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Abstract. Brillouin light scattering (BLS) and picosecond laser ultrasonics (PLU) are two non-
contact optical techniques that have garnered significant interest for thin film elastic constant
measurements. PLU and BLS measurements were utilized to determine the elastic constants of
100 to 500 nm thick nanoporous low-k dielectric materials of significant interest for reducing
capacitive delays in nanoelectronic interconnect circuits. PLU measurements with and without a
metal acousto-optic transducer are described in detail and compared to previously reported BLS
measurements. The values of Young’s modulus determined by both BLS and PLU were found
to be in excellent agreement and consistent with nanoindentation measurements on thicker 2
micrometer films. While successful BLS measurements were achieved for films as thin as
100 nm, PLU measurements were limited to > ∼ 200 nm thick films due to experimental
constraints on observing acoustic pulses in thinner films. However, these results clearly dem-
onstrate the capability of both BLS and PLU to determine the elastic constants of low-k dielectric
materials at the desired thickness targets for future nanoelectronic interconnect technologies. ©
2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.7.073094]
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1 Introduction

The recent implementation of hi-k gate dielectrics1 and three-dimensional multi-gate transistors2

by Intel Corporation has provided a path to continued improvements in transistor performance
and density scaling that should enable Moore’s law3 to be maintained for at least another de-
cade.4 However, in order for the transistor improvements to be manifested in high performance
products, additional improvements in the speed of the transistor interconnect system are also
needed.5 For this reason, the semiconductor industry a decade ago made the transition from
Al to Cu6 to lower metal interconnect resistivity and from SiO2 to silicon oxyfluoride
(SiOF)7 materials to lower dielectric constant and the effective capacitance of the interlayer
dielectric (ILD).8 These moves combined helped to reduce resistance-capacitance (RC) delays
in the metal interconnect and avoided having the metal interconnect become the rate limiting
speed path.5 However, due to the lack of metals with significantly lower resistance, continued
reductions in RC delays have been primarily achieved by implementing materials with increas-
ingly lower dielectric constants.9,10
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Beyond SiOF, the next generation of lower dielectric constant (i.e., low-k) materials adopted
were inorganic SiOC∶H dielectrics11 with k values ranging from 3.3 to 3.0.12 These materials
consist of an SiO2 network that is disrupted by the insertion of terminal organic groups (typically
CH3).

9,12 The addition of the terminal organic groups disrupts the SiO2 network bonding result-
ing in a material with lower density/more free volume. The increase in free volume (with a
dielectric constant by definition ¼ 1) results in a material with an effectively lower dielectric
constant due to volume averaging of the dielectric constant of the free volume with the dielectric
constant of the SiO2 network (k ¼ 4). The addition of free volume/decreased network connec-
tivity, however, results in many of the thermal and mechanical properties of these materials being
significantly reduced.9–15 The reduction in these properties has created numerous thermal-
mechanical reliability risks for products incorporating low-k materials related to cracking
and delamination in the low-k/Cu interconnect during interconnect fabrication, packaging,
and operation.16–18

Continued reductions in dielectric constant have been achieved via further optimization of
the deposition precursors, film composition, and processing conditions. SiOC∶H materials with
k ¼ 2.55 to 2.7 are now widely utilized in the industry.19 However, further reduction in dielectric
constant below k ¼ 2.5 results in materials with larger free volume and pore sizes approaching
1 nm.20 This leads to further reductions in the thermal-mechanical properties of these low-k
materials.21 More importantly though, the free volume/porosity present in low-k materials starts
to become increasingly interconnected as k drops below 2.5 to 2.7 (the exact k value at which the
transition occurs depends on the precursor and processing conditions utilized to deposit the
material).22

