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surface acoustic waves”*
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The application of surface acoustic waves (SAWs) for thickness measurement is presented. By studying the impact
of film thickness / on the dispersion phenomenon of surface acoustic waves, a method for thickness determination based
on theoretical dispersion curve v(fh) and experimental dispersion curve v(f) is developed. The method provides a series
of thickness values at different frequencies f, and the mean value is considered as the final result of the measurement. The
thicknesses of six interconnect films are determined by SAWs, and the results are compared with the manufacturer’s data.
The relative differences are in the range from 0.4% to 2.18%, which indicates that the surface acoustic wave technique is
reliable and accurate in the nondestructive thickness determination for films. This method can be generally used for fast

and direct determination of film thickness.

Keywords: thickness measurement, dispersion curve, surface acoustic waves, layered structure
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1. Introduction

Films are widely applied in aerospace, automotive
manufacturing, biomedical engineering, and microelectronic
industries.l""* In all such fields, the film thickness is one
of the most important parameters for film quality evalua-
tion. Yadav studied the influence of film thickness on struc-
tural, optical, and electrical properties of spray deposited an-
timony doped SnO, thin films.>! Ren et al. studied the influ-
ence of thickness upon the interfacial water at the solid-liquid
interface.®! Yang er al. analyzed the influence of nanofilm
thickness on the elastic properties of B2-NiAl.[") So the film
thickness is not only a parameter that characterizes the geo-
metrical dimensions of the films, but also greatly affects the
function and lifetime of the films. Therefore, film thickness
determination is an important requirement in many fields of
technology.

In order to keep the function of the films after thickness
measurement, many nondestructive testing methods have been
proposed to measure the film thickness, including eddy cur-
rent, spectroscopic ellipsometry, and x-ray transmission. [8-131
These methods work well, but they are all restricted to cer-
tain types of materials. The eddy current method is more suit-
able to measure the thickness of the non-conductive coating

(8-101 The spectroscopic

on the non-magnetic metal substrate.
ellipsometry is an optical method. The measured material
should be transparent.!!!=13] The x-ray transmission needs the
absorption coefficients of the film and substrate to have obvi-
ous differences. The limitation for its wide application can be
found when the chemical composition of the film is close to

that of the substrate.[!%13]
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Surface acoustic waves (SAWSs) are dispersive during
propagating on a layered structure, the surface acoustic waves
with different frequencies have different propagation veloci-
ties. Due to this feature, the surface acoustic wave method
can be applied to film thickness determination. This method is
fast, simple, and non-destructive.!!*~18] In addition, the prop-
agation of SAWSs is hardly limited by the material. So this
method is suitable to determine the film thicknesses of most
materials.

In this paper, the relationship between the geometrical pa-
rameter thickness and the dispersion phenomenon of surface
acoustic waves is analyzed. Accordingly, a thickness calcula-
tion method is developed by using the theoretical dispersion
curve v(fh). The thickness calculation of two standard SiO;
films with this method is described in detail. In addition, four
low dielectric constant (low-k) samples are also investigated
in this study. The results of the six samples are compared
with the manufacturer’s data. Comparing the results shows
that the thicknesses of the interconnect films can be sensitively
detected by the SAWs measurement.

2. Theoretical background

Surface acoustic waves propagate along the surface of
a material. The penetration depth of the wave is defined to

be equal to the wavelength A and it reduces with increasing

[16

frequency.!'®! In a homogeneous and isotropic bulk material,

the wave phase velocity v depends on the material parameters:
Young’s modulus E, density p, and Poisson’s ratio ¢, and it is

independent of the frequency f of the wave.[!%20]
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Fig. 1. (color online) The theoretical dispersion curve v(fh) of SiO,/Si
structure.

In the film/substrate structure, the phase velocity v of
the waves depends on the film and substrate material parame-
ters and the frequency—thickness product f.12!??] The surface
acoustic waves are dispersive, and the dispersion phenomenon
is resulted from the different SAW phase velocities in the film
and substrate materials. Figure 1 illustrates the dispersion phe-
nomenon, it shows the theoretical dispersion curve v(fh) of
the SiO,/Si structure. The SAWs propagate along the [110]
direction of the silicon. The phase velocities of SAWSs in bulk
Si and bulk SiO, are 5081.5 m/s and 3387 m/s, respectively.
Because the penetration depth of the wave reduces with the
increase of the frequency, lower frequency waves are more af-
fected by the Si substrate. So their propagation velocities are
closer to those in bulk Si. In contrast, higher frequency waves
are more influenced by the SiO; film, and their propagation
velocities are closer to those in bulk SiO,.

