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Characterisation of Electrical-Thermal-Mechanical
Deformation of Bonding Wires Under Silicone Gel
Using LF-OCT

Zhiyi Zhao, Zijian Zhang, Samuel Lawman, Zhihao Yin, Yihua Hu, Senior Member, IEEE, Ju Xu, and Yaochun Shen

Abstract-Bonding wires are one of the most failure-prone com-
ponents of power electronics modules (PEMs), and silicone gel is
usually employed to encase bonding wires. To study the defor-
mation of silicone gel-encased bonding wires, in this paper we re-
port the use of line-field optical coherence tomography (LF-OCT)
technique to precisely measure the electrical-thermal-mechanical
(ETM) deformation of bonding wires. A LF-OCT system was de-
veloped to capture the whole cross-sectional image (B-scan) of the
bonding wire sample in a single shot fashion due to its advanta-
geous parallel detection scheme. This, together with the Fourier
phase self-referencing technique, allows the deformation of the
bonding wires to be quantitatively measured down to the range of
0.1 nm. The maximum sampling rate (framerate) of the defor-
mation measurement achieved was 400 Hz when setting camera
imaging size to 1920x200 pixels, providing a temporal resolution
of 2.5 ms for monitoring the ETM deformation dynamics of the
bonding wire. We found that the ETM deformation of the gel-en-
cased bonding wire was about three times smaller than that of the
bare bonding wire. These results represent the first experimental
demonstration that the LF-OCT could be a useful analytical tool
for studying the time-dependent ETM deformation of bonding
wires encased by silicone gel.

Index Terms-Bond wire reliability, silicone gel, electrical-ther-
mal-mechanical deformation, line-field optical coherence tomog-
raphy (LF-OCT)

1. INTRODUCTION

Power electronics modules (PEMs) are widely employed as
switching semiconductor devices in renewable energy genera-
tion and transport electrification [1]. Since PEMs are usually
applied in safety and mission-critical scenarios such as electric
trains, aerospace, and offshore wind power, the reliability of
PEM is of significant interest to academia and industry [2-4].
The wire-bonding technique is the most widely used method for
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the packaging of PEMs [2, 5], which employs bonding wires to
provide the electrical connections between the output terminals
and semiconductor dies. In addition, silicone gel is usually used
in PEMs to provide dielectric insulation [6]. Nevertheless,
bonding wires are still one of the most fragile components in
wire-bonding packaged PEMs [5, 7]. The reliability problems
of bonding wires are mainly caused by electrical-thermal-me-
chanical (ETM) stress during power cycling [2, 8, 9]. The op-
eration current cycles in PEMs induce the repetitive heating,
which causes the repetitive ETM deformation of bonding wires
leading to fatigue issues in them. The failures of bonding wires
reduce the PEM lifetime, which in turn affects the reliability of
the whole system served by the PEM. Therefore, there has been
considerable interest in studying the effect of ETM stress on the
reliability of bonding wires and PEMs [10-12].

Several experimental techniques have been reported to inves-
tigate the effect of repetitive ETM deformation of bonding
wires, such as scanning electron microscope (SEM), X-ray
computed tomography (X-ray CT), infrared (IR) thermography,
and laser Doppler vibrometer (LDV). SEM is usually applied to
observe the failures and microstructural changes of components
under different cycles of the power cycling test [13, 14]. For
instance, SEM images can reveal the cracks initiated in wire-
die joint. This would involve cutting the sample and taking
SEM images. Thus, this method is destructive in nature. X-ray
CT acquires tomographic images of the wire-die joint to also
measure cracking induced by different power cycles, but in a
non-destructive way [15]. However, both SEM and X-ray CT
techniques are only suitable for static measurements, and they
cannot be used for measuring directly the dynamic changes of
the bonding wires when electrical current pulses are applied to
a PEM. IR thermography can measure the temperature fluctua-
tions of bonding wires and thermal distribution in a PEM [16,
17], and the bonding wire failures can be detected by analysing
thermal characteristics. However, IR thermography only
measures the surface temperature and it does not provide any
direct measurement of the resultant ETM deformation. LDV,
on the other hand, can be used to measure the vertical displace-
ment of a surface point on the bonding wire under different op-
eration conditions [18], facilitating the reliability investigation
of bonding wires. Both IR thermography and LDV are thus suit-
able for dynamic measurements of PEM, albeit IR cameras usu-
ally measure the surface temperature distribution, and LDV
measures the surface vibration of PEM without silicone gel.

