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Abstract This paper is a description of theoretical models applied for the numeri-
cal interpretation of the experimental amplitude and phase frequency thermoacoustic
characteristics observed for the transistor’s packaging TO-39 with model holes of
known radii in the packaging. They are essential from the point of view of determi-
nation of the sensitivity of the thermoacoustic method applied for the measurements
of the air-tightness of packagings of electronic elements. In this paper, two models of
the thermoacoustic signal are described, which are based on a transformation of the
thermoacoustic effect to an electrical circuit: CRC and CRLC. Additionally, a method
of extraction of the signal, coming from the hole in the packaging, from the total ther-
moacoustic signal, of the TO-39 packaging, is presented and discussed. The limitation
of this method of detection of the air-tightness, caused by the thermoacoustic signal
of the air-tight packaging, is also discussed.

Keywords Hermeticity testing · Non-destructive testing · Thermoacoustic test
method

1 Introduction

The hermeticity of electronic components is a crucial reliability parameter, especially
under extreme conditions (high temperature, humidity, or pressure) or when the high
reliability of electronic devices is essential (e.g., avionics, medicine). Standards [1–5]
define test methods which are used in the electronics industry. The main disadvantage
of a majority of the methods included in the industrial standards is their destructivity,
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which limits their use only to the statistical approach. Many authors propose alter-
native solutions for the methods used in the industry [6–13]. It is possible to divide
those methods into two main groups. The first group of methods uses different types
of spectroscopy techniques: Fourier transform infrared spectroscopy [6–8], Raman
spectroscopy [8], and near-infrared spectroscopy [9]. The second group of methods
described in [10–13] uses different piezoelectric, resistive, or capacitive internal struc-
tures of the component which monitor the changes of the internal pressure or the
humidity increase inside of the package. The thermoacoustic test method presented
in this article may be considered as an another example of a non-destructive alterna-
tive for destructive industrial hermeticity tests, especially for destructive gross leak
detection methods such as a fluorocarbon bubble test or dye penetrant liquid test. The
method presented in the article is intrinsically non-destructive, as it does not use any
agents which may penetrate the package of the component and break its integrity. The
basic principles of the considered method and example results have been shown in
previous papers [14–16]. The current paper focuses on modeling of different phenom-
ena linked with the package air-tightness and factors which limit the sensitivity of the
method.

2 Description of the Method

The mechanism of the measurement used in the thermoacoustic test method lies in
a controlled heat dissipation in the tested component. During the test, the measured
device (e.g., bipolar transistor) is closed in the acoustic chamber and a periodical
Joule’s heat is dissipated in the component’s chip driven by an external control signal.
A schematic of the basic test system is shown in Fig. 1. In case of leakiness in the
component’s package, there will be an air flow through the leak channel of radius r
and length l causing periodical overpressure changes inside the test chamber. These
changes can be detected with a test microphone M , whose output signal, after amplifi-
cation in a preamplifier circuit K and further processing (e.g., detection with a lock-in
amplifier), allows estimation of the size of the leak. For each particular case, the ampli-
tude and phase thermoacoustic characteristics can be obtained in the whole acoustic
spectrum. As was shown in previous studies [14–16], the shape of those characteristics
is dependent on the dimensions of the leakiness and allows for the estimation of its
size. For the purposes of the evaluation of the sensitivity of the thermoacoustic method

Fig. 1 Idea of the thermoacoustic hermeticity test method
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Fig. 2 (a) Schematic of the thermoacoustic chamber setup and (b) photograph of the thermoacoustic
chamber setup

and comparison of the mathematical models, the experimental setup was built. The
main part of the setup is the acoustic test chamber coupled with the battery-powered
preamplifier board integrated with the test microphone and the circuitry for driving
the tested component. The cross-section of the test chamber setup is shown in Fig. 2a.
The photograph of the acoustic chamber setup used in the experiments is presented in
Fig. 2b.

The presented experimental setup was used in a connection with the data acquisition
card and measurement software designed in the LabView environment. The main
function of the measuring software is generation of the control signal for driving the
tested component and the measurement of the phase and amplitude of the output signal
coming from the preamplifier board. For the purpose of the measurement of low signals
in a noisy environment, the measurement software implements a well-known lock-in
detection algorithm.
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3 Comparison of the Mathematical Models

The selection of an appropriate mathematical model is essential from the point of view
of a further interpretation of the measurement data. The considered models are CRC
and CRLC. Both models are based on a transformation of the thermoacoustic effect
to an electrical circuit. The idea of the transformation was shown in previous works
[14–17].

3.1 CRC Basic Model

The idea of the CRC model was presented in previous papers [14–16]. The schematic
diagram of a considered electrical model is shown in Fig. 3a. The volumes Vi of the
test chamber (i = 1) and the tested component (i = 2) are represented by electrical
capacitances Ci given by

Ci = MVi

NAkT
, (1)

where M and T are, respectively, the molar mass of gas (air) and the temperature, NA
is the Avogadro number, and k is the Boltzmann constant.

