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Evaluation of In Situ Thermomechanical
Stress-Strain in Power Modules using Laser

Displacement Sensors
Asger Bjørn Jørgensen, Stig Munk-Nielsen and Christian Uhrenfeldt

Abstract—Digital design has been successfully employed in
development of new compact wide bandgap power modules,
achieving unprecedented switching speeds while maintaining
low thermal resistance. Owing to the achieved performance,
the next step in the field is ensuring that proposed designs
are mechanically robust and reliable. The new power module
structures lack the long history of experimental experience as
is the case with conventional silicon power modules. To limit
the number of physical prototypes that needs to be built and to
speed up development time, having a verified simulation model of
the thermomechanical behavior is of great value to designers. In
this paper a finite element simulation of the thermomechanical
induced stress and strain is presented of an integrated GaN full-
bridge switching cell. The simulated strain of the power module
is verified by an experimental test. During the test, one of the
semiconductor devices of the module is subjected to a power
loss. A laser displacement sensor is used to measure the in-situ
deflection of the ceramic substrate caused by the temperature
increase. The experimental results confirm the ability of the
simulation model to accurately predict the deflection within an
error of only 7.3 %.

Index Terms—Finite element methods, Laser measurements,
Semiconductor device packaging, Failure analysis.

I. INTRODUCTION

NEW power module packages are being proposed, to
better utilize the fast switching potential offered by wide

bandgap (WBG) power semiconductors. To achieve clean
switching waveforms, several research teams are proposing
new integration methods and switching cell concepts to reduce
the commutation loop inductance [1]–[3]. During design of
these new concepts, finite element methods (FEM) simulations
are utilized to solve for the electrical parasitics [4]–[6]. Several
design iterations are evaluated until a low inductive packaging
is achieved and results in clean switching. Similarly, the
thermal performance of the proposed power module structures
are being assessed using FEM tools [1], [7], [8]. Such a
digital design approach is utilized to minimize the required
number of prototypes that have to be built physically, and
development time of high performance designs is reduced by
a rapid assessment digitally in a simulation environment [9]. In
summary, the methodology in terms of evaluating the electro-
thermal design is already well-established for these integrated
WBG packages. As a next step in the digital design process of
integrated power modules, the purpose of this paper is to study
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the thermomechanical induced stress/strains in an integrated
WBG power module.

During operation of the power module, the semiconductor
dies dissipate heat due to losses. The power dissipation is
periodic in nature, typically related to a grid frequency or
rotating speed of a drive. Owing to the periodic power, the
temperature throughout the module is changing over time.
The various materials in the power module have different
coefficients of thermal expansion (CTE) and because they
are joined and not free to move, they experience an internal
build up in mechanical stress. Depending on the stress-strain
relationship of each material, they will expand differently
which causes geometrical changes such as warpage or bending
[10]. Over time the millions of cycles of stress-strain wears
out the integrity of materials and interconnections, which
eventually leads to failure of the module [11].

Conventional power module structures has several decades
of knowledge to rely on, including: failure-mode analysis,
lifetime testing and millions of hours of field operation [12]–
[17]. The data available is extensive and builds a strong
foundation for engineers to design a power module with high
reliability. The opposite is the case for the new integrated
and compact WBG power module packages, as they have
not yet stood the test of time. Building a strong statistical
foundation requires vast amount of resources both in terms
of materials used in building enough prototypes to test and
time required to cycle the prototypes until failure [18]. Al-
ternatively, the problems related to thermomechanical induced
stress are evaluated digitally using FEM software. Predicting
the location and amount of thermomechanical stress in the
module is important to aid in the improvement of the reliability
of future power modules designs [19]–[21]. Setting up a
FEM model of a power module often requires complex 3D
modelling, knowledge of mixed boundary conditions and a
library of material properties, which all can be linked to some
degree of uncertainty. To have confidence in the simulated
thermomechanical induced stress-strains, it is important to
have a step of experimental verification of the FEM model.

