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Young’s modulus characterization of low-k films of nanoporous Black DiamondTM

by surface acoustic waves�
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Abstract: The laser-generated surface acoustic wave (SAW) technique is an accurate, fast and nondestructive solution
to determine the mechanical properties of ultra thin films. SAWs are dispersive during the wave propagation on the
layered structure. The Young’s moduli of thin films can be obtained by matching the experimentally and theoretically
calculated dispersive SAW curves. A short ultraviolet laser pulse is employed to generate the broad spectral range of
the dispersive SAWs. The frequency range of dispersive SAWs in this study reaches 180 MHz, which is adequate for
the SAW technique applied for the investigated samples. In this work, the Young’s moduli of a series of nanoporous
Black DiamondTM low dielectric constant (low-k/ films deposited on a Si (100) substrate are characterized successfully
by the SAW technique.
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1. Introduction

One of the most significant challenges for ultralarge-scale
integration (ULSI) interconnect systems is to introduce new
materials tomeet the requirements for wire conductivity and di-
electric permittivity. Compared with the conventional Al/SiO2

technology, integration of Cu and low-k dielectrics has in-
crementally improved the situation by reducing both resistiv-
ity and capacitance between wiresŒ1; 2�. Black DiamondTM is a
type of promising low-k material and has been integrated with
copper interconnect. To acquire lower k values, nanopores are
introduced into the dielectrics. However, the mechanical per-
formance of films with nanopores is very poor owing to the
agglomeration and coalescence of the pores during the process
of adding porogen to precursor solutions. The poor mechanical
characters may lead to serious reliability problems and limit the
chemical mechanical polishing (CMP) process of ULSIŒ3; 4�.
Therefore, it is very significant to check themechanical proper-
ties of nanoporous Black DiamondTM low-k film in evaluating
the overall performance of the developed material.

Young’s modulus is one of the most important mechanical
properties. Several techniques such as nanoindentation, surface
Brillouin light scattering, and surface acoustic wave have been
developed to determineYoung’smodulus. Nanoindentation is a
traditional method for Young’s modulus detection. In this tech-
nique, a diamond indenter is pressed into the sample with a cer-
tain load and then is uplifted by releasing the load. The Young’s
modulus of the indented film can be extracted by analyzing the
load-displacement correlationŒ5; 6�. However, the nanoindenta-
tion results are uncertain for viscoelastic solids and very thin
films (where the thickness of the film is smaller than 1 �m),
particularly for a soft film on a stiff substrate structureŒ7�.When
testing with a Berkovich tip, this effect typically begins to ap-

pear at depths measuring 10% of the overall film thickness and
is aggravated as the depth increasesŒ8�. The reasons for the in-
accuracy may be due to substrate stiffening, film viscoelastic-
ity, tip-film interaction, the choice of indenter shape, the in-
dentation size, the depth, the load, and so onŒ9�12�. Many mea-
sures such as the “effectively shaped indenter concept” and “a
sharper andmore acute cube corner tip” as well as data analyses
and processing techniques have been proposed to improve the
feasibility of the nanoindentation on measuring the mechanical
properties of ultra thin and soft filmsŒ7; 13�16�. However, even
very shallow indents (< 10% of the film thickness) are com-
promised by substrate effects and the post data processes are
very complicatedŒ14�16�. Besides, the nanoindentation method
is destructive and not suitable for online tests.

Surface Brillouin light scattering measures the surface
wave dispersion, which is based on the inelastic interaction be-
tween laser photons and acoustic phonons of the sampleŒ1; 7�.
It is nondestructive and has a wide wave frequency range, but
it is a very time consuming method and sensitive to the en-
vironment noise. Instead, the surface acoustic wave (SAW)
method is an attractive method especially for ultra thin low-k
filmsŒ18�20�. SAWs are generated by thermal–elastic interac-
tion during the energy adsorption of the short impulse laser.
SAWs are dispersive during propagation on the layered struc-
ture, which takes not only the layer but also the substrate ma-
terial properties into account from the principle. Therefore, the
SAW technique can eliminate the influence of the hard sub-
strate, which is inevitable in the nanoindentation technique,
and it is much faster than the surface Brillouin light scattering
approach.