The flow of the gas through the leakiness of radius r and length l is represented by
an electrical resistance given by

R = 8ηl

ρπr4 , (2)

where η and ρ are, respectively, the viscosity and density of air.
The output signal can be described by the following equation:

Uo (ω) =
[

1

jω (C1 + C2) − ω2C1C2 R

]
I (ω) , (3)

Fig. 3 (a) CRC electrical
model, where C is the
capacitance and R is a resistance
and (b) CRCL electrical model,
where C is the capacitance, R is
a resistance, and L is the
inductance
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where the current source I (ω) represents the driving force for the heat dissipation in
the component’s chip.

For a circuit presented on the schematic from Fig. 3a, we can consider a special case
when the resistance R = 0. This case represents a situation when the component’s
package is fully opened. Substituting R = 0, Eq. 3 simplifies to the form,

Uo (ω)R=0 =
[

1

jω (C1 + C2)

]
I (ω) . (4)

By dividing Eq. 4 by Eq. 3, we get a transmittance representing the thermoacoustic
characteristic of the tested component,

Uo (ω)

Uo (ω)R=0
= ω (C1 + C2)

ω (C1 + C2) + jω2C1C2 R
. (5)

Transmittance (Eq. 5) can be obtained experimentally by measuring the signal of
the fully opened package and the package with the potential leakiness. Measurement of
the reference fully opened package frees the results from the frequency characteristics
of the measuring equipment and the absolute value of the power dissipated in the
component. By fitting the theoretical curves given by Eq. 5 to the experimental data,
it is possible to estimate the size of the leakiness.

3.2 CRLC Extended Model

The idea of the CRLC model was presented in [17]. The basic model is extended by
adding an electrical inductance as it is shown in Fig. 3b. From [17], the value of the
inductance can be described by the equation,

L = ρl

πr2 . (6)

By using the same methodology as previously, the transmittance representing the
thermoacoustic characteristic of the tested component can be described by the equa-
tion,

Uo (ω)

Uo (ω)R=0,L=0
= ω (C1 + C2)

ω (C1 + C2) + jω2C1C2 (R + jωL)
. (7)

3.3 Comparison of the Models’ Accuracy

For the purpose of comparison, a series of measurements of NPN bipolar transistors in
TO-39 packages of known leakiness sizes were performed and subsequently theoreti-
cal fittings to the measurement data were done using both models. Figure 4 shows the
obtained phase and amplitude thermoacoustic characteristics together with the theo-
retical fitting for different sizes of the package leakiness. In the plots of Fig. 4, it can be
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Fig. 4 Thermoacoustic frequency characteristics of TO-39 packages with leakinesses of different radii
together with theoretical fittings: (a) amplitude characteristics experimental data and CRC model theo-
retical fittings, (b) amplitude characteristics experimental data and CRLC model theoretical fittings, (c)
phase characteristics experimental data and CRC model theoretical fittings, and (d) phase characteristics
experimental data and CRLC model theoretical fittings

seen that both models fit well for low frequencies. For high frequencies, discrepancies
between the theoretical curves of both models and the experimental data are observed.
However, the CRLC extended model yields a better fit to the experimental data than
does the CRC model.

4 Sensitivity Limiting Factors

There are three processes that exist when the packaging is not air-tight. The first process
is when the chip heats up the packaging. It next heats up the air in the acoustic chamber
which results in periodical changes of the overpressure in the chamber. The second
process is when the gas from the transistor flows periodically, through the hole, to the
acoustic chamber, and causes the additional periodical changes of the overpressure
in the acoustic chamber. The third process is when the temperature gradient in the
base of the package bends it periodically causing a drum effect. Apart from a limited
sensitivity of the measuring equipment (resolution of data acquisition card) and noise
conditions (acoustic noise in the chamber, thermal noise in a preamplifier circuitry,
electromagnetic noise in the test environment), the main limiting factor is the signal
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coming from the air-tight package of the component. It is called a background signal.
There are two main mechanisms of a background signal generation. The first one is the
heat dissipation in the component’s chip and diffusion of the thermal wave through the
semiconductor structure and the metal base of the package to the acoustic chamber. The
second one is the drum effect in the metal base of the component. Both mechanisms
were modelled, and the models were compared with the experimental data.