Within the topic of power module packaging, the warpage of
power module substrates, printed circuit boards and baseplates
is a commonly studied thermomechanical effect. Typically, the
curvature of the entire surfaces are scanned using methods
such as photo processing of surfaces illuminated by Moire
patterns [22], [23], gate timing of scanning acoustic micro-
scopes [24] or using a laser deflection sensor to scan parallel
lines along the object [25], [26]. These methods are usually
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used to measure the warpage caused by: large temperature
swings during soldering [25], temperature cycling for wear out
testing [27] or mechanical assemblies such as molding [28].
The benefit of these methods is that they map the curvature
of the entire surface, and thus provide a detailed mapping
of the deflection at several points of the investigated surface.
The drawback of the mentioned methods is that they require
the entire surface to be exposed for it to be scanned. The
power module must be removed from its application to be
investigated. Thus, the method can be regarded as “offline”,
because the module is removed from its normal operation to
evaluate its warpage. To predict failure mechanisms due to
wear out of the power module, it is the thermomechanical
stress-strain within the power module during normal operation
which is of interest.

In this paper, the purpose is to evaluate the warpage during
active heat up of an integrated GaN power module, due to
the power losses in one of its semiconductor devices. The
measurements are done while the module is operated in its
intended application, thus making this an “in situ” evaluation
of the stress. The in situ deflection measurement method is
proposed in Section II. A 3D FEM simulation model of the
stress/strain in an integrated power module based on GaN
enhancement high electron mobility transistors (eHEMT) is
presented in Section III. In Section IV the experimental results
are compared to the 3D FEM simulation model. This is used to
validate whether the material parameters, boundary conditions
and loads are correctly assigned in the FEM software. Having
a validated thermomechanical stress/strain model of the power
module is a valuable tool to help power module designers to
improve mechanical robustness early in future iterations of the
module design. In Section V the validated simulation model is
used to discuss the deflection due to active and passive thermal
cycling. The paper is concluded in Section VI.

II. METHODOLOGY

The integrated GaN eHEMT power module structure used
for this study is shown in Fig. 1. A 3D model of the module
is assembled i.e. combining the GaN eHEMT devices, printed
circuit board (PCB) and direct bonded copper (DBC) substrate.
In a previous paper [7], a thermal simulation of the full 3D
model of the power module was presented and verified by
an experimental test. Thus, this verified thermal distribution
from the FEM simulation model is used as the precursor
in this paper, for determining the thermomechanical induced
stress/strains of the developed module.

The test setup to verify the thermomechanical induced strain
is depicted in Fig. 2. A DC current is conducted through one
of the semiconductor devices of the module, which due to the
on-resistance of the device results in a power loss, Ploss. The
power loss is conducted through the different layers of the
module assembly and absorbed by the heat sink. Due to the
thermal resistance of the materials, a temperature difference
develops across each layer. The temperature distribution and
differences in CTE, causes unequal expansion of materials and
results in warpage of the DBC, as indicated in Fig. 2. It is
the deflection, δ, measured at the center point of the power

Fig. 1. 3D model of the integrated power module structure with Q1 ... Q4

being GaN eHEMT devices from GaN Systems.

module, which is the quantity used for comparison between
the simulation and experiment in this paper.

To evaluate the in situ warpage the module should remain
mounted to the heat sink as in its intended final application.
To experimentally evaluate the deflection of the power module
DBC, the use of a laser displacement sensor is proposed. The
laser displacement measures the distance to a single point
by emitting a light beam. The light beam is reflected, and
depending on the distance to the object the light will be
registered at different cells of the receiver, as shown in Fig.
2. In [26] the method was used to scan the entire surface
of a module through several parallel slits and thus map its
curvature over the entire baseplate. However, in this paper
only a single hole of small diameter is drilled through the heat
sink, placed at the center of the DBC. The purpose of this is to
minimize the change in the thermal system as compared to its
final application. Because the test only measures the deflection
of the power module in a single location, the test will be run
at several operating points to ensure that the simulation model
is valid within a range.

III. FINITE ELEMENT SIMULATION MODEL

The following section describes how the power module is
modelled in 3D, as shown in Fig. 1, and how the simulation
has been configured, including details such as: materials,
boundary conditions and inputs. The objective is to simulate
the thermomechanical stress and strain of the power module,
and evaluate deflection of the DBC at the center point to be
able to compare it with the experimental results in Section IV.