In addition to the frequency, the film thickness has the
same effect on the phase velocity of SAWs. The increase of
the film thickness can expand the influence of the SiO, film
on SAWSs propagation. So the increases of the frequency and
the film thickness together result in the change of the wave
velocity. According to the physical principles of the elasto-
dynamic theory, the phase velocity v of the waves is a function
of the frequency—thickness product fh on the condition that
the material parameters of the film and substrate are determi-
nate.

For the thickness determination, the SAWs experiment
can provide the v (f) curve of the sample. This curve con-
tains information about the film thickness. With the material
parameters of the sample, the relationship between the phase
velocity v and the frequency—thickness product fh can be cal-
culated. By using the theoretical dispersion curve v(fh) and
experimental dispersion curve v(f), the film thickness can be
obtained.

3. Experimental procedure

Figure 2 shows the schematic of a surface acoustic wave
experimental system. A pulsed laser with a 0.8 ns pulse in

width and 337.1 nm in wavelength is used to generate wide-
band surface acoustic waves in the test. A cylindrical lens
makes the laser beam focus into a line source on the surface
of the sample. The surface acoustic waves propagate along
the sample and are detected by a piezoelectric detector. A
polyvinyllidene fluoride (PVDF) foil is pressed by the wedge-
shape knife edge of the detector. It is used to transfer the broad
range of vibration signals into electric signals. The electric
signals are amplified by an amplifier and recorded by a digital
oscilloscope.

trigger signal

prisn amplifier
Ny-pulse laser
cylinder lens detector
sample
computer |
. oscilloscope
=\ BRI
=
|
as=

Fig. 2. (color online) Schematic of laser-induced surface acoustic wave
experimental system.

Two standard SiO, films with different thicknesses are
firstly tested by the SAWs technique to check our method.
These films are grown by thermal oxidation on Si substrate.
The material parameters of the standard SiO, film include
Young’s modulus E = 72 GPa, density p = 2.2 g/cm?, and
Poisson’s ratio ¢ = 0.17. Surface acoustic waves are gener-
ated on the sample surface and arranged to propagate in the
[110] direction of silicon.

(a) position x;
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Fig. 3. The SAWs signals detected at different distances (a) x; and (b)
X, away from the line-shaped laser source on SiO; 1.

In order to obtain the experimental dispersion curve, the
electric signals u;(z) (i indicates different laser position) are
detected at two different distances x; and x, away from the
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line-shaped laser source. The SAWs signals of SiO; I detected
at two different positions are shown in Fig 3. The distance be-
tween the two detection positions is 3 mm. The two signals
have an apparent delay because of the different propagation
distances. The electric signals u;(¢) are handled by Fourier-
transform to obtain the phase angles @;(f).!?3! The phase ve-
locity v(f) can be calculated by the following equation:

27 f (%2 — x1)
v(f)= AR
V= e -0
where @;(f) and &, (f) are the phase angles of the SAW sig-

nals detected at positions x; and x;, respectively.

ey

4. Determining the thickness

Figure 4 shows the dispersion curves obtained from the
above experiments for the two SiO; samples. In order to re-
duce the vibration of the curves, two fitting curves of the ex-
perimental dispersion curves are calculated by polynomial fit-
ting. The fitting equations of SiO, I and SiO; II respectively
are

Si0; I: v = —0.45909 fexp + 5081.5,
Si0; II': v = —0.89884 fexp +5081.5.

2
3)

A method to determine the thickness is developed by
combining the theoretical dispersion curve v(fh) and exper-
imental dispersion curve. Because the two SiO, films em-
ployed in this research have the same material parameters, the
same theoretical dispersion curve v(fh) is used to calculate the
thicknesses of the films. Figure 5 shows this theoretical curve
v(fh), which is the initial part of the curve in Fig. 1. The de-
tails of this method are given as follows. Select one data point
(fhiheoty v) on the theoretical dispersion curve v(fh). Take the
velocity v of this data point into the fitting equation of the ex-
perimental dispersion curve, the related frequency fexp can be

calculated. It means the same value of velocity v correlates the
theoretical dispersion curve v(fh) and the experimental dis-
persion curve. At last, the thickness & can be easily obtained
by comparing the frequency—thickness product fheory Of the
theoretical dispersion curve and the frequency fexp of the ex-
perimental dispersion curve,

h— fhlheoty ) (4)
fcxp
5100 T T T T
5070 A 1
‘Y’
g 5040 + SiOy I A
~
>
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Fig. 4. Experimental dispersion curves and fitting curves of two SiO,
samples.
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Fig. 5. (color online) The theoretical dispersion curve v(fh) used to
determine the thicknesses of SiO, films.

Table 1. The data of the theoretical curve, the frequencies fexp of two experimental dispersion curves, and calculation results of the two SiO; films.