In addition to these experimental measurement methods, the-
oretical simulation methods, such as finite element modelling
(FEM), have also been applied to investigate the influence of



ETM stress on bonding wire reliability by simulating the ther-
mal/stress distribution and mechanical deformation of wires
[19-21]. Moreover, FEM is utilised as the cross-validation
method for IR thermography and LDV measurements, although
the experimental results are limited to samples without silicone
gel. Since the thermal conductivity and mechanic properties of
encapsulant affect the reliability and lifetime of PEMs [22, 23],
the influence of silicone gel should be considered. Several stud-
ies based on FEM have been carried out to investigate the reli-
ability of bonding wires encased by silicone gel [6] and globtop
[24]. Nevertheless, there is a need of more experimental valida-
tion of the simulated ETM deformation of silicone gel-encased
bonding wires.

Optical coherence tomography (OCT) [25] systems have pre-
viously been studied as a tool for the non-destructive inspection
of electronics products. Scanning-point OCT systems have
been applied to inspect the shape of antennas and detect voids
in encapsulant [26, 27]. Swept-source OCT was applied to
measure the coefficient of thermal expansion (CTE) of polysty-
rene resin in light-emitting diode packaging [28]. Yaqoob et al.
[29] proposed a spectral-domain line-field phase microscope to
measure the motion of biological cell membranes. The phase of
multiple lateral points on the line-illumination was measured
simultaneously and the self-referencing method was proposed
to suppress the phase noise. The spectral-domain line-field (LF-)
OCT [30] system is advantageous in the investigation of bond-
ing wire deformation under silicone gel. LF-OCT, because of
its line-field illumination and 2D imaging spectrograph parallel
detection, can acquire the whole cross-sectional image of the
bonding wire in a single shot fashion without the need of me-
chanical scanning. The displacement/deformation of the bond-
ing wire can be measured with sub-nanometre sensitivity by ex-
tracting phase information recorded in the raw OCT spectra.

In this paper, we report the first experimental demonstration
that the nano-scale deformation of bonding wires under silicone
gel can be directly measured by a LF-OCT system. The global
shuttered LF-OCT system and phase self-referencing method
employed in this study provides real-time B-scan tomography
with sub-nanometre displacement phase stability. It was found
that LF-OCT can measure not only the surface displacement of
the bare bonding wire, but also the deformation of gel-encased
bonding wires, with a measurement sensitivity of 0.1 nm and a
temporal resolution of 2.5 ms. This provides a unique analytical
method for studying ETM deformation of gel-encased bonding
wires.

II. METHODS AND EXPERIMENT

A. System and Experiment Setup

Fig. 1(a) shows a schematic diagram of the LF-OCT system
and pulse generation circuit module used in the study. The op-
tical configuration of LF-OCT is similar to our previous work
[31, 32], but a low-cost infrared superluminescent diode (SLED)
of 50 nm spectral bandwidth centred at 840 nm was used. Line-
field illumination is achieved by a cylindrical lens. A 50:50
beam splitter was used to split the light into the sample and ref-
erence arms, where two identical achromatic doublet lenses

were used to minimise the dispersion mismatch between the
two arms. The reflected light from the sample and reference
arms was recombined and directed to an imaging spectrograph
that comprised of a 10-um wide entrance slit, a transmission
grating with 1200 lines/mm, two lenses and a CMOS camera.
The LF-OCT configuration facilitates parallel detection of
depth profiles (A-scans) with a single exposure [30], which can
significantly reduce the motion-induced image distortion and
artefacts. In addition, a data acquisition card (National Instru-
ments, NI USB-6009) was used to synchronise the data acqui-
sition and the driving electrical current pulses that were pro-
duced by using a constant current source (Thurlby Thandar In-
struments, EX354RD). A custom MATLAB program was de-
veloped to operate the LF-OCT system. Fig. 1(b) shows a pho-
tograph of the LF-OCT system used.