A simulation framework of different software packages, as
proposed in [9], is used to build up the 3D model as shown
in Fig. 1. Solidworks is used to design the 3D model of the
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Fig. 2. Principal diagram of the deflection measurement in a power module
mounted to a heatsink using laser displacement sensor.

power module excluding the PCB. The PCB is designed in
the layout editor PADS, which works with 2D information in
different layers. The 2D information is saved in an ODB++
file format and imported to ANSYS Siwave, which translates
the 2D layers and the board layer thickness specifications into
a 3D CAD file. The 3D model of the PCB is imported into the
Solidworks to assemble with the other parts, and the full model
of the integrated power module is imported to COMSOL
Multiphysics, as shown in Fig. 3. A relatively fine mesh is
used to include geometry of the vias in the PCB board, as
they significantly influence to the heat distribution between
devices in the module [7].

The amount of strain of the power module depends on CTE,
Young’s modulus and Poisson’s ratio of the materials, and the
temperature distribution throughout the module, which in itself
is dependent on the thermal conductivity. The DBC consists of
copper on either side of an aluminium oxide (Al2O3) ceramic.
The PCB is assigned as copper for its conductive layers and
FR4 for the surrounding dielectric. Used material properties
are listed in Table I. The GaN devices are modelled as having
infinite thermal conductivity and are uniformly heated. By this
approach each device block represents the junction tempera-
ture, which allows the use of thermal resistances from the
datasheet. The thermal resistances of the device are achieved
by assigning resistive layers on the terminal interconnections,
ensuring a thermal resistance of 0.5 K

W from junction to the
heat pad and 5 K

W from junction to the electrical contacts [29].

TABLE I
MATERIAL PROPERTIES USED IN THE SIMULATION MODEL [30]–[32]

Material property Cu FR4 Al2O3

Thermal conductivity
[

W
m·K

]
400 0.3 24

CTE
[

1
K

]
17·10−6 18·10−6 10·10−6

Young’s modulus [Pa] 110·109 22·109 25·109

Poisson’s ratio [−] 0.35 0.15 0.2

For the thermal simulation a boundary condition of heat flux

Fig. 3. COMSOL Multiphysics is used for the simulation, first solving
the temperature distribution then using this to solve for thermo-mechanical
induced stress/strain. The visualized deflection is multiplied by a factor 1000.

is assigned to the bottom surface of the DBC, as given by

q = h · (Text − T ) (1)

where q is the heat flux, h is the heat transfer coefficient,
Text the exterior temperature and T is the surface tempera-
ture, which is being solved for. The temperature distribution
throughout the power module is greatly affected by how
efficiently the power module can dissipate the heat given by
(1), and thereby also impacts the amount of deflection. The
heat transfer coefficient, h, may change by orders of magnitude
depending on how the module is cooled. In literature, h is
in the range of 100-300 W

m2·K for modules cooled by forced
convection, 500-2000 W

m2·K for metal-to-metal contacts when
modules are mounted to a heat sink and 10000 W

m2·K or more
for direct liquid cooling [1], [2], [33]–[35]. In a previous
experimental study of this power module [7], the transient
temperature response of the four GaN devices was monitored
using fiber optic temperature sensors, while active power
dissipation was exerted. The thermal simulation matched the
experimental transient temperature response of all four devices
when using a heat transfer coefficient, h = 1800 W

m2K , which
is within the common range of a power module mounted on
a heat sink.