At k < 2.5, significantly interconnected porosity exists in all low-k SiOC∶Hmaterials regard-
less of the precursors and processing conditions. Interconnected porosity represents a significant
concern for both low-k/Cu interconnect fabrication and reliability due to the ability of ambient
moisture, gaseous precursors, wet chemicals, and metals to easily diffuse through the low-k ILD
material.23,24 The presence of interconnected porosity and the negative effect it has on down-
stream patterning and metallization processes needed to fabricate multilayer low-k/Cu intercon-
nects has severely limited the ability of the industry to implement these materials. Accordingly,
the date forecasted by the International Technology Roadmap for Semiconductors (ITRS) for
insertion of k < 2.5 materials into high volume interconnect manufacturing has been pushed
back several years in a row.25 These difficulties have driven some corporations to consider
more complex and/or expensive means for reducing capacitance such as pore stuffing/filling26

and selective formation of air-gaps between metal lines.27

For these reasons, metrologies capable of assessing the mechanical properties of low-k
dielectric thin film materials are highly needed. Thin film nanoindentation measurements
have proven to be the industry standard technique for assessing mechanical properties such
as Young’s modulus and fracture toughness.16 Nanoindentation Young’s modulus in particular
has become a property of intense focus within the industry due to the speed and simplicity of the
measurement and empirical correlations to observed mechanical failures.16,17 However as the
semiconductor industry transitions to <20 nm technologies, thickness targets for low-k ILD
materials will start to approach 100 nm.28 At these thicknesses, nanoindentation Young’s modu-
lus measurements on low-k films start to be inflated and dominated by so-called substrate effects
that arise due to the higher stiffness of the underlying substrate (typically Si).29 Replacement
metrologies for nanoindentation should therefore be capable of assessing the true mechanical
properties of thin film materials in the 10 to 100 nm range and be free of significant substrate
effects. Ideally, such replacement techniques would also be noncontact and nondestructive to
enable inline testing and monitoring of the mechanical properties of patterned low-k dielectric
materials and other nanostructures.

The ability to perform inline testing is highly desirable as the down-stream etching and clean-
ing processes utilized to fabricate interconnects can significantly damage the low-k material and
alter the mechanical properties from their original as deposited values.30 As the thickness of the
damaged area for the low-k dielectric can only be a few nanometers thick, a final requirement for
new thin film mechanical property metrologies is the ability to detect and assess the mechanical
properties of surface and interfacial layers only a few nanometer thick (additional challenges and
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requirements for low-k/Cu interconnect metrologies can be found in the Emerging Research
Materials chapter of the 2011 ITRS25).

Contact resonance-atomic force microscopy (CR-AFM),31,32 a technique that relies on
detecting shifts in the oscillation frequency of an AFM probe tip as it is brought into and
out of contact with the surface of a material, is one approach that has shown potential for meas-
uring the Young’s modulus of low-k dielectric thin films33 and nanometer thick films.34 Owing to
the high spatial resolution capability available with AFM, CR-AFM and related techniques have
also been demonstrated capable for assessing the mechanical properties of nanowires35 and pat-
terned dielectric/metal nanostructures.36 However, CR-AFM can be sensitive to the underlying
substrate for few nanometers thick films and finite element modeling (FEM) can be required to
extract thin film mechanical properties from the CR-AFM data.37

Two noncontact techniques that have recently demonstrated the potential to meet the
above requirements are Brillouin light scattering (BLS)38,39 and picosecond laser ultrasonics
(PLU).40–42 Both techniques effectively seek to determine the acoustic sound velocity of a
material and then utilize equations relating sound velocity to elastic constants to determine
engineering mechanical properties such as Young’s modulus (E) and Poisson’s ratio (ν).The
former technique (BLS) relies on the detection of inelastically scattered light whereas the latter
(PLU) relies on monitoring changes in surface reflectivity induced by an optically generated
strain wave. Both techniques are noncontact (ideally nondestructive) optical techniques with
limited substrate effects but have sufficient sensitivity to investigate films that approach
100 nm in thickness.43,44 The applicability of both techniques for determining thin film elastic
constants is also supported by previous observations of strong correlations between sound
velocity and elastic constants for both porous and nonporous ceramic materials.45,46

BLS in particular has been demonstrated capable of determining the elastic constants for nm
thick few layer graphene films47 and patterned photoresist nanostructures.48 Unfortunately, BLS
experiments can be quite time consuming due to the need to perform multiple measurements at
different scattering angles to determine the full set of elastic constants Cij necessary to calculate
both E and ν.38,39 In contrast, PLU measurements are typically performed using a fixed optical
alignment and are less time consuming.49 However, the fixed alignment of PLU measurements
allows only one elastic constant to be determined and engineering constants such as Young’s
modulus can only be determined via assuming a value for Poisson’s ratio.14