In this work, the theoretical study and experimental details
of the laser-generated SAW technique are presented. Signal
processing with a finite impulse response (FIR) filter is applied
to decrease the noise of the detected SAW signals. Young’s
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moduli are obtained for nanoporous Black DiamondTM low-k
films by matching the experimental and theoretical dispersion
curves. The factors which influence the SAWdetermination re-
sults are discussed in detail.

2. Theoretical study and experiment details

2.1. Theoretical study of SAWs

When the energy of a focused laser pulse with pulse width
in the nanosecond or picosecond range is absorbed on the sur-
face of a sample, a fast thermal expansion on the sample oc-
curs and consequently leads to the generation of surface acous-
tic waves. Effective SAW generation happens when the laser
pulse width is shorter than the acoustic transit time. The energy
of the laser is carefully chosen to create the adequate signal am-
plitude of SAWs and to avoid the ablation of sample surface, si-
multaneouslyŒ21; 22�. During the propagation of surface acous-
tic waves, most of their energy is closely limited to the surface
and the depths of elastic displacements and stresses caused by
SAWs are approximately one wavelength. SAWs are disper-
sive when the waves propagate on a layered structure. High
frequency SAWs are mainly affected by the thin film, while
the low frequency SAW parts carry more information on the
substrate. The dispersion of SAWs can be described as

vSAW D F
�
f; .E; �; �; h/layer; .cijkl ; �s/substrate

�
; (1)

where vSAW is the frequency dependent velocity, f is the fre-
quency of the SAWs, and E, �, � and h are the Young’s mod-
ulus, density, Poisson’s ratio and thickness of the layer film,
respectively. Parameters cijkl and �s are the elastic constants
and density of the substrate. The values of c11, c12, c44 and �

of Si substrate are 165.7, 63.9, 79.6 GPa, and 2.33 g/cm3, re-
spectivelyŒ17�.When SAWs propagate along the [110] direction
on the silicon (100) plane, the dispersion degree of the SAWs
is little affected by the Poisson’s ratio � of the layer film but
mainly depends on its Young’s modulusŒ23�. Thus, theoretical
dispersion curves with different Young’s moduli (E/ can be
calculated according to the wave motion theory. In the experi-
mental system, which will be discussed in Section 2.2, SAWs
are detected at two positions to obtain the experimental disper-
sion curve, which can be calculated by

v.f / D
2�.d2 � d1/

˚2.f / � ˚1.f /
; (2)

where v.f / is the phase velocity, f is the frequency, di is the
distance between the piezoelectric transducer and the position
of the laser source, and˚i .f / is the phase angle of SAWs. The
Young’s modulus of the detected layer film can be determined
by fitting the experimental dispersion curve with the theoreti-
cally calculated dispersion curves.

2.2. Experimental details

The experimental system schematic diagram for SAW de-
tection is shown in Fig. 1. The surface acoustic waves are gen-
erated by a nitrogen laser with a wavelength of 337.1 nm and
a pulse width of 800 ps. The laser is focused into a line light
source by a cylindrical lens and irradiates the detected sample.
The energy irradiated on the surface of the sample is 109 �J.

Fig. 1. Schematic diagram of the SAW signals detection system.

