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Abstract

Increasing electronic component reliability is, nowadays, a hot topic both in most advanced 
applications as well as in electronic devices of common use in everyday life. In fact, require-
ments in terms of miniaturization of electronics components introduce issues connected 
with heat dissipation management. Materials, packaging, heat dissipator, and even posi-
tioning of the component on the board should be optimized in order to reduce thermal 
stresses generated in the components, which are one of the most important failure mecha-
nisms of electronics. Thermal stress evaluation is, however, a difficult task due to the size 
of the elements under testing and to the necessity of measuring small amount of strains. At 
the same time, any contact with the object under measurement should be avoided not to 
alter heat capacity of the component itself. In this work, some results of experimental stress 
analysis gathered using electronic speckle pattern interferometry will be described; it will 
be pointed out how this approach allows to put in evidence inhomogeneous stress fields 
undergone by the electronic components and how it is possible to highlight the presence 
of bad functioning and defects.

Keywords: electronic component reliability, electronic speckle pattern interferometry, 
bad thermal contact, deformation field, damage detection

1. Introduction

Electronic components are, nowadays, widely spread at any level from simple personal devices 

to very demanding equipment for aerospace applications. Independently of their specificity,  
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distribution, and reproduction in any medium, provided the original work is properly cited.



it is a general rule that they are subjected to thermal loading as a consequence of the Joule effect 
connected to the running electric current. This introduces a mechanical problem because ther-

mal deformations can determine crack initiation and propagation [1, 2]. In this view, the possi-

bility to have accurate and detailed information on the mechanical behavior of the component 

during working is important. However, due to the complexity of electronic components [3], 

experimental methods are strictly necessary. Different experimental approaches have been 
used to the scope such as acoustic microscopy, X-ray, and thermography [4, 5]. Among these, 

X-ray and infrared thermography are the most common ones. The use of optical methods has 

also been explored by several authors [6–9]. These methods rely on the modulation in the 

reflected/diffused light wavefront connected with deformation of the surface. Demodulation 
of the information allows us to determine displacement field. Interestingly, this can be done 
without any contact with the component. From the above-mentioned survey, it appears that 

speckle and moiré are the OT most commonly used in the analysis of electronic chips. Speckle 

and moiré methods, in particular, have been applied several times in the analysis of electronic 

chips. In particular, the phase shifting electronic speckle pattern interferometry (PS-ESPI) is 
very appealing because it does not require application of a grating and can guarantee very 

high sensitivity [10]. As it was previously underlined, localized mechanical damage can lead to 

stress/strain concentration that can cause component rupture. If cyclic loading is considered, 
this mechanism can also be driven by progressive damage accumulation. Moreover, it should 

be taken into account that the presence of a damage can alter the electrical resistance. This 

also alters thermal distribution. Proper mounting of the components is a determinant stage 
in thermal management. In fact, inappropriate mounting can introduce bad thermal contact, 

which alters thermal dissipation capability of the chip. In this chapter, the PSESPI technique 
will be applied to analyze displacement fields of components under different conditions. It 
will be applied on a Darlington transistor (NZT605) to evaluate its mechanical response when 
powered. The same will also be studied under anomalous loading conditions to understand 

which kind of effects this introduces on the mechanical behavior. Furthermore, the compo-

nents will be analyzed when subjected to successive powering cycles in order to understand if 

deformation of the component is completely recovered at the end of the cycle or some plastic 

deformations remain. Finally, a voltage stabilizer will be studied; in this case, two different 
conditions of thermal contact will be analyzed to understand if it is possible, by analyzing the 

displacement fields, to distinguish between those two conditions. It should finally underline 
that, in addition to the specific case studies and applications that will be discussed in this 
chapter, authors intend to put in evidence a more general aspect, which is overall connected 

to the potentiality and the versatility of an approach based on optical methods. As there is 

no contact with the measured specimen, optical methods can be used even if the component 

is highly miniaturized without altering heat dissipation of the component itself. In addition, 

this can be done independently of the complexity of the analyzed component that can be very 

high as for the case of ASIC and FPGA components. Finally, it should be pointed out that 
spatial resolution of this technique is basically connected with resolution of the employed 

camera. Nowadays, technological developments allow to easily get high resolution camera at 
low price, so that it is easy to reach micrometric resolution. Hence, dedicate analysis in a criti-

cal region or in correspondence of a pad to detect malfunctioning, bad thermal contact, and 

hot point can be done at a resolution not achievable by thermographic methods. Feasibility of 
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use of the proposed approach to the analysis of other types of chips (e.g., ASIC or FPGA with 
ball grid arrays) is briefly discussed at the end of the chapter.

