
Contents lists available at ScienceDirect

Microelectronics Reliability

journal homepage: www.elsevier.com/locate/microrel

On the replacement of water as coupling medium in scanning acoustic
microscopy analysis of sensitive electronics components

M. Hertla,⁎, F. Mialheb, I. Richarda

a Predictive Image, 193 rue Chassolière, 38340 Voreppe, France
b Centre Spatial de Toulouse, 18 av. E. Belin, 31055 Toulouse Cedex, France

A B S T R A C T

The present paper studies the use of isopropyl alcohol and fluorocarbon liquids as coupling fluids for acoustic microscopy non-destructive testing of electronic flight
components. For these components the standard coupling liquid water sometimes should be avoided in order to minimize sample contamination. The sound velocities
of three different fluorocarbon liquids are measured, their ultrasound attenuation coefficients are estimated, and comparative failure analysis images on various
electronics components are obtained by using water and these four alternative coupling liquids.

1. Introduction

Scanning acoustic microscopy (SAM) today is a standard means for
non-destructive quality assessment and defect identification in elec-
tronics components and assemblies.

A particular case are the so-called flight model components in
aeronautics and space industry. These components, integrated into sa-
tellites, space ships or aircraft, need to be extensively tested in order to
achieve a high level of reliability. However, each SAM test involves
immersion of the components into de-ionized water, which might be
considered as a contaminant. In the ideal case, the used coupling liquid
should be already part of the standard “life cycle” of the components,
including manufacturing, test and screening. Natural candidates are
isopropyl alcohol (used for cleaning) and fluorocarbon liquids such as
Fluorinert™ FC-43, Galden® D02 and Galden® HT80 (used for seal
testing following the MIL-STD-750 and the MIL-STD-883 standards), in
spite of their known drawbacks such as fast evaporation and potential
harmfulness to human health in case of isopropyl alcohol.

Few information is available in literature concerning the use of
these fluids as acoustic coupling liquids. Even key parameters for the
theoretical assessment of suitability such as sound velocity or at-
tenuation constants are only partially known (cf. missing literature
references in Tables 1 and 4).

Sound velocity values are well known for the standard coupling li-
quid water for temperatures from 0 °C to 100 °C [1]. For isopropyl
alcohol and FC-43 some studies have been published, and values for the
sound velocity at 20 °C have been reported [2,3] (see Table 1). To our
knowledge, no literature data are available for D02 and HT80.

The sound attenuation by air-free distilled water at 20 °C is α/

f2 = 25 ∗ 10−15 neper/m/Hz2 [4]. Sound attenuation values in iso-
propyl alcohol have been reported at 20 °C: α/f2 = 107 ∗ 10−15 neper/
m/Hz2 (at 10 MHz) and α/f2 = 86 ∗ 10−15 neper/m/Hz2 (at 1800 MHz)
[5]. A value of 86 ∗ 10−15 neper/m/Hz2 (at 7 MHz, 21 °C) is reported in
[6]. No quantitative acoustic attenuation data of FC-43, D02 and HT80
is available to our knowledge. Qualitatively, FC-43 is described as
“highly attenuating, even at relatively low frequencies (10 MHz)” [7].

2. Experimental setup

Measurements are done with a commercial scanning acoustic mi-
croscope IS-350 manufactured by Insight kk (Japan). This instrument
has a 4-axis (x,y,z, sample rotation) scanning mechanism. Samples are
aligned parallel to the (x-y) working plane. The focussed ultrasound
transducer T is mounted vertically to this plane along the z-axis, and
can be moved along this axis for focussing the sound energy either onto
the surface or into the volume of sample S (Fig. 1).

The sample and the transducer head are immersed into the coupling
liquid CL. The liquid temperature is regulated and stabilized to values
from 20 °C to 40 °C. The transducer is emitting a short sound pulse into
the liquid. The sound pulse hits the sample, which might be either a flat
glass plate or an electronics component, and is reflected back onto the
transducer.