4.1 Thermal Wave in the Component’s Package

The thermal wave component of the acoustic background signal can be modelled with
the two-layer model presented in [18] considering the semiconductor layer and the
metal base of the device as the second layer. The pressure signal seen in the front (on
the surface of the semiconductor chip) can be described by the formula,

PF ( f )= I ( f ) (cosh (l1σ1 ( f )+l2σ2 ( f ))+R12 cosh (l1σ1 ( f )−l2σ2 ( f )))

λ1σ
2
1 ( f ) (sinh (l1σ1 ( f )+l2σ2 ( f ))+R12 sinh (l1σ1 ( f )−l2σ2 ( f )))

. (8)

The signal seen in the reverse (outside of the component) is described by the formula,

PR ( f )= I ( f ) (1+R12)

λ1σ
2
1 ( f ) (sinh (l1σ1 ( f )+l2σ2 ( f ))+R12 sinh (l1σ1 ( f )−l2σ2 ( f )))

. (9)

In the above equations, λ1 is the thermal conductivity of the semiconductor layer,
and l1, l2 are the thicknesses of the semiconductor and metal base layers, respectively.
I ( f ) represents the driving signal for the heat dissipation.

R12 is a function of the thermal effusivities of the layers given by the equation,

R12 = e1 − e2

e1 + e2
. (10)

σi (i = 1 for the semiconductor layer, i = 2 for the metal base layer) are functions of
the thermal diffusivities αi of the layers and the frequency of the driving signal:

σi ( f ) = 1 + j√
αi
π f

. (11)

The relations between the reverse signal and the front signal are described by the
formulae:

AR2F =
∣∣∣∣ PR ( f )

PF ( f )

∣∣∣∣ , (12)

ϕR2F = 180

π
arg

(
PR ( f )

PF ( f )

)
. (13)
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Those frequency-dependent functions can be compared with the amplitude and
phase characteristics of the air-tight package signal related to the fully opened package
in order to perform the fitting of the thermal wave model to the experimental data.

4.2 Drum Effect in the Component’s Package

The model of the air-tight package can be extended by taking into account another
phenomenon, which is the drum effect in the metal base of the component. In this case
in the total reverse signal, the drum effect signal must be included. The latter can be
described by

Pdrum ( f ) = I ( f )

λ2σ
2
2 ( f )(

l2
2

− exp (l2σ2 ( f )) + exp (−l2σ2 ( f )) − 2

σ2 ( f ) exp (l2σ2 ( f )) − exp (−l2σ2 ( f ))

)
1

cosh (l1σ1 ( f ))
, (14)

where λ2 is the thermal conductivity of the metal base.
The reverse-to-front signal ratio with the drum effect considered can be given by

the formulae:

AR2Fdrum ( f ) =
∣∣∣∣ PR ( f ) + D Pdrum ( f )

PF ( f )

∣∣∣∣ , (15)

ϕR2Fdrum ( f ) = 180

π
arg

(
PR ( f ) + D Pdrum ( f )

PF ( f )

)
. (16)

Here, D is a coefficient representing the impact of the drum effect on the total reverse
signal.

Figure 5 presents the curves of the presented air-tight package models together
with the measurement points of a series of air-tight TO-39 packages related to a fully
opened package signal. It can be seen that only in a narrow range of low frequencies
the measurement data can be approximated with the thermal wave signal. For higher
frequencies, the drum effect takes the leading role in the air-tight package signal and
can be considered as the main limiting factor of the test method.

5 Computation Procedure of Leakiness Contribution in the Measured Signal

Depending on the dimension and the mechanical structure of the package, the back-
ground thermoacoustic signal can exceed the useful signal coming from the leakiness
of a considerably large diameter. The useful leakiness signal can be extracted from the
total measured signal as the result of a subtraction of vectors representing the signals
in the frequency domain:

Ac = ∣∣At exp (jφt ( f )) − Ap exp
(
jφp ( f )

)∣∣ , (17)

φc ( f ) = 180

π
arg

(
At exp (jφt ( f )) − Ap exp

(
jφp ( f )

))
, (18)
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Fig. 5 Amplitude and phase frequency characteristics of air-tight TO-39 packaging

where At( f ) and φt( f ) are total amplitudes and phases of the signal of the transistor
with a leakiness, Ap( f ) and φp are amplitudes and phases of the air-tight transistor,
and Ac( f ) and φc( f ) are amplitudes and phases of the signal coming only from the
leakiness.

The characteristics of an air-tight package for a given component type can be
obtained statistically by the measurement of a series of air-tight packages. Figure 6
shows the results of the computation procedure performed for a TO-39 package with
a particular leakiness.

6 Conclusion

Theoretical and experimental results confirmed that the CRLC model is appropriate
for the modeling of thermoacoustic characteristics measured for the hermeticity test
of transistors. Numerical computations proved that the drum effect of the packaging
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Fig. 6 Results of the leakiness size estimation for a TO-39 package

is the main limitation of this thermoacoustic method. The procedure of the computa-
tion of the hole contribution from the total thermoacoustic signal characteristic was
presented and tested. It was proven that the thermoacoustic approach enables mea-
surements and computations of the air-tightness of the packagings. The sensitivity of
the method, depending on the size of the package was estimated to a hole radius of a
few micrometers.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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