2. Materials and methods

The system that was built up to measure the displacement field on the Darlington transistor 
and the positive voltage stabilizer following the general plan reported in the Introduction sec-

tion is based on the electronic speckle pattern interferometry. In this specific optical technique, 
the information is carried out by the random light distribution which is obtained whenever 

a coherent beam of light illuminates a rough surface. If the illuminated surface is deformed, 

speckle pattern also changes as a consequence. Here, a double illumination interferometer 
[11] was built up, which is sensitive to the in-plane horizontal displacement component. 

Figure 1 shows the schematic of the experimental set-up utilized in this research.

The setup included a 17 mW He-Ne laser beam (λ = 632.8 nm), which goes through a spatial 
filter, and it is collimated before illuminating the surface. An intensity beam splitter is used 
to divide the beam into two paths. The emerging beams are reflected by mirrors M2 and M3 
and then directed at the same angle toward the surface. In this way, symmetric double illu-

mination is obtained. A black and white Marlin FireWire Allied Vision Technologies camera 

was used to capture images whose sensor has 1628 × 1236 pixel. Camera was equipped with 

imaging lenses with field-of-view = 21 mm. The optical axis of the camera is perpendicular to 
the component under analysis. Temporal phase shifting approach [13] was utilized in order 

to recover phase of the speckle correlation fringes. For that purpose, a piezoelectric translator 

is inserted into one of the arms of the interferometer in order to allow phase shifting. In par-

ticular, the five-step technique was adopted in which subsequent π/2 shifts are introduced, so 
that the following sequence is generated: φ

n
 = 0, π/2, π, 3π/2, 2π (n = 1,…, 5). It should be noted 

that the phase of the first and last image is the same. The following expression can be used to 
obtain the phase difference encoded in the speckle correlation fringes:

  ∆ ϕ (x, y)  =  tan   −1    
2  I  
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patterns generated for each phase shift. In order to improve the data quality, it was decided to 
preprocess fringes before extracting phase information. After some preliminary investigation, it 

was decided to apply a median filter to the image. This filter replaces, for each pixel, the median 
value calculated over the neighborhood pixels. A 7 × 7 pixel window was adopted for these 

specific measurements. With the same aim of improving data quality, it was decided to apply 
a white sprayed layer to the inspected components. This was done to improve fringe contrast 

in order to have benefits in terms of final accuracy. The in-plane displacement components u of 
each generic point P(x,y) of the specimen can be obtained by the following expression:

  u (x, y)  =   
∆ϕ (x, y) 

 _______ 
2π   ∙   λ _____ 

2 sin ϑ    (2)
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The sensitivity λ/2sinθ of the optical setup is 447 nm for the given optical-geometrical configu-

ration; this means that points belonging to two adjacent fringes experience a relative displace-

ment along the horizontal in-plane direction of about 0.5 μm. First tests were performed on a 

NZT605 Darlington transistor mounted on a S9004 electronic board adopted in satellite space 
application. The board is a DC/DC convertor with a dual output ±5.7 V. The indicated transis-

tor was subjected to analysis because it was indicated, by the producer, to be the most critical 

element in terms of reliability. More in detail, the analyzed component is an NPN Darlington 
transistor whose gain factor can be up to 10,000 of the input current. It was mounted on a 

SOT-223 type package (Figure 2), which is specifically designed for this kind of application 
because it guarantees improved performances in terms of thermal dissipation.