Ultrasound pulses with frequencies from 15 to 200 MHz are gen-
erated and their reflection received by a 500 MHz bandwidth pulser/
receiver system (DPR500 from Imaginant Inc.). The ultrasound trans-
ducer (supplied by Insight kk) mainly used in this study has a central
frequency of 15 MHz and a nominal focal length of 12.7 mm. For high
resolution imaging, 35 MHz and 110 MHz transducers are used on
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specific samples.
The received sound pulse is converted into a high voltage signal and

digitized by a PC (Fig. 2). The time of flight (TOF) of the pulse from the
transducer to the sample and back depends on the transducer–sample
distance and on the sound velocity in the coupling liquid. The peak
amplitude depends on the transducer–sample distance, the sound at-
tenuation by the coupling liquid, and the reflection and transmission
coefficients of the involved liquid/sample interfaces.

3. Results and discussion

3.1. Sound velocity measurement in alternative coupling liquids

A thick glass plate is used as target for measuring the sound velocity

of the tested coupling liquids. The transducer is moved up and down
along the z-axis as shown in Fig. 1 by successive steps of 250 μm,
500 μm or 1000 μm by means of the z-axis stepper motor. For each z-
position, the round-trip time of the pulse from the transducer to the
glass plate and back to the transducer is measured. The negative peak
TOF as shown in Fig. 2 is used for the time measurement.

Fig. 3 shows the result for the five coupling media deionized water,
isopropanol, FC-43, D02 and HT80. For each set of data, the linear
regression fit curve is calculated, as shown as an example for the iso-
propanol data set. The slope of the fit curve corresponds to the mea-
sured sound velocity in each of the coupling media. The standard de-
viation of the calculated slope is typically 0.2%. Table 1 shows the
experimentally obtained sound velocities, together with previously
published data.

The measured value for water perfectly matches the published one.
The measured value for isopropanol is in between the two different
published values. This result validates the accuracy of the experimental
approach used in this paper.

The experimentally measured sound velocities for the three fluor-
ocarbon liquids are significantly lower than those in water and iso-
propanol. The sound velocity value obtained in this study in FC-43 is

Table 1
Sound velocities c at 20 °C measured for water, isopropanol, FC-43, D02 and
HT80, and comparison with published data.

Liquid Measured c (m/s) Published c (m/s)

Deionized water 1482 1482 [1]
Isopropanol 1162 1156 or 1170 [2]
FC-43 673 658 [3]
D02 617 –
HT80 550 –

Fig. 1. Experimental setup. T: transducer. CL: temperature stabilized coupling
liquid. S: sample.

Fig. 2. Example of a received sound pulse. The round-trip time (time of flight – TOF) of the pulse from the transducer to the sample and back is displayed on the
abscissa. The ordinate shows the peak amplitude as percentage of the full scale.
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Fig. 3. Measurement of the sound path length vs. pulse round trip time in
deionized water, isopropanol, FC-43, D02 and HT80, at 20 °C liquid tempera-
ture. The evaluation of the sound velocity by linear regression is shown for
isopropanol.
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slightly higher than the value reported in [3]. No comparative data are
available for D02 and HT80.

3.2. Focussing in alternative coupling liquids

Knowing the influence of the coupling liquid on focussing and at-
tenuation of the ultrasound energy emitted from the transducer towards
the sample is of primary importance for the preparation of the SAM test
setup for a given sample.

The numerical values for the focal length of ultrasonic transducers
with an integrated acoustic lens for focussing are only valid if the
transducers are used in water. It depends on the curvature of the
transducer lens and on the sound velocities in the lens material and the
coupling medium. If a coupling medium other than water is used, the
indicated focal length is no longer valid.
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Fig. 4. Reflected ultrasound amplitude vs. transducer-to-glass plate distance
with water and isopropanol as coupling liquids. The nominal focal length of the
transducer in water is 12.7 mm.
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Fig. 5. Reflected ultrasound amplitude vs. transducer-to-glass plate distance
with FC-43, D02 and HT80 as coupling liquids. The nominal focal length of the
transducer in water is 12.7 mm.