Previous reports of BLS and PLU investigations of low-k materials have been primarily for
nonporous dielectrics and direct comparisons of BLS and PLU have focused primarily on the
BLS technique with minimal details regarding the PLU measurements.50,51 In this report, both
BLS and PLU are utilized to determine the mechanical properties of low-k dielectrics of differing
porosity and composition with an emphasis on the PLU technique and comparison of PLS results
to BLS. Two different approaches to PLU are specifically illustrated. In one case, a pump laser is
utilized to launch an acoustic pulse into a thin film via thermal strain generated at the film/sub-
strate interface. In the other case, an acoustic pulse is initiated in the surface of a metal coating
deposited on top of the low-k dielectric. It is demonstrated that the values of Young’s modulus
determined by both PLU methods are in good agreement with BLS and that both BLS and PLU
yield values that are comparable to nanoindentation measurements of identical films. It is also
observed that while being a noncontact technique, the high energy laser typically utilized in PLU
can significantly modify the properties of nanoporous low-k dielectrics in certain instances and
can require careful PLU experimental design and setup.

2 Experimental

2.1 Low-k Dielectric Deposition

All the low-k dielectric materials investigated in this study were deposited on 300 mm diameter
(100) Si substrates using a high volume manufacturing plasma enhanced chemical vapor dep-
osition (PECVD) tool utilized in the fabrication of 32 nm low-k/Cu interconnects. The details of
the PECVD film deposition have been provided previously.11,43,51 Briefly, the precursors utilized
consisted of various combinations of organosilanes, alkoxysilanes, and organic pore builders
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(i.e., porogen) diluted in H2, He, O2, and other oxidizing gases. The nonporous films were
deposited at temperatures on the order of 400°C, while the porous films were deposited at
lower temperatures of 200 to 300°C to better facilitate incorporation of the porogen in the
as deposited film. The porous films were given post deposition either an electron beam or
UV cure at temperatures on the order of 400°C in order to remove the porogen and produce
a porous film with improved mechanical properties.52 All low-k dielectric materials investigated
were characterized in either the as deposited or final cured state.

Film thickness and refractive index (RI) were determined using spectroscopic ellipsometry,
and film mass density (needed for both BLS and PLU) was determined using x-ray reflectivity
(XRR) as previously described.53 The dielectric constant of the low-k films was determined by
capacitance-voltage measurements using a Hg prober,54 and the atomic composition was deter-
mined via combined Rutherford backscattering and nuclear reaction analysis.55,56 The porosity
was determined using an ellipsometric porosimetry technique.43 Intrinsic film stress was deter-
mined using Stoney’s formula and measurements of the change in the radius of curvature for the
Si substrate before and after a-SiOC∶H deposition.53

Table 1 summarizes some of the key material properties for the nonporous and porous a-
SiOC∶H dielectric materials investigated in this study including film composition, dielectric
constant, RI, mass density, porosity, and intrinsic film stress. As can be seen, the a-SiOC∶H
materials examined span a range of k values that are representative of a-SiOC∶H materials cur-
rently utilized or being considered for future low-k ILD applications. All films exhibit a rela-
tively small tensile stress of 10 to 65 MPa that is expected to have a minimal influence on the
BLS and PLU measurements. The a-SiOC∶H films were all confirmed to be amorphous and
isotropic via additional x-ray diffraction measurements previously described.57

2.2 BLS

Similar to Raman spectroscopy, BLS relies on detecting inelastic scattering events for light scat-
tered from the surfaces of materials. Broadly, the two differ in the frequency of the detected
scattering events with Raman spectroscopy detecting longitudinal and transverse optical
modes and BLS recording similar low frequency acoustic modes.58 For thin film geometries,
standing acoustic modes with wave-vector components perpendicular to the film surface are
quantized (m) and their frequency is related to the film thickness (h) and the elastic constants
of the material.51,52 The longitudinal- and transverse-standing mode (LSM and TSM) frequencies
(f) can be described according to the relation

f ¼ ð2 mþ 1ÞV∕4 h; (1)

where V is the corresponding acoustic wave velocity in the material. As can be seen, f is directly
proportional to V and inversely proportional to the film thickness. Thus as film thickness
decreases, the LSM and TSM frequencies become larger and more shifted from the elastic scat-
tering peak and are thus easier to detect; although this advantage may be tempered by the reduced
scattering volume and BLS intensity that occurs with reductions in h.59

Table 1 Summary of properties for PECVD low-k a-SiOC∶H thin films investigated in this study.
RI ¼ refractive index at 673 nm.