The axial resolution of the LF-OCT, defined as the full width
at half maximum (FWHM) of the axial point spread function
after performing a Gaussian fit (see Fig. 1(c)), was determined
to be 8 um. The lateral resolution of the LF-OCT was deter-
mined to be 17.5 um (line pair width) by measuring a USAF
1951 resolution target, where the element 6 in the group 5 was
resolved (indicated by red box in Fig. 1(d)). The phase stability
of the LF-OCT was determined to be 0.0012 rad, corresponding
to a minimum detectable deformation of 0.1 nm. The upper
limit of the measurable displacement is over 2 mm, which is
ultimately limited by the imaging depth of the developed LF-
OCT system.

The length of the line illumination is 7 mm on the sample by
setting the camera ROI to its full 1920x1200 pixels, which is
enough to cover heavy bonding wire and die surface in PEMs.
In this study, the region of interest (ROI) of the camera was set
to 1920%200 pixel corresponding to a line length of 1.2 mm,
which is sufficient to cover the region of the wire and part of
the glass substrate. The maximum framerate under this camera
ROI setting was 400 Hz, providing a temporal sampling resolu-
tion of 2.5 ms. According to Nyquist sampling law, vibrational
signal with a frequency up to 200 Hz can be resolved with the
framerate of 400 Hz. This framerate is currently limited by the
data transfer rate between the camera used and the computer.
The exposure time for each B-scan is 0.25 ms, corresponding to
a maximum possible framerate of 4000 fps for the current opti-
cal design. We note that a LF-OCT with a high-speed camera,
a framerate of 2500 fps has been reported [33], thus with the
addition of a high-speed camera the proposed LF-OCT tech-
nique has the potential to characterise ETM deformation of
bonding wires with a frequency of over 1000 Hz.

B. Sample and Experiment Design

In order to demonstrate the deformation measurement perfor-
mance of the LF-OCT system, a custom simplified bonding
wire sample was used. Specifically, a single copper wire was
fixed on a glass substrate (Fig. 2(a)). The wire had a 120 pm
diameter, and the highest point of the wire loop was 1.1 mm
above the glass substrate. The use of a single wire minimised
the influence of uneven current distribution thus helped accu-
rate quantification of the electrical current value flowing
through the wire. As a result, the wire ETM deformation under
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Fig. 2. The schematic diagram (a) and OCT B-scan image (b) of bare bonding
wire sample; The schematic diagram (c¢) and OCT B-scan image (d) of silicone
gel-encased bonding wire sample.

the specific pulse current measured by LF-OCT system could
be used to compare with the simulated results. The loop geom-
etry of wire in the sample simulated the bonding wire in PEM,
and two terminals of the wire were fixed on a glass slide sub-
strate by instant glue. The low CTE and electrical insulation of
glass substrate suggests that the measurement deformation was
dominated by the ETM deformation of the bonding wire. More-
over, the single wire configuration prevented Lorentz force
from affecting the wire deformation. Fig. 2 shows the measure-
ment schematic diagram and the typical B-scan images of bare
wire and gel-encased wire.

The wire with a diameter of 120 um was used in all experi-
ments to eliminate influence from the different wire geometry
profile. The deformation of the wire was measured at the vertex
around the central position on the wire loop because the top of
the wire loop has the maximal vertical displacement [18] and
maximal temperature [34]. Since the amplitudes, duty cycles,
and frequencies of the electrical current pulses flowing in the
bonding wire are different during practical applications and
power cycling tests, the ETM deformations induced by differ-
ent pulse current were measured. After acquiring the defor-
mation data of the bare wire under different pulse current, the
silicone gel (Evostik) was added to encase the wire. Afterwards,
the deformations of the gel-encased wire under the same set of
pulse current parameters were measured.