The measurement procedure starts by acquiring a set of five reference images, one for each 
phase step. After this, starting step power was applied to the component, and speckle patterns 

Figure 1. Schematic of the implemented phase shifting interferometric speckle setup [12].
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were acquired according to a given temporal sequence. These speckle patterns are subtracted 
one by one from the five reference patterns. When this is done, after proper preprocessing of the 
images as described above, Eq. (1) is used to calculate wrapped phase, while the spanning tree 
algorithm implemented in the Fringe Application software is used to obtain the unwrapped 

phase [14]. Finally, Eq. (2) is used to obtain the displacement maps. The experimental plan was 
organized in order to understand the thermomechanical behavior of the component both in 

normal working condition and in the presence of a damage, which can cause malfunctioning 

of the board. After some preliminary attempts and in accordance with the indications of the 
producer, this last condition was simulated by powering the board with 29 V instead of the 

nominal powering voltage of 17 V. This corresponds, at the level of the analyzed component, 

to an applied voltage 50% higher than the maximum suggested voltage so that this condition 

simulates working under severe conditions. Having this in mind, two types of tests, that is to 

say static and fatigue tests, were performed. In the static test, voltage is applied to the board 

at a given instant time t
0
, and the power is kept on for the following 10 minutes. During this 

phase, speckle patterns are acquired in order to evaluate progression of the u-displacement 

field in the heating stage. Ten minutes are enough to reach a stationary state as it was inferred 
from preliminary investigations. At the end of this stage, the board is powered off, and the 
following 10 minutes are monitored in order to get information on the evolution of the u-dis-

placement fields during the cooling phase. The same procedure was finally repeated after 
90° rotation of the board in order to measure the v-displacement field as well, and in such a 
way, complete description of the in-plane displacement field is obtained. For analyzing the 
fatigue behavior of the NZT605 component, cyclic powering loading was considered. Two 
different loading cycles were implemented, and for each of them, two levels of maximum 
voltage were considered corresponding, as for the static tests, to nominal and anomalous 

working conditions. A timer was put in series between the power supply and the analyzed 

board. Timer allows regulation of the on and off time. Experiments were performed under 

Figure 2. Schematic of the SOT-223 packaging.
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slow loading conditions, that is to say, with a time duration of each loading cycle T
slow

 = 400 s  

and under fast loading conditions, that is to say, with a time duration of each loading cycle T
fast

 

= 10 s. Duty cycle is fixed to 50% for both experimental conditions. The duration of the entire 
fatigue test was 8 h. It was divided into four steps of 2 h each. At the end of each step, the board 

is powered off for half an hour, and finally a speckle pattern is acquired. This speckle pattern 
is subtracted by the five reference patterns recorded at the beginning of the test, and displace-

ment maps are obtained as described for the static test. In this way, it is possible to extract the 

information on the residual deformation of the component as a consequence of the loading 

cycles. Five different measurements were performed for each of the loading conditions and 
repeated for two levels of voltage, 17 and 29 V. As it was stated for the static tests, those two 

levels are representative of the normal and anomalous working conditions. Finally, a second 

set of experiments was performed on a LM7818 voltage stabilizer. In this case, the main scope 

of the analysis was to understand if the PSESPI system could capture difference in the defor-

mation field connected with a bad thermal contact. This was simulated by bad screwing of the 
component to the board so that the lower part of the body of the component does not adhere 

perfectly to the board. This is a condition that can appear as a consequence of inappropriate 

mounting procedure or that can arise as a consequence of warping of the board during exer-

cise. Reference pattern collection and fringe analysis follow the procedure described before. 
Then, the component is powered to the nominal input power, and 5 s is waited before collect-

ing a speckle pattern. Measurements were repeated five times for each condition.

3. Results and discussion

In Figure 3, the relative displacement as recorded along the indicated cross section is reported 

as a function of the test time. In particular (Figure 3A), for the case of the u horizontal displace-

ments, the top and the bottom cross sections are reported, while for the case of the v vertical 

displacements (Figure 3B), the middle and the bottom cross sections are shown. It is clearly 
visible how, after 10 minutes of board powering, a tree time higher level of u-displacement is 

observed in case of anomalous working conditions than normal working conditions (3.01 μm 

vs. 2.73 μm). Analogous conclusions can be done by observing the v-displacement field.