The deflection measurement method should be as least
intrusive as possible, meaning that the drilled hole in the
heat sink should not have significant impact on the thermal
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performance. If the measurement method is intrusive and has
too much impact on the system behavior, and the simulation
model is adjusted for this change in system dynamics, it is
no longer the in situ stress/strain in the real application that
is being verified. This would limit the value offered by the
digital replica, because it only resembles the test rig in the
laboratory and not the module in its target application. The
COMSOL Multiphysics model is used to evaluate the device
temperatures when varying the diameter of a circle placed at
the center of the DBC which is unable to dissipate heat. The
simulation is done at a power input of 5 W to device Q1,
an ambient temperature of 20 ◦C and the hole diameter is
varied from 0 to 20 mm. The results are shown in Fig. 4, and
shows a 5 mm hole in the heat sink aligned with the center
of the DBC has an impact of less than 1 % on any of the
device temperatures. The steady state temperature distribution
of the thermal simulation is used as the input to the next step
of the simulation, as shown in Fig. 3, which is to include
the thermomechanical effects due to the mismatch in CTE.
For this simulation step it requires a new set of mechanical
boundary conditions. The plastic housing, as shown in Fig. 2,
is mounted with bolts in either end, and the plastic housing
loads the perimeter of the DBC. The mechanical properties
of the housing are not available and because of this, the
housing is not included in the simulated 3D model. Instead,
for this paper, idealized boundary conditions are assigned in
COMSOL Multiphysics. The simulation is run with two sets
of mechanical boundary conditions. In one case, as shown in
Fig. 5(a), the plastic housing is regarded as completely rigid,
meaning that it ensures that the entire perimeter of the DBC
is fixed in the z-axis. The housing has some tolerance to the
DBC, meaning that the DBC is free to expand in x and y-
axes, as indicated by the arrows. In the simulation, one of the
corners is fixed in both x, y and z-axes. Otherwise the model
is free to move and rotate, because its orientation in space
would not be fully defined. For an electrical equivalent, this
is similar to defining the electric ground. Voltage differences
between internal nodes do not change based on which node is
defined as ground, but it provides a point of reference. In the
other case, shown in Fig. 5(b), because that the housing is only
fixed at two ends, it is regarded that the housing itself slightly
bends. This means that the DBC is only fixed in the z-axis
at the two ends where the bolts are located. Again, the same
corner is used as mechanical point of reference, and the DBC
is free to expand in x and y-axes as indicated by the arrows. In
the remainder of the paper, the two sets of boundary conditions
are denoted as simulation A and simulation B, respectively.

Because the experiment only measures the deflection at a
single point, the tests are done at several power dissipation
levels in the power module. This is to ensure that the deflection
scales similarly in the simulation and the experiment, hence
that they comply at several operating conditions. Tests are
performed by applying a DC current of 5 A, 10 A and 12
A, which for 50 mΩ semiconductor drain-source resistance
corresponds to a power dissipation of 1.25 W, 5 W and 7.2
W, respectively.
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Fig. 4. Simulated device temperatures as a function of diameter of the hole
drilled through the heatsink, with 5 W power dissipation in Q1 and ambient
temperature 20 ◦C.

Fig. 5. Mechanical boundary conditions where (a) the frame is regarded rigid
and entire boundary is fixed in z-axis and (b) only the two ends with bolts
clamping are fixed in z-axis.

IV. EXPERIMENTAL TESTS

The experimental setup is prepared as described in the
following. Mounting the power module is done by applying a
layer of thermal interface material in between the heat sink and
the DBC. Metal clamps on the housing allows for fixating the
power module to the heat sink. The top of the plastic housing
is milled off for easier access with wires from a laboratory
DC power supply to control the GaN eHEMT devices on/off.
It also allows for connecting a high current DC power supply
to drive a constant current through the drain-source of the
device under test. This bypasses the original gate driver circuit,
meaning that bootstrap gate driver circuitry shown on the PCB
in Fig. 6 is omitted. A Ø4 mm hole is drilled to the heat
sink, as this was found adequate to have the correct angle of
incidence, and it is not intrusive to the thermal performance as
indicated by Fig. 4. The Keyence LK-G3001 laser displace-
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Fig. 6. Picture of the manufactured integrated GaN eHEMT power module
without pins and housing.

Fig. 7. Picture of the test setup, showing a laboratory DC-supply for the
gate-source control, high power DC-supply for drain-source current, the power
module mounted on a heat sink, the Keyence laser displacement sensor and
its controller for datalogging.

ment sensor is mounted and aligned to point through the hole,
as shown in Fig. 7. The heatsink and the laser displacement
sensor are both mounted on a solid aluminium base to ensure
alignment throughout the experiment. A Keyence LK-G5001
controller is used for datalogging and enables control of the
laser displacement sensor from a PC through USB-interface.