Table 1. Film thickness of the porous Black DiamondTM low-k sam-
ples.
Sample 1 2 3
Thickness (nm) 197.3 304.5 510.2

Three nanoporous Black DiamondTM low-k films with differ-
ent thicknesses are detected in this measurement. The dielec-
tric constant, porosity, and density of the low-k films are 2.4,
23%, and 1.1 g/cm3, respectively. The thicknesses are listed
in Table 1. A piezoelectric transducer is applied to transfer the
mechanical vibrations of the SAWs into electrical signals. It is
made up of a wedge tip with a very thin polyvinilydene fluo-
ride (PVDF) foil pressed on. The thickness of the PVDF foil is
9 �m to ensure a broadband signal conversion. The minimum
response time of the PVDF foil is 4 nsŒ21�, indicating that the
bandwidth of converted signals could be reached at a frequency
of 250 MHz. After signal amplification by an ultra low noise
amplifier, signals are collected through a digital oscilloscope.
The experimental dispersion curve could be obtained from the
recorded signals through the calculation based on Eq. (2).

There are two key points for the experimental system: (1)
the electromagnetic shielding and (2) the alignment of line laser
source and the wedge edge of the piezoelectric transducer. As
the detected SAW signals are very weak, the electromagnetic
interference is the main noise source to disturb the effective
SAW signal. Therefore, a copper net is used here for shield-
ing the external electromagnetic noise. The piezoelectric trans-
ducer and sample are surrounded by the copper net, and an open
hole is designed at the top of the copper net to let the laser beam
pass through and irradiate the sample via the designed optical
path. The signal-to-noise ratio (SNR) of SAW signals could be
improved up to 50 : 1 by the copper net electromagnetic shield-
ing.

In this experiment, sagittal SAW waves, which are shown
in Fig. 2(a), are generated by the line laser source. This is eas-
ier for theoretical calculation and experimental measurement
than the case in which the SAWs are generated by a laser spot
source as shown in Fig. 2(b). To ensure that the experimental
detection matches the theoretical computation for the case of
sagittal waves, the line laser source and the wedge edge of the
piezoelectric transducer must be parallel. As the SAW signals
should be detected at two positions according to Eq. (2), the
piezoelectric detector is fixed while the prime and cylindrical
lens are moved together to shift the laser line in order to gener-
ate SAWs at different positions. In this experiment, the lengths
of the line laser source and the transducer edge are 12 mm and
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Fig. 2. SAWs generated by line and spot laser sources. (a) SAWs generated by a line laser source. (b) SAWs generated by a spot source.

Fig. 3. SAW signals of sample 3 detected at (a) position 1 and (b)
position 2.

10 mm, respectively. The distance between two detection po-
sitions is 12 mm. SAW signals for sample 3 derived from the
experimental system are shown in Fig. 3. There is an appar-
ent delay between the two signals, because they are collected
at different positions. The time difference between these two
waves is about 2.35 �s, and the velocity of SAWs propagat-
ing along the [110] direction on the Si (100) plane is 5082 m/s,
so the distance between the two detection positions can be es-
timated approximately by 5082 m/s � 2.35 �s = 11.94 mm,
which agrees very well with the distance of 12 mm designed
in our experiment. This estimation confirms the correctness of
the experimental signal detection.

3. Result and discussion

3.1. Signal processing

Although the experimental system is carefully shielded by
the copper net, noise still exists and affects the fitting proce-
dure for determining the Young’s modulus of the film. In this
work, a band pass FIR filter loaded with a Kaiser window is
employed to minimize the noise. The designed FIR band pass
filter keeps the SAW signals of interest within a certain fre-
quency range and filters out the undesired noise. The band-

Fig. 4. Amplitude frequency spectrum of SAW signals at (a) position
1 and (b) position 2.

width of effective SAW signals in this study is 30 to 180 MHz,
so the frequency range of the band pass FIR filter is designed
from 20 to 200 MHz, which is a little wider than that of the ef-
fective signals. The “Gibbs effect” of the FIR filter can be de-
creased by loading the Kaiser window. After this filtering pro-
cess, fast Fourier transform (FFT) is applied to process the sig-
nals to obtain the phase frequency character of the SAWs. The
phase character is required to extract the experimental SAW
dispersion curve according to Eq. (2). Figures 4 and 5 show the
normalized amplitude and phase frequency spectrum of SAW
signals for sample 3, respectively.