The sample was fixed during the experiment to eliminate the
axial position or any mechanical movement errors. The system
was placed on an optical table to reduce random vibration errors.
The room temperature during the experiments was around
19 °C.

Refractive index of the applied silicone gel was measured ac-
cording to the published method [35]. In brief, the gel was



dropped on a glass slide, and the B-scans were taken. The re-
fractive index of the gel was calculated by dividing the real
thickness (distance between the gel surface and glass surface)
from the measured optical path length difference. The refractive
index of the applied silicone gel was determined to be 1.39,
which was close to the published value of the acetoxy silicone
sealant [36]. In this study, the used refractive index values of
air and the silicone gel are 1 and 1.39 respectively.

C. Data Processing

The procedure of data processing is shown in Fig. 3. The B-
scan images (Fig. 3(b)) were reconstructed from the raw spectra
(Fig. 3(a)) data set (I. in Fig. 3). Next, the peak value positions
of each A-Scan corresponding to the top surface of the wire and
the glass substrate (interface profile) were detected. The Fourier
phase (complex phase angle of the pixel immediately after the
Fourier transform) of a selected glass surface point, located
away from the wire, was taken as the reference phase. This min-
imises possible phase changes of the reference point caused by
the wire temperature fluctuations. The reference phase was then
subtracted from the Fourier phase of the other pixels on the in-
terface profile. As a result, the common-mode phase noise is
removed by this self-referencing [29]. After extracting and un-
wrapping the phase in all B-scans, the time-dependent phase
map (Fig. 3(c)) was acquired (II. in Fig. 3). The phase-micros-
copy theory [37, 38] or Fourier phase [39, 40] was applied to
calculate the nano-scale displacement. Fig. 3(d) and (e) show
the time-dependent phase and corresponding vertical displace-
ment of a glass substrate point and a wire surface point, respec-
tively. Since the glass substrate was not affected by the temper-
ature fluctuation of the wire, the phase changes and correspond-
ing vertical displacement were around zero (Fig. 3(d)). The
ETM stress-induced vertical displacement of the wire is illus-
trated in Fig. 3(e).

For the spectral-domain OCT, assuming that the reflectivity
of reference reflector ( R, ) is much larger than the reflectivity

of sample reflector ( R, ), the interferogram detected by the
camera can be expressed approximately as:

I(k) o (% )SO)Y. " R R (i) cos(2kn(z, +Az)) (1)

Where £ is the wavenumber, S(k) encodes the power spectral
dependence of the light source, p is the responsivity of the
camera detector; N indicates the numbers of the sample reflec-
tors; R (i) is the power reflectivity of the i-th reflector in the

sample; n is the group refractive index of the sample.
(z, + Az,) is the distance between reference reflector and i-th

reflectors in the sample. Since the interferogram is discrete
sampling by the detector, z, is the visualised peak position or

depth shown in A-scan and Az, is the deviation from i-th sample
reflector. The result of a complex depth profilei(z) is obtained

by applying the discrete Fourier transform of the acquired in-
terferogram. After removing the negative mirror terms, com-
plex depth profile can be given as [37]:

i(z) o (%)SZLJR,RS ())E(2nz,)exp(j2nk,4z,)  (2)
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Fig. 3. Flow chart of data processing. 1. B-scans reconstruction. II. Extract and
unwrap phase. Apply phase self-referencing. (a) Acquired spectra from the
spectrograph; (b) B-scans reconstructed from the acquired spectra. The peak
positions were marked as red dots, and the selected reference point was indi-
cated as a red arrow; (c) Time-dependent phase map of wire and glass surface
points. Time-dependent phase and corresponding displacement of a point on (d)
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line. For better view, the result of glass displacement (after self-referencing)
was multiplied by 100. Black line - Phase/displacement without self-referenc-
ing; Red line - Phase/displacement after self-referencing.