Film k (�0.1) RI (�0.001) Density (g∕cm3) Porosity Stress (MPa)

a-SiO1.2C0.9∶H 3.05 1.43 1.35� 0.1 0 50� 5

a-SiO0.87C1.8∶H 2.65 1.63 1.1� 0.1 12% 65� 5

a-SiO1.15C0.5∶H 2.3 1.33 0.9� 0.1 33.5% 40� 5

a-Si0.15O0.09C0.75∶H 3.1 1.68 1.1� 0.1 2% 10� 5

a-Si0.1O0.14C0.76∶H 2.8 1.58 1.0� 0.1 12% 50� 5
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The elastic constants of the material (Cii) (i ¼ 1, 4) are related to the mode frequencies from
Eq. (1) as

C11 ¼ 16h2f2Lρ; C44 ¼ 16h2f2Tρ; (2)

where ρ is the mass density of the film and fL, fT are the respective measured LSM and TSM
mode frequencies. Poisson’s ratio (ν) can then be computed using these Cii values according to
the relation

ν ¼ C12∕ðC11 þ C12Þ; (3)

whereC12 from the conditions of isotropy that require C12 ¼ ðC11 − C44Þ∕2.50 Young’s modulus
(E) can be similarly calculated according to

E ¼ ð1þ νÞð1 − 2νÞC12∕ν; (4)

where ν and C12 follow from the above relations and same assumptions of isotropy.50

For this study, the BLS measurements were performed in backscattering geometry at ambient
temperature using approximately 70 mW p-polarized (¼514.5 nm) radiation with the in-plane
wave vector parallel to the (100) plane of the Si substrate. The scattering angle θ, measured from
the film normal, was adjusted in 5 deg steps from 0 deg to 60 deg enabling the dispersion of the
modes to be studied. To independently determine both C11 and C44, longitudinal and transverse
standing modes (LSM and TSM, respectively) must be detected close to the film normal. In
backscattering, the LSM and TSM standing modes manifest at small scattering angles
(θ < 10 deg), while at higher angles the evolution of additional dispersive traveling waves
was evident in the spectra.50,51 The emergence of additional modes and their frequency variations
with θ provide further constraints on the measured material elastic constants. For BLS, the film
thicknesses ranged between 100 to 200 nm. For films thicker than 200 nm, the lower order TSM
and LSM standing modes could not be observed due to overlap with the large elastic scatter-
ing peak.

2.3 PLU

PLU is a pump-probe technique that relies on a pump pulse from a laser to initiate a thermal
strain wave in the film of interest and a time delayed beam from the same laser to probe and
monitor changes in surface reflectivity induced by the propagation of the strain wave.40,41 For
films transparent to the wavelength of the pump laser, the strain wave can be generated directly
via relying on optical absorption and heating at the film/substrate interface, or via using a thin
opaque acousto-optic transducer metal layer49 placed either at the film substrate interface60–62 or
on top of the film of interest.14,49 In the first case, absorption at the film/substrate interface creates
a thermal expansion strain that launches an acoustic pulse into both the film and substrate. As
this acoustic pulse propagates through the film, the optical properties of the film are altered
slightly due to the acousto-optic effect and a small amount of light is reflected by the acoustic
pulse. Interference between the light reflected by the acoustic pulse and the rest of the film
creates an oscillation in the change in reflectivity (ΔR) with a period of τint.