In fact, when over voltage is applied, a 2.5 times higher displacement in the central section 

of the component (1.46 μm vs. 0.56 μm) can be observed. Deformation field is not homog-

enous, and in fact, displacement in the middle of the component is 30% larger than in the 

bottom part (1.46 μm vs. 1.11 μm). This general consideration holds for both normal working 
and anomalous working conditions. However, it can be observed that those differences are 
progressively recovered during the cooling state, and at the end of the test, no final residual 
displacement can be observed. This different behavior during the heating and the cooling 
stage is interesting to be observed, and it is a simple consequence of the high complexity 

of the thermo-mechanical problem. To get more understanding, it should be recalled that 

the SOT-223 package (Figure 2) is properly designed to improve heat dissipation capability 
especially through the pad 4 where high level of current, up to 1.5 A, can flow. However, 
especially when over voltage is applied, pad 4 is not able to dissipate completely the heat so 
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that thermal gradient along the component is higher and this results in a less homogenous 

displacement field. After powering off the board, no current flows through the collector so 
that overall thermomechanical behavior rapidly returns to be uniform. This is an important 

consideration as improving heat flow and dissipation is a critical issue for high power com-

ponents that can have impact on their reliability and lifetime. Pad 4 is designed to the scope of 
improving power dissipation but, nevertheless, our measurements that still strain values up 

to 500 10−6 m/m can be observed.

In Figure 4, the results in terms of residual deformation are reported for the 8 hour fatigue 

tests performed in this study. In particular, the reported data are referred to the region close 

to the bottom of the component that is to say in the nearby of the pad 4 where both u displace-

ments and v displacements are higher. Results for normal working conditions are reported in 

Figure 4A, while results referred to anomalous working conditions are reported in Figure 4B. 

Figure 3. Behavior of the displacements recorded along the component during the static tests. (A) horizontal displace-

ments, (B) vertical displacements.
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Statistical dispersion was calculated over five measurements, and it is comparable to that 
observed for the static tests. It can be observed that if a 10 s cycle duration is considered 

(i.e., high frequency, fast cycle), no significant residual displacement field can be observed. 
Final displacement obtained after 8 cycling hours was 50 nm in case of normal working and 

200 nm in case of anomalous working that is to say for times higher in this last condition. 

However, if a 400 s cycle duration is considered (i.e., low frequency, slow cycle), it can be 
observed that residual u displacements become considerably higher. In fact, a final residual 
displacement of 202 nm is recorded for 17 V of applied voltage, which increases up to 691 nm 

when 29 V is applied. In general, by data observation, it can be said that residual deforma-

tion accumulates during the test and that it increases about 3.5 times if anomalous working 

conditions are implemented. If loading histories are compared for the high frequency and low 

frequency fatigue tests, it should be noted that, in the former case, the board is subjected to a 

total amount of 2880 cycles, while in the second case, the total number of cycles is 72. When 

slow cycling is considered, it can be inferred that heat has more time to propagate across the 

component. Consequently, larger gradients of temperature distribution can build up, and this 

Figure 4. Residual displacements measured at 17 V (A) and 29 V (B) for the cases of slow and fast cycles.
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leads to more asymmetry in structural response, which turns, at the end, in larger residual 

displacements. Of course, the higher the voltage applied to the specimen, more evident is this 

phenomenon. This leads to another important observation. It should be taken into account 

that accelerated tests are a powerful tool for reliability assessment [15]; however, the behavior 
illustrated before shows that proper choice of the voltage must be done in order to have 

significant findings. Another interesting observation that can be done in relationship with the 

experimental data is that the increase of residual deformation, when low cycling frequencies 

are considered, is bigger in  anomalous working condition as expected.