3.2. Experimental result

After the signal processing, the experimental dispersion
curves could be calculated by Eq. (2). The Young’s modulus
(E/ of the thin film could be obtained by matching the ex-
perimental and theoretical dispersion curves. This procedure
is realized by identifying the least square variance between the
experimental and theoretical dispersion curves. By calculating
the variances of the above curves, the E value of the theoret-
ical dispersion curve with the least variance is determined as
the Young’s modulus of the thin film. The experimental and
theoretical dispersion curves are shown in Fig. 6, where solid
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Fig. 5. Phase frequency spectrum of SAW signals. The solid line is
measured at position 1 and the dotted line is measured at position 2.

Fig. 6. Experimental and theoretical dispersion curves of SAWs. Solid
lines and dotted lines are the experimental and theoretical dispersion
curves, respectively.

Table 2. Young’s modulus of the porous Black DiamondTM low-k
samples.

Sample 1 2 3
Yong’s modulus (GPa) 1.12 1.34 1.83

lines and dotted lines are experimental and theoretical disper-
sion curves, respectively. The determined Young’s moduli for
the three detected Black DiamondTM low-k thin films are listed
in Table 2.

3.3. Analysis and discussion

The obvious dispersion of SAWs is shown in Fig. 6. The
dispersion is due to the velocity difference of the wave propa-
gating along the surface of the low-k film and the silicon sub-
strate. The velocity of the surface wave propagating along the
[110] direction of Si (100) is 5082 m/s, which is faster than
that in the soft low-k film. High frequency parts of SAWs are
mainly influenced by the layered structure, while the low fre-
quency waves mainly depend on the silicon substrate. This is
the reason that velocities in the dispersion curve of SAWs de-
scend with increasing frequency. This phenomenon is also in-

dicated from the original SAW waveforms in Fig. 3, in which
the earlier-arriving SAW signals are relatively incompact com-
pared to later-arriving waves.

As shown in Fig. 6, the curvature of the dispersion curve
is smaller for the thinner film, which indicates that the phase
velocities change little with the change ofE value. Then the ac-
curacy of the determined Young’s modulus for the low-k films
is very dependent on the experimental detection. To improve
the determination precision, SAW signals are detected at each
position sixteen times, averaged for dispersion curve calcula-
tion. Moreover, four dispersion curves are calculated for each
sample, and the averaged curve is adopted in the fitting process
to extract the final result of the film’s Young’s modulus. In our
current experimental system, the repetition and stability is very
good with a result deviation of only 0.1 GPa.

However, extra measures are desired to improve this
promising technique. The extension of the SAW bandwidth to
higher frequencies is very helpful for the fitting process. The
piezoelectric transducer needs to be improved to enlarge the
bandwidth of SAWsŒ18; 24�. The determining results of E val-
uesmight be affected by the surface roughness and the interface
adhesion between the film and substrateŒ19�. Further investiga-
tion will be carried in our future research.

4. Conclusion

Young’s modulus detection for fragile nanoporous Black
DiamondTM low-k films by surface acoustic waves is presented
in this paper. SAW signals generated by a short laser pulse are
detected by the piezoelectric transducer after propagating for a
certain distance. The influences of the electromagnetic shield-
ing, the alignment of the laser line source and thewedge edge of
the piezoelectric transducer on the measurement are discussed.
An FIR filter loaded with a Kaiser window is applied to the
original SAW signals to reduce the noise. Smooth experimen-
tal dispersion curves with a spectral range up to 180 MHz are
achieved. The least square variance of the experimental and
theoretical dispersion curves is calculated in the fitting process
to determine the Young’s modulus of the film. The Young’s
moduli of nanoporous Black DiamondTM low-k samples with
different thicknesses of 197.3, 304.5 and 510.2 nm have been
investigated. The determined Young’s moduli for these three
low-k films are 1.12, 1.34 and 1.83 GPa, respectively. Fur-
thermore, the influencing factors on the accuracy of the SAW
technique are discussed.
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