Theoretical curve SiO, 1 SiO, 11
Fhiheory/MHz-pm vim-s~! fexp/MHz h/inm fexp/MHz h /nm
10 5072.4 19.8 504.4 - -
20 5063.3 39.6 504.4 19.9 1004.1
30 5054.2 59.4 505.0 30.0 999.7
40 5045.2 79.1 505.7 40.1 998.4
50 5036.2 98.7 506.6 50.1 998.5
60 5027.2 1182 507.5 60.0 999.2
70 5018.3 - - 70.0 1000.3
80 5009.4 - - 79.9 1001.7
90 5000.6 - - 89.7 1003.4
100 4991.8 - - 99.5 1005.2
110 4983.0 - - 109.2 1007.1
120 49743 - - 118.9 1009.2
130 4965.7 - - 128.5 1011.3
140 4957.0 - - 138.1 1013.6
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Because theoretical dispersion curve v(fh) contains many
data points, a series of thickness values can be calculated from
different data points. Table 1 shows the data of the theoretical
curve v(fh) in Fig. 5, the frequencies fexp of the two exper-
imental dispersion curves, and the calculation results of the
two SiO; films. The frequencies fexp of the experimental dis-
persion curves are solved by taking the values of velocity v
into Egs. (2) and (3), respectively. For SiO; I, because the fre-
quency f of the experimental dispersion curve is in the range
from 20 MHz to 120 MHz, six data with fex, = 19.8 MHz to
118.2 MHz are chosen to calculate the thickness. The six cal-
culated results vary only a little, and the mean value 505 nm
is considered as the final result. For SiO; II, the data with
Jexp = 19.9 MHz to 138.1 MHz are in the range of the exper-
imental dispersion curve. The mean value of the calculated
thicknesses is 1004 nm. The manufacturer’s data of these two
standard SiO; films are 500 &2 nm and 1000 42 nm, respec-
tively. So the thicknesses determined from the proposed SAW's
method agree very well with the manufacturer’s data. The rela-
tive differences between the SAWs results and manufacturer’s
data for the two films are only 1% and 0.4%, respectively.

5. Application of the method to low-k samples

Low dielectric constant (low-k) materials are very impor-
tant to decrease the RC delay in interconnects of integrated
circuits.**?>] The combination of the low-k insulator with
lower resistivity metal of Cu is widely used in high speed ultra
large-scale integration devices.

The thicknesses of four low-k samples are measured by
the proposed SAWs method in this study. Figure 6 shows the
experimental dispersion curves and fitting curves of the four

samples. These low-k samples are divided into two groups
based on the materials of the films. Two films are made of
porous black diamond (BD) material, and the other two films
are composed of dense black diamond material. The material
parameters are listed in Table 2, and they are used to calculate
the related theoretical dispersion curves v(fh).

5100 T T T T
porous BD I
_, 5050+
x
£ 50001
>
R
3 49501
G
> .
experimental curve
4900
fitting curve
dense BD II
4850 T T T T
0 40 80 120 160 200
Frequency/MHz

Fig. 6. (color online) Experimental dispersion curves and fitting curves
of four low-k samples.

Table 2. Material parameters of porous and dense black diamond low-k
samples.

3

Material ~ Young’s modulus/GPa Density/g-cm™>  Poisson’s ratio
Porous BD 1.34 1.1 0.18
Dense BD 9.5 1.38 0.18

The thicknesses of these samples determined by the
SAWs method and the manufacturer’s data are listed in Ta-
ble 3. As shown in Table 3, there is a good agreement between
the SAWs results and the manufacturer’ s data, the largest rel-
ative difference between the two sets of data is only 2.18%,
which occurs for the dense black diamond II.

Table 3. Summary of thicknesses obtained from the surface acoustic wave method and manufacturer’s data.

Sample SAW method/nm Manufacturer’s data/nm Relative difference/%
Porous BD I 198 197£5 0.50
Porous BD II 298 304+7 2.00
Dense BD I 509 506+ 10 0.58
Dense BD II 1006 1028 £20 2.18

6. Conclusion

The surface acoustic wave technique is applied to mea-
sure the thicknesses of films of ULSI. A thickness calculation
method is developed based on the union of experimental dis-
persion curve and theoretical dispersion curve v(fh). This cal-
culation method is very simple and fast. A series of thickness
values can be calculated at different frequencies f of the ex-
perimental dispersion curve. The mean value is considered as
the final result of the measurement. So there is another advan-
tage of the method that multiple thickness values can reduce

the uncertainty of single data and increase the reliability of the

measurement result. Six interconnect films are employed to
verify our method. The results of these films are compared
with the manufacturer’s data. For these six films, the rela-
tive differences between the measurement results and manu-
facturer’s data are only in the range from 0.4% to 2.18%. The
remarkable agreement of the contrast results shows the poten-

tial and reliability of the surface acoustic wave technique.
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