Fig. 6. Schematic representation of a plane sound wave, travelling through the
transducer lens and being focused by the curved lens-liquid interface. ct, cl:
sound velocities in the transducer lens and the coupling liquid, respectively.
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Fig. 7. Calculated variation of the focal length of the used 15 MHz transducer
(FL 13.4 mm in water) with the coupling liquid's sound velocity (line). An es-
timated sound velocity of 2600 m/s is used for the transducer's epoxy lens.
Markers: experimentally determined focal lengths with the five coupling liquids
used in this study.

Table 2
Focal length of the used FL 13.4 mm transducer in the five coupling liquids as
determined experimentally (Figs. 4, 5) and estimated theoretically (Fig. 7).

Liquid c (m/s) Experimental FL (mm) Calculated FL (mm)

Water 1482 13.4 (13.4 set)
Isopropanol 1162 11.0 10.4
FC-43 673 8.9 7.8
D02 617 8.6 7.6
HT80 550 8.4 7.3
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Fig. 8. Reflected ultrasound amplitude vs. transducer-to-glass plate distance for
the five coupling liquids of this study. For each liquid, the measured sound
amplitude is divided by the reflection coefficient of the sound on the respective
liquid/glass interface.

M. Hertl, et al. Microelectronics Reliability 114 (2020) 113860

3



For studying the focussing and attenuation of the ultrasound beam
the transducer was moved along the z-axis, with a glass plate as target.
At each position the acoustic amplitude is noted. Figs. 4 and 5 show the
reflected ultrasound amplitudes vs. the transducer-glass plate distance
for the five coupling liquids used in this study. In both Figures the same
y-axis scale is used, making the obtained amplitudes immediately
comparable.

In case of water maximum signal amplitude is reached for a trans-
ducer distance of 13.4 mm from the glass plate, which is reasonably
close to the transducer's nominal focal length. For isopropanol, FC-43,
D02 and HT80 the peak intensities are reached for successively lower
transducer-to-glass distances, as a consequence of the lower sound ve-
locities in these coupling liquids.

As a simplified model we consider the sound wave from the piezo
crystal through the transducer lens into the coupling liquid as an in-
itially plane wave with sound velocity ct in the transducer lens and cl in
the coupling liquid. In a coordinate system with its origin on the
transducer axis as shown in Fig. 6, the part of the sound wave hitting
the transducer-liquid interface at (x,y) will be refracted following
Snell's law, which determines the angle β by
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Knowing β allows to calculate the focal length FL as
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In case of a small aperture lens (x ≪ R) the approximation
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With FLw and cw being the transducer's focal length and the sound
velocity in water, the focal length of the same transducer in any other
liquid can be estimated as

= −
−

FL FL c c
c cw
t w

t l (2)

Fig. 7 shows the focal length calculated by using Eq. (2) for the
15 MHz transducer used in this study to investigate coupling liquids
with sound velocities ranging from 500 m/s to 1500 m/s, together with
the experimentally obtained values. Table 2 shows a numerical com-
parison of the theoretical and experimental values for the five tested
coupling liquids.

The experimental and calculated results show the same trend: the
transducer's focal length decreases with decreasing sound velocity in
the coupling medium. However, the calculation slightly overestimates
the decrease of the focal length with the liquid's sound velocity. This is
probably due to the consideration of simple diffraction following Snell's
law on the transducer/liquid interface. In reality, even transducers
without a focussing lens generate a somewhat focussed sound beam,
with the focus point at the transition from near to far field. Therefore,
the radius of the epoxy lens of our transducer should be larger than
calculated by Eq. (1), and the total focus length of the transducer should
include a term that takes into account the “natural” focussing of the
sound by the transducer aperture, without presence of any lens at the
transducer tip.