S'is the total source power; E is the coherence envelop func-
tion. k, is the centre wavenumber of the light source. Thus, the

deviation Az, for the reflector at depth z can be extracted from
the phase of i(z) [37]:
Az, = o(z)) 3)
2nk,
@(z,) denotes the phase angle ofi(z,) . Finally, the measured

phase would be converted to the displacement by applying (3)



III. RESULTS AND DISCUSSION

A. Time-resolved Wire Deformation

Fig. 4 shows the measured deformation characteristics of
both bare wire and gel-encased wire, under power cycling of 1s
and continued 5 Hz current pulses, respectively. The measured
pulse current sequence is also displayed in Fig. 4. It can be seen
that during each current pulse, the vertical displacement of the
wire increases due to ETM deformation, e.g., the wire expands
because of electrical heating. The vertical displacement of the
wire decreases when there is no current pulse. However, the
vertical displacement of the wire does not go to zero during the
0.1 s cooling period.

To help the analysis of the deformation characteristics, we
define the following three parameters: (1) the max displacement
(MD) is defined as the maximum value in the vertical displace-
ment curve, (2) the periodic displacement is defined as the dis-
placement induced by each electrical current pulse, (3) the vi-
bration amplitude (VA) is defined as the peak-to-peak ampli-
tude of a periodic displacement (see Fig. 4(b)). The MD repre-
sents to the maximum strain on the wire whilst the VA repre-
sents to the repetitive strain on the wire. Fig. 4 indicates that the
wire under silicone gel has a lower VA and MD. Furthermore,
the heating/cooling process is also different between the bare
wire and gel-encased wire. This can be explained by the fact
that the gel has a larger thermal conductivity than the air, thus
the heat generated in the wire will be dissipated faster into the
gel and absorbed there. In addition, unlike the bare wire, which
is free to move, the movement of the gel-encased wire will be
limited by the silicone gel.
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Fig. 4. (a) Displacement of the wire under 1 s, 5 Hz, 500 mA Pulse current
(blue- bare wire, dotted blue — gel-encased wire, bold dash blue — reference
point) (b) Displacement of the wire under 5 Hz, 500 mA Pulse current (blue-
bare wire, dotted blue — gel-encased wire, bold dash blue — reference point).

The zoomed image in Fig. 4(a) shows the first two periodic
displacement profiles caused by electrical current pulse. The
periodic displacement can be divided into three stages (A, B,
C). Stage A represents the displacement produced by the tran-
sient peak current in the circuit. Stage B stands for the displace-
ment induced by the high-level current of each pulse. The dis-
placement in stage C is the result of no current cooling process.
The total vertical displacement is produced by the accumulation
of stage A-B-C. Although the transient peak current exists at
the beginning of each pulse, the dominant factor for the dis-
placement is the high-level current of each pulse. Additionally,
the displacement on the glass surface is shown as a flat line in
Fig. 4, which indicates that the glass surface is static and not
affected by the thermal dissipation from the wire.

B. Wire Deformation Characteristics under Different Current
Amplitudes, Frequencies, and Duty Cycles

In order to analyse the influence of different current ampli-
tudes, frequencies, and duty cycles on the deformation of wire
under-tested, various current loads were added to the wire. The
wire deformation characteristics with various pulse current am-
plitudes are shown in Fig. 5. The values of the MD and the VA
increase with the increase of pulse current amplitude. This is as
expected because larger current generates more heats in the
wire. In addition, since 100 mA is much smaller than the am-
plitude of transient peak current in the employed circuit, the
transient peak current dominates the deformation of the wire.
Thus, the shape of the 100 mA displacement curve is different
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from the other curves in both bare and gel-encased wire. Fig. 6
shows the measured values and corresponding fitting curve of
MD and mean vibration amplitude (MVA) of bare/gel-encased
wire. The MD and MVA values of bare wire are also always
larger than the MD and MVA of gel-encased wire in each cur-
rent amplitude. In addition, it was found in all cases that the
vertical displacement of bare wire is always larger than the that
of gel-encased wire.