49 The period of
oscillation is related to the longitudinal sound velocity (VL) according to the relation

τint ¼ λ∕2nVL cosðθÞ; (5)

where λ is the wavelength of the probe laser, n is the RI of the thin film at λ, and θ is the angle of
incidence of the probe laser. As VL ¼ hfL, C11 can be directly calculated using Eq. (2) above by
measuring τint in the PLU experiment and determining n from other optical measurements such
as spectroscopic ellipsometry. If a value of Poisson’s ratio is assumed, C12 and in turn Young’s
modulus can be calculated according to Eqs. (3) and (4) above.14

For the case where a metal acousto-optic transducer coating is utilized, the absorption of the
pump laser pulse by the surface of the metal film creates a similar thermal expansion strain that
launches an acoustic pulse into the metal film that propagates down to the interface between the
metal and the transparent film. Part of the acoustic pulse is reflected back into the metal and part
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continues into the transparent film. A portion of the acoustic pulse propagating in the film will
eventually reflect back at the film/substrate interface. The net result is that a time versus ΔR
spectrum will have similar oscillatory components as described above.49 The oscillations arising
from acoustic pulses reflecting back and forth exclusively in the metal film decay quickly after
short time delays whereas the oscillations arising from acoustic pulses traveling back and forth in
the underlying transparent film will be observed at longer time delays. It should be noted that for
both PLU setups an acoustic pulse does propagate in the substrate as well. For the Si substrates
utilized in this study, this creates near time zero an additional small oscillatory signal of 4 ps due
to the high sound velocity of the crystalline substrate.

It should also be noted that while film thickness h does not directly enter into Eq. (5), it is an
important consideration in that the film needs to be thick enough to observe the oscillations in
ΔR within the time resolution of the experiment. For typical low-k materials, film thicknesses of
500 to 1,000 nm are typically more than sufficient for this purpose. However as film thickness
decreases, fewer periods of the ΔR oscillation will be observed and there will be a critical thick-
ness below which the full period can no longer be resolved. This topic will be discussed further
later for the specific films in this study. For the PLU measurements, the film thickness was
intentionally skewed from 500 down to 100 nm to assess the impact of film thickness and deter-
mine the minimum thickness for ideal PLU measurements.

In this investigation, both PLU approaches were applied to the nanoporous low-k dielectrics
described in Table 1. Short pulses (less than 100 fs) from a Ti∶sapphire oscillator operating at a
repetition rate of 76 MHz were utilized for both the pump and probe. The pulsed optical beam is
split into pump and probe beams and then both beams are focused onto the same ∼10 to 40 μm
diameter spot on the sample. Before being focused onto the pump spot, the probe beam is
directed to a translation stage which allows us to delay the arrival of probe pulses with respect
to the pump pulses by as much as several nanoseconds with subpicosecond resolution. For the
PLU experiments where an acousto-optic metal transducer over layer was utilized, 40 to 80 nm
of aluminum was deposited on top of the low-k film to be studied via electron beam evapora-
tion.14 For PLU experiments where no metal coating transducer was utilized, the sapphire output
was frequency doubled to 400 nm to increase absorption at the film/substrate interface as has
been previously described by Antonelli.49

2.4 Nanoindentation

Nanoindentation experiments were performed on thicker 1 to 2 micrometer films using a
Hysitron Triboindenter and a cube corner diamond tip with a load range of 5 to 30 mN.53,63

Each sample was analyzed using fifteen indents. Samples were loaded in a continuous stiffness
mode. The modulus was calculated using a shallow contact depth range of <150 nm to avoid
substrate interaction effects in the 1 micrometer thick samples investigated.

The authors note that some variations in mechanical properties with film thickness is possible
for the low-k dielectric films investigated in this study due to differences in both deposition times
and UV/ebeam cure times.64 However, these differences are expected to be <0.5 GPa and as we
will show later are comparatively insignificant relative to the large substrate effects observed in
the nanoindentation measurements.

3 Results

3.1 BLS

Figure 1 shows a typical series of BLS spectra collected at different scattering angles (θ) from a
150 nm thick sample of the k ¼ 3.05 SiOC∶H dielectric. Various resonances in the spectra can
be detected and that shift with scattering angle. The BLS peak intensities, their frequencies, and
the manner in which these resonances shift with θ, allows the identification of the LSM or TSM
acoustic modes.59