A. Initial evaluation of setup

In this section the initial drift of the displacement mea-
surement and the measurement inaccuracy is investigated. The
Keyence laser displacement sensor might have some internal
dynamics which are studied before the tests are done. The
electronic circuitry in the sensor has a temperature depen-
dency. Initially when the laser starts up, it will experience
some drift until the internals are heated up to a steady state
temperature. The test is done in the following manner. As the
sensor is powered up, it connects to the PC and data logging is
initialized. The logging starts as soon as possible, but as it is
a manual task to operate the graphical user interface, it takes
around 10 seconds or less to run after power up. The measured
displacement of the laser displacement sensor is logged on four
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Fig. 8. Drift in the measurements of the laser displacement sensor just after
start up.

different days from a “cold” startup, and the results are shown
in Fig. 8. There is no power dissipated in the power module,
thus the measured deflection is only due to the drift in the
measurements of the laser displacement sensor itself. After
roughly 80-100 minutes the deflection has reached a steady
state level. Based on this result, in this paper a minimum of
100 minutes has been used to heat up the laser displacement
sensor to avoid influence of thermal drift of the sensor itself.

After the initial drift of the sensor has settled, a measure-
ment of the displacement during three minutes is done. This is
done to investigate the inaccuracy of the sensor. Once again,
there is no voltage applied and thereby no power dissipated
anywhere in the power module. The results are shown in Fig.
9, which both shows the logged measurement points during
time and shown as a histogram in intervals of 0.05 µm per bar.
Assuming that the inaccuracy of measurement data is random
and follows a normal distribution, the mean is zero and a
standard deviation of 0.133 µm, as plotted in the solid line of
the histogram of Fig. 9.

B. Deflection measurements

Following the initial investigation of the measurement sys-
tem, deflection measurement tests are performed at three
different DC current levels of 5 A, 10 A and 12 A, which for
the 50 mΩ on-resistance of the device corresponds to a power
loss of 1.25, 5 and 7.2 W, respectively. The power loss is
sustained for 10 minutes to ensure that the power module and
the heat sink has reached a thermal equilibrium. Because of the
deflections being in a range of only a few µm, and because of
the inaccuracy of the deflection measurement itself, four tests
are performed at each current level. The obtained results are
shown in Fig. 10, where each color corresponds an individual
test run and the solid black line is the average of all four. The
dashed line is the final steady state value achieved in the test.

The results of Table II show that the lowest error between
simulation and experiment is obtained for the case of using

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TPEL.2021.3054336

Copyright (c) 2021 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



0 60 120 180
Time [s]

-0.5

0

0.5
D

ef
le

ct
io

n 
[

m
]

-0.5 -0.25 0 0.25 0.5
Deflection [ m]

0

1

2

3

4

5

Pr
ob

ab
ili

ty
 d

en
si

ty
 f

un
ct

io
n

Fig. 9. Measurements during 180 seconds with sampling period 4 ms (top),
and its associated histogram and probability density function (bottom).

TABLE II
COMPARISON OF SIMULATED AND MEASURED DEFLECTIONS

1.25 W 5 W 7.2 W

Simulation constraint A 0.35 µm 1.41 µm 2.03 µm
Simulation constraint B 0.60 µm 2.41 µm 3.63 µm
Experiment 0.61 µm 2.49 µm 3.38 µm

Error: SimA - Exp -42.6 % -43.4 % -39.9 %
Error: SimB - Exp -1.6 % -3.2 % 7.3 %

constraint B. It is concluded that the simulation results ob-
tained using constraint A are not valid. This assumed the
plastic housing to be a rigid frame, limiting any movement
of the DBC perimeter in the z-direction. The simulation with
constraint B is the case where the power module is fixed
in the z-axis only at the two edges that are close to the
bolts of the housing, as previously shown in Fig. 5. For the
simulation with constraint B the maximum observed relative
error is 7.3 %, corresponding to an absolute error of 0.25
µm. Furthermore, it is observed that the deflection in the
experiment scales linearly with the input power loss, which
indicates that the stress/strain relationship is within the elastic
linear region of the materials. It is concluded that there is a
good correspondence with the experimental results, and thus
that the simulation with constraint B is a valid model to predict
the thermomechanical stress of the module.

V. DISCUSSION & FUTURE WORK

The methodology proposed in this paper requires visible
access to the DBC or baseplate of the device under test.
Furthermore, the laser displacement sensor used requires a
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Fig. 10. Deflection measured of power module at current levels of (a) 5 A
(b) 10 A and (c) 12 A.

slight angle of incidence to operate. This means that the
method might not be applicable for use with power modules
cooled by direct liquid cooling, or if the heat sink has obstacles
blocking the angle of incidence, such as a large number
of pin fins. In the latter case, a Michelson interferometer
configuration is deemed a viable solution as the beam is
normal to the measured surface.