In order to analyse wire deformation characteristics under
different pulse frequencies, we carried out measurement at two
frequencies whilst keeping the pulse current amplitude and duty
cycle constant at 500 mA and 50% respectively. Fig. 7 and Ta-
ble T illustrate the vertical displacement and displacement
change percentage measured at 5 Hz and 10 Hz, respectively.
As shown in Fig. 7, the MD is similar between deformation ex-

cited by 5 Hz and 10 Hz pulse in both bare and gel-encased wire.

The reason is that the heating accumulation and corresponding
total deformation within the same period is relevant to the cur-
rent amplitude and duty cycle. Moreover, since higher fre-
quency leads to shorter heating and cooling period in each pulse
cycle, the value of VA in 10 Hz is around half of the VA in 5
Hz. Thus, higher current pulse frequency leads to smaller de-
formation of the bonding wire, which might reduce the effect of
repetitive ETM deformation on the lifetime. The previous re-
search [41] also agreed that the lifetime of PEMs increases for
shorter load pulse duration or higher current pulse frequency.
They proved this mechanism by setting the PEMs to work with
two different output current frequencies. The frequency of out-
put current is corresponding to the frequency of the repetitive

(a) Bare Wire

Vertical Displacement (nm)
D
(=
(=)

0 1 2 3

4
Time (s)

Gel-encased Wire
1200 ; , _

—~
o
~

=———500mA, 50% Duty Cycle, SHZ
——500mA, 50% Duty Cycle, 10HZ

1000
800F 4

600 20 1
400 ™s er ez 63 s s s s7  os

200 ARRRAN v

Vertical Displacement (nm)

Time (s)
Fig. 7. Vertical displacement of the wire under 5 Hz and 10 Hz frequencies of
pulse current: (a) bare wire; (b) encased with silicone gel.

TABLE I
MAX DISPLACEMENT AND MEAN VIBRATION AMPLITUDE IN
DIFFERENT PULSE CURRENT FREQUENCIES

Frequency (Hz) 5 10
MD without gel (nm) 1077 1086
MD under gel (nm) 339 339
Change of MD (%) 68.6 68.8
MVA without gel (nm) 310 172

MVA under gel (nm) 113 70
Change of MVA (%) 63.5 59.3

ETM stress in the PEM. The PEMs with higher output current
frequency have longer lifetime than the PEMs with lower out-
put current frequency.

Fig. 8 shows the vertical displacement of wire under 500 mA,
5 Hz pulse current with three different duty cycles (20%, 50%
and 80%). The three displacement curves are overlapped at the
beginning due to the same current amplitude and pulse fre-
quency. The MD of displacements within the measurement pe-
riod increases with the value of the duty cycle because the
higher duty cycle generates more heat in the wire. The MVA of
50% duty cycle pulse current is higher than the MVA of 20%
and 80% duty cycle. Regarding the fixed current amplitude and
pulse frequency, the 20% duty cycle pulse accumulates less
heat in each pulse than 50% duty cycle pulse. Meanwhile, less
heat accumulation results in a smaller temperature difference
between the environment and the wire, which indicates a lower
heat dissipation rate. Thus, the MVA of 20% duty cycle pulse
is smaller than the MV A of 50% duty cycle pulse. For the VA
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Fig. 8. Vertical displacement of the wire under different duty cycle values (a)
bare wire; (b) encased with silicone gel.

TABLE II
MAX DISPLACEMENT AND MEAN VIBRATION AMPLITUDE
IN DIFFERENT DUTY CYCLE VALUES

Duty Cycle (%) 20 50 80
MD without gel (nm) 542 1077 1509
MD under gel (nm) 178 339 452
Change of MD (%) 67.3 68.6 70.1
MVA without gel (nm) 226 310 201