The observed principle [m ¼ 0 in Eq. (1)] and higher order (m ¼ 1; 2; : : : ) LSM and TSM
harmonics in combination with Eq. (1) enable the associated material acoustic wave velocity to
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be determined. If the mass density of the material is known independently, the Cij elastic
constants, Poisson’s ratio and Young’s modulus can also be determined. Table 2 summarizes
the Young’s modulus determined for the above a-SiOC∶H material as well as the additional
porous low-k a-SiOC∶H dielectrics investigated in this study.43,50,51 The BLS numbers are
compared against NI measurements performed on identical materials. As is evident, the two
techniques provide similar results with the BLS numbers being slightly lower than the NI results
for both films. This is consistent with acoustic methods in general reporting slightly lower values
for Young’s modulus relative to NI techniques. This has been presumed to be due to substrate
and indentation hardening effects in the NI measurements.49

3.2 PLU

PLU data (ΔR∕R versus time delay) collected without a metal acousto-optic transducer coating
are illustrated in Fig. 2 for the same k ¼ 3.05 a-SiOC∶H dielectric utilized to illustrate the BLS
measurements in Fig. 1. As mentioned previously, the high frequency (4 ps) oscillations in
ΔR∕R near time zero are due to acoustic pulses propagating in the Si substrate. At longer
time delays, a lower frequency oscillation with a period of 56 ps can be observed that is
due to the acoustic pulse created at the film/substrate interface propagating back and forth
in the low-k dielectric. PLU data collected for the same film with a metal acousto-optic
transducer is presented in Fig. 3. In this case, the spike in reflectivity change near time zero
is the electronic response of the thin Al film as it absorbs the pump pulse. This absorption causes
a rapid thermal expansion that launches the picosecond ultrasonic pulse. The oscillation in
ΔR∕R immediately following time zero is caused by the ultrasonic pulse as it bounces back
and forth in the Al film. The revival of these oscillations after 300 ps gives the time for an

Fig. 1 Example BLS spectra collected from a 150 nm thick, k ¼ 3.05 SiOC∶H dielectric. Spectra
were collected at various scattering angles (θ).

Table 2 Summary of Young’s modulus values determined by NI, BLS, and PLU for the PECVD
low-k a-SiOC∶H thin films investigated in this study. PLU-D indicates PLU without a metal trans-
ducer, and PLU-M with a metal transducer.

Film NI (GPa) BLS (GPa) PLU-D (GPa) PLU-M (GPa)

a-SiO1.2C0.9∶H 11.8� 150 8.4� 1.650 8.9� 0.9 8.8� 0.9

a-SiO0.87C1.8∶H 9.7� 0.951 5.7� 1.151 5.1� 0.5 4.7� 0.5

a-SiO1.15C0.5∶H 5.1� 0.543 2.6� 0.443 3.4� 0.3 2.55� 0.3

a-Si0.15O0.09C0.75∶H 6.3� 0.251 4.8� 0.751 5.9� 0.6 6.8� 0.6

a-Si0.1O0.14C0.76∶H 5.6� 0.451 6.8� 0.951 3.8� 0.7 —a

aSample not measured due to high acoustic attenuation and mismatch between Al and sample.
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ultrasonic pulse to travel one round trip through the a-SiOC∶H layer. It should be noted
that the period of these oscillations (about 20 ps) is determined by the thickness and sound
velocity of the Al transducer and is different from the period illustrated in Fig. 2 for measure-
ments without the transducer.

Young’s modulus values were computed using Eqs. (3) to (5) for all five films from both sets
of PLU data. These data are reported in Table 2 along with the NI and BLS data. Without prior
knowledge of the Poisson’s ratio determined by BLS, this value was assumed to be ν ¼ 0.25 for
all films. The value of Poisson’s ratio determined from the previously mentioned BLS measure-
ments was 0.22 to 0.27 and validates ν ¼ 0.25 to be a reasonable assumption for the PLU meas-
urments.51 As can be seen, the PLU results are in strong agreement with BLS and show the same
offset relative to the NI measurements.