3.3. Attenuation in alternative coupling liquids

For visualization of the acoustic attenuation Fig. 8 shows again the
reflected sound amplitude vs. transducer-to-glass plate distance. Dif-
ferently to Figs. 4 and 5, the graphs in Fig. 8 are corrected for the

Table 3
Acoustic impedance of the coupling liquids and reflection coefficients of sound
waves on the respective liquid/glass interfaces, at 20 °C. The experimental
sound velocities of Table 1 are used.

Liquid ρ (kg/m3) Z = c ∗ ρ
106 Nm/s

Rl (liquid/glass)

Water 998.2 [9] 1.479 81.5%
Isopropanol 785 [10] 0.912 88.2%
FC-43 1869 [11] 1.258 84.0%
D02 1782 [12] 1.099 85.9%
HT80 1690 [13] 0.930 87.9%

Table 4
Estimated attenuation coefficients at 20 °C for isopropanol, FC-43, D02 and
HT80, and comparison with published data.

Liquid Measured α/f2
(10−15 neper/m/Hz2)

Published α/f2
(10−15 neper/m/Hz2)

Water 25 (reference) 25 [4]
Isopropanol 82 107 [5], 86 [6]
FC-43 427 –
D02 346 –
HT80 303 –

Fig. 9. The samples used in this study are reference samples for long-term reliability analysis at French national space research center CNES. From left to right:
FlipChip, PQFN208, TO.
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reflection coefficient of the sound on the glass plate, calculated by

R =
Z − Z
Z + Zl

g l

g l

where Zg = 14.5 ∗ 106 Nm/s is the acoustic impedance of crown glass
[8] and Zl the acoustic impedance of the coupling liquid. Reflection
coefficients used in this study are summarized in Table 3.

Due to the higher attenuation of isopropanol compared to water, the
maximum measured amplitude for this liquid is lower. As expected, the
sound attenuation in the fluorocarbon liquids is even higher as in iso-
propanol, resulting in significantly lower received sound amplitudes.

Quantitatively, the sound amplitude (voltage) received by the
transducer can be expressed as

= ∗
−⎛

⎝
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f d
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where Il is the received sound amplitude in the coupling liquid, I0 the
initially emitted sound amplitude, αl the attenuation coefficient of the

coupling liquid, f the transducer frequency, and dl the sound path
(transducer to glass plate and back) in the coupling liquid. Note that the
attenuation coefficient divided by the square of the frequency is used in
the equation, as this is the usually referenced attenuation value [4–6].

Using the well-known attenuation coefficient of water of αw/
f2 = 25 ∗ 10−15 neper/m/Hz2 [4] allows to estimate the attenuation
coefficients αl of the other coupling liquids by using Eq. (3) together
with experimentally obtained sound amplitude ratios Il/Iw with the
transducer focused on the glass plate:
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The graphs in Fig. 8 are normalized with respect to the reflection
coefficient on the glass plate for each liquid. Thus, for each liquid, the
intensity ratio Il/Rl needed in Eq. (4) corresponds to the peak value of
the curve for this liquid, and the value dl corresponds to the double of
the transducer's focal length in this liquid.

(1) (2) 

(3) (4) 

(5) 

Fig. 10. Top side analysis of the TO component by a 15 MHz transducer, in water (1), isopropanol (2), FC-43 (3), D02 (4) and HT80 (5) at 20 °C.
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Table 4 shows the estimated attenuation coefficients at 20 °C and
15 MHz transducer frequency. These values should be considered as
estimations rather than exact values, due to some important approx-
imations done in the calculation. In particular, it is considered that the
same fraction of reflected sound energy is collected by the transducer
for all five coupling liquids, which is questionable due to the variation
of the transducer–glass plate distance. Also, equal coupling of sound
energy between the transducer tip and the liquid is supposed for all
liquids.

However, the estimated attenuation coefficient for isopropanol
agrees well with previously published data, which seems to confirm the
overall correctness of the applied approach. The attenuation coeffi-
cients deduced similarly for fluorocarbon liquids show the lowest value
for the Galden HT80 liquid, and the highest sound attenuation for

(1) (2) 

(3) (4) 

(5) 

Fig. 11. PQFN analysis in water (1), isopropanol (2), FC-43 (3), D02 (4) and HT80 (5) at 20 °C, using a 35 MHz transducer.

