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The adhesive and cohesive properties of organosilicate thin films are remarkably insensitive to UV
curing. We demonstrate how to maximize these properties with UV standing waves together with an
optical spacer underlying layer. Using a simulation of the UV cure profile through the film thickness,
we demonstrate how a UV transparent SiN optical spacer layer can be selected to maximize curing
at both sides of the organosilicate film with marked increases in interfacial fracture energy. On the
contrary, a UV absorbing SiCN underlying layer resulted in significantly reduced UV intensities and
small improvements of the interfacial fracture energies. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3190198�

Organosilicate thin film glasses �OSGs� have applica-
tions as low dielectric constant �k� materials in micro-
electronic interconnect layers,1 selective membranes,2

biosensors,3 optical waveguides,4 and antireflective
coatings.5 However, their mechanically fragile nature and
susceptibility to environment-assisted cracking have made
integration into complex device structures
challenging.6–8,10–13 Significant efforts have been directed to
improving their mechanical properties by postdeposition
treatments such as thermal,14 plasma,15 e-beam,14 and UV
curing.9–14 UV curing has been demonstrated to significantly
increase the elastic modulus, hardness, and fracture energy
while inducing relatively minor increase in dielectric
properties.9–14,16 However, the adhesive fracture energy at
the bottom interface and the cohesion in the middle of the
OSG film are remarkably insensitive to UV curing compared
to adhesion at the top interface.9–12

While the bottom interface is sometimes weaker due to a
higher carbon content near the bottom interface ��10 nm�
resulting from partially dissociated precursors during a typi-
cal plasma enhanced chemical vapor deposition �PECVD�,17

the UV curing is nevertheless ineffective in improving the
adhesion at the bottom interface. We previously demon-
strated the insensitivity of the fracture energy at the bottom
to UV curing is related to depth dependent UV curing
through the OSG film thickness by the UV standing wave
effect.9,10 It was shown that UV light intensity at the bottom
interface of the OSG on a highly reflecting underlying layer
has a minimum value due to destructive light interference,
which leads to the relatively small increase in the fracture
energy at the bottom by the UV curing. The nonuniform
curing that results through the film thickness was apparent by
observing a corresponding change in the elastic stiffness of
the film.9,10

In the present study, we demonstrate how to maximize
the UV light intensity and therefore the fracture energy at
both top and bottom interfaces of the OSG film by exploiting
the UV standing wave effect and an underlying barrier layer
as an optical spacer. The model predicts the UV cure inten-

sity, U, as a function of film depth, z, and cure duration, t,10

U�z,t� = �
0

t

I2�h�t�,n�t�,z�dt , �1�

where I2 is the standing wave intensity in an OSG film on a
Si substrate, which can be obtained by squaring the magni-
tude of the electric field of the standing waves within the
film, �2. We initially extend our UV curing model to account
for multilayer films by considering an OSG film on an un-
derlying UV transparent barrier �Fig. 1�a��. An electric field
of a standing wave within the OSG film �region �2�� can be
analytically expressed as

�2�z� = �I�12

exp�− ik2z� + �23� �h2

2 exp�ik2z�

1 + �12�23� �h2

2 , �2�

where

�23� =
n2 − n3X3

n2 + n3X3
, X3 =

1 − �34�h3

2

1 + �34�h3

2 , �3�

and �I is the incident wave at z=0, �ij = �ni−nj� / �ni+nj� is
the reflection coefficient, �ij =2ni / �ni+nj� is the transmission
coefficient, �hj =exp�−ikjhj� is the internal transmittance of
the thin film, kj =2�nj /� is the propagation constant, nj =nj
− i� j is the complex index of refraction, nj is the refractive
index, and � j is the extinction coefficient.18 Indices refer to
layers as defined in Fig. 1�a�. By incorporating Eq. �2� into
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FIG. 1. �Color online� �a� Film stack showing geometry for the derivation of
an extended UV curing depth profile model. UV cure intensity depth profiles
through the OSG film on �b� UV transparent and �c� UV absorbing under-
lying layers, respectively.
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our UV cure depth profile model described by Eq. �1�, the
effect of the underlying optical spacer layer on the resulting
UV cure depth profile can be explicitly predicted.