To test the thickness limitation of the PLU technique for low-k dielectrics, additional PLU
measurements were performed on some of the low-k dielectrics at 300 and 100 nm thickness. In
Fig. 4, the PLU spectra collected without a metal transducer coating are presented for the k ¼
3.05 a-SiOC∶H dielectric at 500, 300, and 100 nm thicknesses. An oscillatory signal is clearly
observed at 500 and 300 nm. However at 100 nm, an oscillatory signal is no longer observed.
This is attributed to the transit time for the acoustic strain pulse to propagate up and down the
film being shorter than the resolution of the PLU experiment for this film. A similar thickness
dependence was observed for all the other a-SiOC∶H films listed in Table 1. This is in contrast to
the BLS measurements where successful measurements have been previously demonstrated at
100 to 150 nm thicknesses.43,51

As noted in a previous publication,51 an additional concern for PLU measurements of low-k
dielectrics is modification (i.e., “burning”) of the material by the intense pump/probe laser. For
much thicker (1 to 2 micrometer) versions of the films in Table 1, pump/probe laser trace marks
could be visibly observed on the surface of all the porous films measured without a metal
transducer coating. However, such burn marks were less obvious to the naked eye at
<500 nm. To test the influence of the PLU measurement on the resulting measured properties,
the PLU measurements were repeated six times on two different 500 nm thick a-SiOC∶H films.
As shown in Fig. 5, no change in Young’s modulus was observed for the k ¼ 3.05 a-SiOC∶H
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Fig. 2 PLU spectrum for the k ¼ 3.05 SiOC∶H dielectric acquired without a metal transducer.
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Fig. 3 PLU spectra for k ¼ 3.05 a-SiOC∶H collected with an Al metal transducer coating.

Daly et al.: Noncontact optical metrologies for Young’s modulus measurements. . .

Journal of Nanophotonics 073094-8 Vol. 7, 2013



dielectric after six measurements consistent with the lack of any observed burning for this film.
In contrast, a slight increase in Young’s modulus of about 5% was observed for the k ¼ 2.65 a-
SiOC∶H dielectric after a few measurements and increased by 25% after the sixth measurement.
This is consistent with visual observations of thicker versions of this particular film being more
sensitive to burning by the pump/probe laser. It should also be noted that while burning was not
observed for the PLU measurements using a metal transducer coating, this may not preclude
such adverse thermal effects from being a concern for these types of PLU measurements. In
fact, it could explain the lack of an oscillatory signal for the k ¼ 2.8 SiOC∶H film that was
previously attributed to acoustic mismatch between the transducer and low-k film.14

4 Discussion

The two primary attractive features of BLS to characterize the mechanical properties of materials
are that the method is: 1. nondestructive, requiring no special specimen preparation, and 2.
capable of determining all independent elastic constants, i.e., Young’s modulus and Poisson’s
ratio of bulk supported and freestanding films.59,65,66 Moreover, the technique has been extended
to ultra-thin films from 200 nm down to a few nm.47 BLS takes advantage of the detection of
different acoustic modes of submicrometer wavelengths that are naturally present in the medium
and are selected by the scattering geometry, thereby eliminating the need for acoustic trans-
ducers. The detected excitations include longitudinal, transverse and shear horizontal bulk
modes as well as the Rayleigh surface and pseudosurface modes. In the case of thin films
as illustrated above, pure LSM and TSM harmonics, which are acoustic waves trapped within
the film that reflect back and forth along the normal to the film surface, are respectively sensitive
to C11 and C44. The transition of these standing modes into propagating waves along different
crystallographic directions provides further verification of the elastic constants as well as a com-
plete characterization of the elastic properties. The drawbacks to BLS measurements of low-k
dielectrics is the time needed to acquire and interpret data collected at multiple scattering angles,
and the sophisticated optical setup needed to detect the Brillouin scattering peaks in the presence
of an elastic scattering peak many orders of magnitude more intense.
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While also requiring a sophisticated optical setup, the fixed optical geometry and reliance on
detecting changes in surface reflectivity utilized in PLU measurements allows faster measure-
ments and addresses some of the drawbacks associated with BLS. However, PLU measurements
provide only one elastic constant (C11) and assumptions regarding the other elastic constants
(primarily Poisson’s ratio) are needed to determine Young’s modulus. These limitations
could potentially be addressed via performing PLU at multiple scattering angles as demonstrated
by Lomonosov,62 but would also significantly decrease the throughput of the technique.
As shown above, PLU is also potentially limited to characterizing low-k dielectric films
>100 nm in thickness and sample burning by the pump/probe laser can also be a concern.