MVA under gel (nm) 84 113 78
Change of MVA (%) 62.8 63.5 61.2

excited by 80% duty cycle pulse, the period of the cooling pro-
cess is shorter than the 50% duty cycle pulse; the heat dissipa-
tion rate increased with the heat accumulation, which slows
down the upward deformation rate of the wire. Hence, the MVA
of 50% duty cycle pulse is larger than the MVA of 80% duty
cycle pulse. Consequently, VA relates to the equilibrium state
between heat accumulation and heat dissipation of each pulse.
As shown in Fig. 5-8, the ETM deformation of the gel-en-
cased wire is three times smaller than that of the bare wire. This
agrees with previous work where the mold/encapsulant around
the wire has been demonstrated to reduce the temperature
swings on the wire [42, 43]. Since the thermal conductivity and
corresponding heat transfer coefficient of mold/encapsulant are
larger than air, the current-induced temperature on the wire is
reduced. As a result, the thermal expansion of the wire is re-
duced as well. Therefore, the encapsulant such as silicone gel
can conduct/absorb the generated heat on the wire, which re-
duces the temperature-induced deformation of the wire. Mean-
while, the damping ability of silicone gel also affects the defor-
mation of the wire. Thus, our LF-OCT measurement results

provide direct experimental evidence for the deformation re-
duction ability of silicone gel, and different pulse profiles result
in different thermal/stress accumulation on the bonding wire.
Thus, the load pulse profile can affect the lifetime of the PEM,
as has been shown in previous studies [41, 44, 45].

C. Theoretical and Measured Vertical Displacement Compari-
son

To understand the underlying mechanisms of the observed
wire deformation, we define the displacement induced by the
first pulse as initial displacement and calculate the initial dis-
placement using FEM simulations (shown in Fig. 9). A diagram
of wire deformation excited by a pulse current is depicted in Fig.
9(a). The vertical displacement is composited by the length and
diameter changes of the wire via thermal expansion. For com-
parison against the measured deformation data, a FEM model
was built in COMSOL. Fig. 9(b) shows the gel-encased wire
model. The two terminals of copper wire are fixed on the glass
slide. The shape of the wire loop was determined by the sample,
which was modelled as a three-order of Bessel curve in the
model. The projected length of wire loop L, was set to 12 mm,
and the loop height H was set to 1.1 mm. The thickness of the
gel covering H, is set tol.4 mm. For the bare wire model, the
gel part was changed to air. The thermal distribution and tem-
perature swings were simulated at first. Fig. 9(c) shows the sim-
ulated temperature distribution of gel-encased wire at the time
of 2 s, where the wire was excited by 900 mA, 5 Hz and 50%
duty cycle pulse current. Subsequently, the resultant wire ETM
deformation was calculated accordingly, which is shown in Fig.
9(d). According to the measurement and simulation results, the
measured vertical displacement is dominated by the length
changes of the wire. Table III lists the values of the critical pa-
rameters used in the simulation. Where c is the specific heat, D
is the mass density, o, is the conductivity of copper, Tumsis the

ambient temperature, 4 is convective heat transfer coefficient,
and K is the thermal conductivity.

The simulated initial displacement of bare and gel-encased
wire excited by different current amplitudes are shown as the
black solid and dash lines in Fig. 9(e). The simulation results
are compared with the measured initial displacement of bare
and gel-encased wire (under the same 5 Hz and 50% duty cycle
pulses). It was found that the vertical displacements measured
by the LF-OCT system are close to that calculated from the
FEM simulation. The difference between simulated and meas-
ured values could be resulted from the difference between pa-
rameter settings of the real conditions and the simulated condi-
tions. For example, the mechanics properties of the gel are af-
fected by curing conditions and temperature during the experi-
ments. In addition, the current pulse applied in the simulation is
a perfect square wave whilst in practice transient peak current
may exist.

Additionally, the shape of measured displacement curve is
closed to the simulated temperature changes on a bonding wire
by numerical calculation in [43], which also validates that the
measured displacement is caused by the ETM stress but not ran-
dom vibration errors from the experiment environment. Our
FEM simulation results also revealed that the shape of the
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Fig. 9. (a) Deformation process of wire; (b) FEM model build in COMSOL; (c)
Temperature distribution; (d) deformation of the wire; (¢) Measured initial dis-
placement and simulated initial displacement at different current amplitudes of
5 Hz 50% Duty Cycle pulse of bare wire and gel-encased wire.

measured vertical displacement (the bonding wire deformation)
is similar to that of the calculated temperature swings on the
boding wire. This further suggests that the measured displace-
ment, which is periodic, is indeed caused by electrical-thermal
expansion of the bonding wire, rather than random vibration er-
rors.