Through optimization of the thickness and optical prop-
erties of the underlying layer using the extended model,
maximum UV cure intensities at both the top and bottom
interfaces of the OSG layer can be achieved. Using a UV
curing wavelength of 172 nm and the refractive index and
absorption properties of the OSG and barrier layer, it was
found that a 20 nm thick UV transparent SiN underlying
layer �absorption coefficient, ��7	103 cm−1� results in
maximum UV cure intensities at both the top and bottom
interfaces of the OSG, whereas a typical UV absorbing SiCN
layer ��
3	105 cm−1� resulted in minimum intensities as
shown in Figs. 1�b� and 1�c�, respectively. The presence of a
zero standing wave intensity that leads to no curing is appar-
ent at the interface with Si. The 20 nm thickness was selected
to avoid this zero intensity and locate a maximum intensity
at the bottom of the OSG film, utilizing the underlying layer
as an optical spacer �Fig. 1�b��.

OSG films with dielectric constant k�2.6 and thickness
ranging from 65 to 180 nm were deposited by PECVD on
blank Si substrates, and on 20 nm thick SiN and SiCN un-
derlying layers, respectively. The underlying layers were also
deposited by PECVD on Si substrates. After deposition, they
were exposed to monochromatic UV radiation with wave-
length �=172 nm for 5 min in a controlled environment.
Following the UV cure, the films were capped with PECVD
SiCN barrier layers. The force modulation atomic force mi-
croscopy �FM-AFM� technique9,10 was used to investigate
the variations in the elastic modulus on the cross-section of
specimens containing the UV cured organosilicate films. Two
thin film structures were bonded with epoxy, and the speci-
men consisting of the two thin film structures were diced and
polished by chemical mechanical planarization to produce a
flat cross-section. The AFM tip always remained in contact
with the surface during force modulation scans on the cross-
section. The elastic modulus was quantified using Hertzian
contact mechanics to consider the deformation of both the
surface and the tip. Time-of-flight secondary ion mass spec-
trometry �TOF-SIMS� was used for the depth profiling of
chemical compositions through the films. Four-point bend
and double cantilever beam specimen geometries were fab-
ricated and tested to measure adhesive and cohesive fracture
energies of the OSG films, respectively.9,10,19,20 After testing,
the specimens were examined using high resolution x-ray
photoelectron spectroscopy to determine the fracture path in
the thin-film structures.

A force modulation signal image of a cross-section of a
specimen containing an initially 180 nm thick UV cured
OSG film on a Si substrate is shown in Fig. 2�a�. The force
modulation signal was converted to elastic modulus, E, using
Hertzian contact mechanics and the elastic modulus depth
profile �a black line in Fig. 2�b�� had only one peak in the
middle with very severe undulation and the profile is consis-
tent with a prediction �a red line in Fig. 2�b�� simulated using
the UV standing wave model. The discrepancy between the
measured and predicted elastic modulus becomes larger to-
ward both interfaces. The measured elastic modulus of the
OSG near the interfaces was overestimated due to the AFM
tip beginning to sample the stiff adjacent Si and SiCN mate-
rials �E
160 GPa�. Such tip convolution limits the spatial

resolution of the FM-AFM technique near the interfaces.
TOF-SIMS depth profiling for carbon content was per-

formed through the OSG films before and after the UV cur-
ing �Fig. 2�c�� to demonstrate that the UV cure intensity at
the bottom of the UV cured OSG was a minimum by de-
structive light interference on a highly reflecting Si substrate.
Depletion of carbon content is an indication of UV curing
reactions involving loss of terminal methyl groups and sub-
sequent formation of glass backbone bonds.11,13,16 A horizon-
tal line in Fig. 2�c� represents a depth profile for the carbon
content of the uncured OSG film. Following the UV cure,
significant decrease in the carbon content was observed and
the depth profile was not uniform. The carbon content oscil-
lated with the same periodicity as that of predicted elastic
modulus depth profile shown in Fig. 2�b�. However, the most
interesting finding was a carbon peak at the bottom interface,
which means that the bottom underwent the minimum UV
cure intensity as predicted. This suggests the possibility of
increasing the fracture energy at the bottom of the layer by
increasing the UV cure intensity using the optical spacer
layer discussed above.