BLS and PLU both present several advantages over NI that have already been discussed
previously in the introduction. While both BLS and PLU have their drawbacks as noted
above, the two techniques are complementary to one another. Both have sufficient sensitivity
to determine the mechanical properties of low-k dielectric films at thicknesses of 100 to 200 nm.
The ability of PLU to determine only one elastic constant can be addressed by BLS measure-
ments of the same film to determine the full set of elastic constants and thus enable calculation of
Young’s modulus via PLU without having to assume a value for Poisson’s ratio. This in turn
allows the limited throughput of BLS measurements to be overcome via PLU measurements that
are more amenable to automation and process control monitoring. The potential for BLS to be
extended to films as thin as a few nm, likewise can address the thickness limitations of PLU and
potentially suggest refinements to the PLU experimental setup to probe ≤100 nm thick films.
Thus, BLS and PLU combined have the capability to complement one another while providing a
robust characterization of the mechanical properties of few nm thick films and patterned
nanostructures.

As mentioned above, PLU does have the added complication of potentially altering/burning
the material during the pump/probe measurement, particularly for porous low-k dielectrics. This
challenge may be partially mitigated by utilizing a metal transducer top coating to prevent sig-
nificant absorption by the low-k dielectric or through better selection of the laser wavelength. For
the latter, we do note that optical absorption measurements and reflection electron energy loss
spectroscopy measurements have shown that the band gap for low-k dielectric materials are
typically quite large at >8.0 eV.67,68 However, significant absorption at lower photon ener-
gies/higher wavelengths is observed for porous low-k dielectrics and is attributed to residual
porogen residues not completely removed from the film during electron beam or UV cur-
ing.68–70 This could explain the lack of any observed burning in our PLU measurements on
nonporous (i.e., nonporogen) films and burning for the porous films. It likewise could explain
the lack of burning in other PLU investigations of low-k dielectrics where longer wavelength
800 nm pump/probe lasers were utilized.60–62 We should also note the potential for burning of the
low-k dielectric by the laser in BLS measurements. While a slightly longer wavelength laser
(514.5 nm) was utilized and signs of burning were not observed, we cannot currently completely
rule out this effect for BLS measurements of porous low-k dielectrics and this will be the subject
of future BLS investigations of low-k materials.

An additional advantage of PLU recently demonstrated for the examination of low-k dielec-
trics is the ability to perform a depth profile of the sound velocity/elastic constants across the
thickness of the film.61,62 For UV cured low-k dielectrics in particular, constructive/deconstruc-
tive interference of the UV light in the film during curing can result in portions of the film being
comparatively over or under cured. Lomonosov and Mechri have shown that this can result in
asymmetries in the observed period in PLU spectra for UV cured porous low-k films.61,62 They
have further shown that these asymmetries can be modeled and exploited to determine the longi-
tudinal sound velocity as a function of film thickness. For an 800 nm thick, k ¼ 2.5, 25% porous
UV cured low-k dielectric, they demonstrated that the longitudinal sound velocity and mass
density can vary by up to 10% to 20% across the thickness of the film and accordingly
Young’s modulus should vary by a similar amount.62

In this regard, we do note that similar asymmetries were observed in the PLU spectra for only
one of the porous low-k dielectrics examined in this study. As shown in Fig. 6, a gradual increase
in peak-to-peak period was observed for our k ¼ 2.8 SiOC∶H dielectric film. For this particular
film, Young’s modulus was determined using only the first observed period. Using the average of
all the observed periods would increase the error by approximately 10% and is reflected in the
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larger error bars for this sample. As picosecond ultrasonics is accurate to within less than a
picosecond, the uncertainty of �10% in the other measurements is primarily a function of
both the uncertainty of the film mass density (typically 5% to 10% for XRR) and the RI/film
thickness (typically 1% to 3% for ellipsometry).15,56

5 Summary and Conclusions

BLS and PLU have both been utilized to investigate the mechanical properties of low-k dielec-
trics representative of materials commonly used in the semiconductor industry for fabrication of
low-k/Cu interconnect structures. The values of Young’s modulus determined by both tech-
niques were compared against each other and against values determined by nanoindentation
(the industry standard technique). The values evaluated by all three techniques were consistent
and comparable with one another. While both BLS and PLU present unique advantages and
disadvantages, the two techniques combined show promise for extension to measuring the
mechanical properties of low-k dielectrics at 100 to 200 nm thickness.
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