Table 5
Estimated beam diameter in the focal spot of a
transducer with f= 15 MHz, FL (water) = 13.4 mm,
D = 6.3 mm in the five coupling liquids.

Liquid BD−6dB (μm)

Water 294
Isopropanol 189
FC-43 89
D02 79
HT80 68
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Fluorinert FC-43.

3.4. Flight components analysis in alternative coupling liquids

The influence of the coupling medium and its temperature on SAM

images of electronic components has been studied for three different
component types (Fig. 9) at liquid temperatures ranging from 20 °C to
40 °C. Various ultrasonic transducers with frequencies from 15 to
110 MHz have been used.

Figs. 10 and 11 show respectively SAM images of the TO and the

(1) (2)

(3)

Fig. 12. PQFN208 analysis in water (1), isopropanol (2) and FC-43 (3) at 40 °C, using a 35 MHz transducer.

Fig. 13. FlipChip analysis in water (left) and isopropanol (right) at 20 °C (top) and 40 °C (bottom) with a 110 MHz transducer.
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PQFN sample with the five different coupling liquids, at 20 °C. For both
samples, similar observations can be made:

Both water and isopropanol show comparable image quality, with
the image in isopropanol being slightly sharper and better defined in
both cases. This behaviour can be explained by the lower sound velocity
in isopropanol, and also the shortening of the focal length of the
15 MHz transducer when used in isopropanol instead of water (the
35 MHz transducer is focussed by its curved element, and therefore
does not show a variation of focal length when used in different li-
quids). The image resolution is directly related to the beam diameter
BD−6dB in the focal spot of the acoustic beam, which depends on the
frequency f, the piezo diameter D, the transducer's focal length FL and
the sound velocity c in the coupling liquid [14]:

= ∗ ∗
∗−BD c FL

f D
1.4 .6 dB

(5)

As an example, Table 5 shows calculated focal spot diameters for the
used 15 MHz transducer based on the experimentally determined sound
velocities and focal length parameters.

However, it has to be considered that in strongly absorbing liquids
the attenuation, which is proportional to the square of the frequency,
acts as a kind of frequency shifter. Therefore, for isopropanol, but in
particular for the fluorocarbon liquids, the acoustic frequency reaching
the sample is substantially lower than the frequency emitted by the
transducer. Using the initial transducer frequency in Eq. (5) will over-
estimate the lateral resolution on the sample in these liquids. For
fluorocarbon liquids, the frequency shift by strong attenuation annihi-
lates the benefits of the shorter focal length.

Fig. 12 shows the same images as Fig. 11, but acquired with a liquid
temperature of 40 °C. For this 35 MHz transducer, the image quality
stays about the same for the increased temperature, in particular in
water and isopropanol.

At higher frequencies, the temperature influence on the resulting
image becomes more important, as can be seen in Fig. 13 for the ex-
ample of a FlipChip analysis at 110 MHz. At this frequency, when in-
creasing the temperature, images acquired in water become more in-
tense, but somewhat blurred. On the other hand, images acquired in
isopropanol become less intense, but better defined, with more details
visible.

The intensity increase with temperature in water is an expected
result, as the sound attenuation of water decreases with increasing
temperature [4]. However, the same observation is to be expected for

isopropanol, which also has a decreasing sound attenuation with in-
creasing temperature [5].

For increasing temperature, the sound velocity increases in water,
but decreases in isopropanol. Following Eq. (5), we would therefore
expect, for increasing temperature, a decrease of resolution in water
and an increase of resolution in isopropanol, which is obviously the
case.

At high frequencies such as 110 MHz, the fluorocarbon liquids be-
come unusable for SAM applications, even at low temperatures, as il-
lustrated on Fig. 14, due to their high attenuation coefficients.
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