A UV transparent SiN layer was used for the underlying
optical spacer layer and compared to a UV absorbing SiCN
layer. We note that they are currently used as barrier layers to
Cu diffusion. The SiCN film can significantly absorb high
energy UV light depending on its carbon content.21,22 It was
expected that the UV transparent SiN would work as an op-
tical spacer to relocate the UV intensity maximum at the
bottom interface of the OSG film. Figure 3 shows the simu-
lated UV cure intensity depth profiles in a 65 nm thick OSG
film deposited on SiCN and SiN, respectively, and their mea-
sured fracture energies. As shown in the simulated UV cure
intensity depth profile for the OSG on SiCN �Fig. 3�a��, UV
cure intensity at the bottom is very small because of strong
UV light absorption by the SiCN underlying layer. Conse-
quently fracture energy at the bottom was not improved by
the UV curing, although fracture energy at the top increased
noticeably �Fig. 3�b��. On the contrary, the UV transparent
SiN underlying layer had totally different results. The simu-
lated UV cure intensity depth profile shows maximum UV
cure intensities both at the top and bottom �Fig. 3�c��. The
measured fracture energy was dramatically increased not

FIG. 2. �Color online� �a� A force modulation signal image of a cross-
section of a specimen containing a UV cured OSG film, �b� an elastic modu-
lus depth profile of the OSG film measured by FM-AFM �black line� is
compared with predicted one by the standing wave simulation �red line�, and
�c� TOF-SIMS depth profiling for the carbon content through the OSG films
before and after UV curing.
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only at the top but also at the bottom �Fig. 3�d��. The fracture
energy at the bottom increased by almost 100% from 2.6 to
5.3 J /m2 following the UV curing. The same trend was ob-
served for the thicker OSG film as shown in Fig. 4, however,
with somewhat less increase of the fracture energies at the
top and bottom of the 100 nm thick OSG film on SiN due to
increased absorbance of the thicker OSG film.

The results clearly demonstrate that significant enhance-
ment in fracture energies at both interfaces of OSG films can
be obtained by tailoring the UV curing depth profiles and
employing the underlying barrier as an optical spacer. Mini-
mum UV curing at the bottom of an OSG film on a reflecting
Si substrate was confirmed with TOF-SIMS depth profiling.
A 20 nm thick UV transparent SiN underlying layer was

shown to work as an optical spacer to locate maximum UV
intensities at both interfaces of the OSG film resulting in
dramatic increases in the interfacial fracture energies. On the
contrary, a UV absorbing SiCN underlying layer resulted in
significantly reduced UV intensities and small improvements
of the fracture energies at the interfaces because of strong
UV light absorption.

We note finally that the implications of this study are
not limited to OSG films, but have broader applications for
thin film technologies employing UV curing. A promising
further application of this study is the possibility of fabricat-
ing films with graded mechanical and physical properties
with a single post deposition UV curing process. For ex-
ample, dielectric films could be made with high elastic
modulus and fracture resistance at the top, preservation of
ultralow k value in the middle, and high adhesion and ash
tolerance at the bottom, as is desired for next generation
microelectronic interconnects.23
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FIG. 3. �Color online� Simulated UV cure intensity depth profiles in 65 nm
thick OSG films deposited on �a� SiCN and �c� SiN, and measured fracture
energies for the OSG films on �b� SiCN and �d� SiN, respectively.

FIG. 4. �Color online� Simulated UV cure intensity depth profiles in 100 nm
thick OSG films deposited on �a� SiCN and �c� SiN, and measured fracture
energies for the OSG films on �b� SiCN and �d� SiN, respectively.
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