Figures 5 and 6 show the speckle correlation fringes recorded after 5 s of powering of the 

component [16]. In particular, Figure 5 shows correlation fringes recorded in case of good 

thermal contact, while Figure 6 shows fringe correlation in case of bad thermal contact. It 

appears soon very evident how fringe pattern changes very much between those two situ-

ations. In the case of good thermal contact, it appears evident the inhomogeneous strain 

distribution connected with the different levels of current flowing in different parts of the 
components. In the case of bad thermal contact, instead, the displacement field appears to be 
dominated by the shear component. This can be explained if it is taken into consideration that 

bad thermal contact configuration was simulated by not perfect adhesion of the lower part of 
the body of the component to the board. This leads to have two distinct regions in the upper 

part and in the lower part of the component with very different heat dissipation capability; 

Figure 5. ESPI correlation fringe pattern recorded on the LM7818 component when good thermal contact between 
component and board is present.
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as a consequence, a temperature gradient which follows the vertical direction arises, and 

this leads to the appearance of dominant shear deformation. Another interesting observation 

can be done if the left part and the right part of a positive voltage stabilizer are compared. 

It should be underlined that input current flows starting from the pin in the left side of the 
component, while output current flows starting from the pin in the right side. Deformation 
field appears very different in the two sides mainly as a consequence of different levels of 
input and output current. This is particularly evident when good thermal contact is realized. 

Conversely, in the case of bad thermal contact, shear component is dominant and tends to 

mask this effect. In Table 1, the shear strain ε
xy

 is reported. In particular, this was calculated 

by following the two lines A and B reported in Figures 5 and 6. Section A and B were taken in 

correspondence of the input and the output pins. It can be easily argued how measurement of 

ε
xy

 can be efficiently used to detect the occurrence of bad thermal contact. In this case, in fact, 

Good thermal contact Bad thermal contact

ε
xy

(10−6 m/m) along A ε
xy

(10−6 m/m) along B ε
xy

(10−6 m/m) along A ε
xy

(10−6 m/m) along B

60 200 850 920

Table 1. Shear strain recorded on the LM7818 component in case of good and bad thermal contact.

Figure 6. ESPI correlation fringe pattern recorded on the LM7818 component when bad thermal contact between 
component and board is present.
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ε
xy

 = 200 10−6 m/m was measured in the nearby of the output pin when good thermal contact 
is present, while this value rises up to ε

xy
 = 920 10−6 m/m in the case of bad thermal contact.

4. Conclusions

In this work, we have reported some results obtained by applying electronic speckle pat-

tern interferometry to measure displacement field of electronic components under different 
conditions. We have demonstrated how this approach captures the complex deformation 

field occurring in electronic components. Moreover, the sensitivity of the method is enough 
to record the small residual deformation field that is accumulated at each powering cycle. 
This is an important aspect that can have effects in terms of determining reliability of the 
components under different conditions. Furthermore, it was also found that anomalous con-

ditions as those referred to bad thermal contact can be clearly put in evidence by analyzing 

the recorded fringe pattern. In this line, this approach can be promising as a diagnostic tool to 
detect bad mounting conditions. In this specific work, a pixel size of about 10 μm was avail-

able, and this was enough to capture details in strain distribution for the analyzed component 

and to detect, for example, difference in correspondence of different pins. One interesting 
issue may be how to use ESPI for inspecting thermomechanical behavior of other chips with 
more complex geometry such as, for example, ASIC, FPGA, and CLPD. This task becomes 
very challenging especially when the contact between chip and board is realized through ball 

grid arrays as BGAs include much smaller contact surfaces than the large pad of the SOT-
23 package tested in this study. This may entail different selections of sensor type (e.g., to 
increase spatial resolution) and imaging optics (e.g., to achieve higher magnification). Besides 
changing properly the field of view and resolution of the sensor, the inherent properties of 
the speckle field provide immediate information on any irregularities/anomalies in thermal 
deformation. In particular, local decorrelation or defocusing helps to identify critical regions. 

Major issues such as, for example, short or open circuits caused in BGAs by thermal stresses 
can be detected by simply looking at the ESPI pattern structure just by a visual inspection.

In perspective, possibility to miniaturize the system by making use of optical fibers and to 
use it as a diagnostic tool to test a specific component or a subpart with respect to issues con-

nected with bad contact or damage presence is foreseeable. The large amount of information 

available from ESPI measurements may certainly help designers to optimize chip geometry 
and PCB layout. By critically comparing design alternatives, it will be possible to select the 
best solution that allows risk of failure to be reduced by a great extent.
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