As demonstrated here, the high-resolution and high-speed
image acquisition of the LF-OCT system provides unique quan-
titative experimental data that can be used to validate future nu-
merical simulations of the ETM deformation dynamics of both

TABLE III
VALUES OF PARAMETERS USED IN THE SIMULATION

Parameter (Unit) Value
CTE (ppm/°C) of copper 18.5
CTE (ppm/°C) of gel 5
K (W/(m-K)) of copper 400
K (W/(m-K)) of gel 0.3
¢ (J/(g-°C)) of copper 0.385
¢ (J/(g-°C)) of gel 1
D (g/cm?) of copper 8.96
D (g/cm?) of gel 1.183
o, (S/m) 5.714x10’
h (W/(m?.K)) 10
Toum (K) 291.55

bare and gel-encased bonding wires. Note that although the
sample used in this paper is a copper wire of a diameter of 120
um as a demonstration of proof-of-principle, the proposed
method will be applicable to the heavy-duty bonding wires such
as aluminium wires of diameter of 300 pm or 500 pm com-
monly employed in PEMs. The proposed method directly de-
tects the deformation/displacement of the bonding wires with a
detection range of up to 2 mm and a detection sensitivity of 0.1
nm. With such a large detection range the method will be appli-
cable to the study of the deformation excited by large current,
for example, an Al wire excited by 10 to 20 A current.

The bonding wire deformation or ETM stress-induced com-
ponent deformation can be characterised and analysed without
removing the silicone gel. Since the measured ETM defor-
mation correlates to the temperature swings on the wire, accord-
ing to Coffin-Mason Law and lifetime prediction model in [46],
the measured ETM deformation (strain on the wire) correlates
to the number of cycles-to-failure of PEMs. As a result, the LF-
OCT not only can assess the silicone gel deformation reduction
ability for bonding wire, but also has the potential to investigate
bonding wires reliability by measuring and analysing the ETM
deformation profile.

IV. CONCLUSION

We reported in this paper the first experimental demonstra-
tion that the LF-OCT can be used to quantitatively study the
ETM deformation of both bare and silicone gel-encased wires.
Since silicone gel is widely used to protect the bonding wire, it
is important to understand the influence of silicone gel on bond-
ing wire deformation. By utilising the Fourier phase self-refer-
encing method, the LF-OCT can measure the deformation of
the bare and gel-encased wire caused by the ETM stress down
to nanometre scale. The experimental results indicate that the
gel-encased wire has approximately three times smaller ETM
deformation than the bare wire, under the same pulse current
settings. Therefore, this work provides a direct experimental ev-
idence of that silicone gel can reduce bonding wire deformation
by reducing the local temperature on the bonding wire. The in-
fluence of different pulse current frequencies, amplitudes, and
duty cycle values on the ETM deformation of the wire have also
been studied. The MD and VA, which indicate the maximum



and repetitive deformation on the wire, are found to correlate
with the duty cycle, frequency, and current amplitude. In con-
clusion, this study proposes a non-destructive method to facili-
tate bonding wire reliability analysis and silicone gel character-
isation on deformation reduction property.

The proposed method could be used for the investigation of
bonding wire reliability, faults detections of bonding wires, and
assessment of silicone gel deformation reduction ability. These
applications could help the development and reliability assess-
ment of future power electronics devices. In particular, since
the next generation of power electronics employ the wide
bandgap semiconductors that work at high temperature, the pro-
posed LF-OCT method could be used to investigate the defor-
mation reduction ability of high-temperature silicone gel thus
providing vital information for the design optimisation of the
next generation PEM. The deformation comparisons of the wire
encased by different types of silicone gel will also be carried
out.
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