Once the simulation model has been verified, it has the
potential to investigate and understand several stress mech-
anisms of the power module, each responsible for specific
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(a)

(b)

Fig. 11. Cross-sectional view of deformation (scaled 250 times) during (a)
uniform temperature at -25 degree celsius, compared to reference of 20 degree
celsius and (b) active heating of 12 A.

failure modes [10]. Designing an experimental test rig to target
a specific failure mode or loading profile is often difficult
and time consuming [36]–[38]. The time until failure is often
several weeks long, and the module is tested at several stressor
levels to map its influence on the lifetime [39]. With the
improvement in simulation software packages and the increase
in computing power, it increases the viability of using the
software tools to assess individual failure modes and reliability
issues of power module packages [19]–[21].

The following paragraph discusses the difference between
a passive thermal and active heat up of the power module,
using the verified simulation model to simulate both cases.
The former refers to the case where a power module is placed
in a thermal chamber, and the temperature is ramped up,
often in a large temperature range i.e. -25 to 125 degree
celsius to quickly cause fatigue during a few hundred cycles.
The latter is, when the temperature increase of the power
module is caused by a power loss dissipated in one of the
semiconductor devices, similar to the experiment used in this
paper. For passive thermal cycling, as the temperature is cycled
both to negative and positive temperatures compared to the
reference temperature of 20 degree celsius, it experiences
both convex and concave bending of the DBC. The deflection
at -25 degree celsius is shown in Fig. 11(a). In the active
heating, a power step input is given to one of the devices
in the power module, where the generated heat is conducted
through the DBC and to the heat sink. Because the top
side copper has a higher temperature than the bottom side
copper it will expand more. Thus, the bend in this case
is always concave compared to the reference, as shown in
Fig. 11(b). This example serves the purpose of highlighting
how the “passive” and “active” temperature profiles cause
differences in stress and thereby potentially highlights different
failure modes. During the lifetime of a power module it will
experience both types of stress, including many other scenarios
that are increasingly difficult to build a specific test rig for
each case. The simulation is a viable tool to rapidly visualize
the potential locations of stress in the power module caused
by several operation conditions. This offers, during the early
digital design phase, the ability to ensure that stress-strain
characteristics stay within known material robustness margins,
to allow a high performance design even prior to prototyping
and physical testing.

At present it is not certain how effective the FEM software
and digital tools are to predict long-term degradations, such
as those occurring on a scale smaller than a typical mesh-
size [21]. Such failure mechanisms could be degradation of
metallization surfaces [40], crack propagations dependent on
micron-size grains [41] and mass diffusion caused by current
cycling in solder joints [42]. The common obstacle to predict
such failure mechanisms using software, are that they occur on
a small size and long time-scale, which results in an overflow
of memory and unpractical computational time. Future work
is focused on determining the accuracy of the digital tools to
predict the locations of failure in the power module.

VI. CONCLUSION

This paper has presented a FEM simulation of the thermo-
mechanical induced stress/strain of an integrated GaN power
module. To verify the simulation model and its boundary
conditions, an experimental test is used to verify the deflection
of the DBC of the power module. In literature commonly the
power module is removed from its intended application. In
this paper, a method is proposed using a laser displacement
sensor to measure the deflection in a single point of the
power module during operation. The experiment is performed
at DC power levels of 1.25 W, 5 W and 7.2 W dissipated
in one of the GaN semiconductor devices of the module,
and the deflection during time is monitored. The steady state
results are compared with the FEM simulation. For one set of
boundary conditions the maximum absolute error is 0.25 µm.
This was measured at the maximum observed deflection of
3.38 µm, thus corresponds to 7.3 % error. It is concluded that
the proposed method is a valuable tool to identify proper FEM
simulation models that will allow accurate stress/strain predic-
tions. Future research is focused on studying the stress/strain
distribution of the power module in detail and predict the
points with highest risk of mechanical failure, as the power
module is subjected to lifetime wear out tests.
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