG/nitride interface and involves
the topmost layer of the OSG film, while in the DCB test
fracture occurs in the bulk of the film. This distinction is
important because the OSG network bond density near
the interface is higher than in the bulk of the film as a result
of the exposure to the ammonia plasma during the deposi-
tion of the Si3N4 film. The densification caused by this
plasma leads to a higher fracture energy for the interface.
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As the values of M and GIC that were used to estimate the
contribution of crack-tip shielding from Eq. (6) are those
for the interior of the OSG films and not for the densified
interface, the solid line in Fig. 11 actually represents a
lower bound for the effect of crack-tip shielding in the
FPB test. Interface densification tends to further increase
this effect and if the topmost layer of the OSG were fully
densified with the same stiffness and cohesive energy as sil-
ica, the crack-tip shielding model would predict a fracture
energy of approximately 11 J m�2 for the FPB measure-
ments. Thus it is evident from Fig. 11 that both crack-tip
shielding and interface densification contribute to the
higher fracture energies obtained in the FPB
measurements.

3.5. Subcritical fracture behavior

Fig. 12 depicts the velocity of cracks propagating at the
OSG/silicon nitride interface as a function of applied
energy release rate for OSG-series films in a dry environ-
ment (�10% relative humidity) and in de-ionized water
(pH 6.5). The curve for OSG-1 tested in the dry environ-
ment shows a well-defined plateau where the fracture pro-
cess is limited by transport of water molecules to the crack
tip. Projected plateaus based on Eq. (11) in Ref. [18] have
been added for all curves as a guide to the reader’s eye
(solid lines in Fig. 12). The effects of composition and
structure are evident in the reaction-controlled regime,
where the crack velocity curves shift to lower energy release
rates with increasing OMCTS flow rate (increasing C con-
tent), indicating a reduced resistance to fracture with
decreasing network connectivity.

The subcritical measurements in DI water show energy
release rates that are significantly reduced as compared to
the measurements in a dry environment, suggesting that
OSG films are very susceptible to stress-corrosion cracking.
In fact, the detrimental effect of water is so strong that the
Fig. 12. Subcritical fracture curves in both dry ambient and aqueous
environment for the OSG/silicon nitride interface.
adhesion enhancement due to the increased network con-
nectivity and interfacial densification is greatly diminished,
and is entirely lost in the experimental scatter. To avoid
adhesion degradation, it is critical to minimize exposure
of OSG films to water during or after the integrated circuits
fabrication process [43].

4. Conclusions

This study has shown that the mechanical properties of
OSG films depend sensitively on their carbon content and
network structure. A small reduction in carbon content
leads to increased network connectivity and hence
improved mechanical behavior. Mechanical behavior can
also be improved by UV irradiation of the films, without
a significant change in dielectric constant. Structure analy-
sis reveals that UV irradiation severs weak terminal bonds
and creates networking bonds. The UV cure also provides
the energy for local bond rearrangement where large angle
SiAOASi bonds are converted to more stable small-angle
bonds with larger bond energy.

Both the mean connectivity number and the network
bond density correlate well with the stiffness and the
hardness of the films over a limited range of process
parameters. The weighted network bond density, on the
other hand, works for a broad range of conditions and
even captures the effect of the UV cure. The cohesive
energy of OSG films scales linearly with the weighted
networking bond density of the films. The adhesion
energy between silicon nitride and OSG as measured
by four-point bending is significantly larger than the
cohesive energy of the OSG films. The difference between
the adhesive and cohesive energies can be attributed to
the densification of the surface of the OSG films during
the deposition of the silicon nitride as well as to crack-
tip shielding. Subcritical adhesion measurements, how-
ever, show that this enhancement vanishes when the films
are exposed to water.
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