POLITECNICO DI TORINO
Repository ISTITUZIONALE

A Fully Coupled Model of Multi-Chip Press-Pack IGBT for Thermo-Mechanical Stress Distribution
Prediction

Original

A Fully Coupled Model of Multi-Chip Press-Pack IGBT for Thermo-Mechanical Stress Distribution Prediction / Zhan, Cao;
Zhu, Lingyu; Zhang, Yaxin; Dai, Jiangang; Hou, Ting; Song, Ying; Ji, Shengchang; lannuzzo, Francesco. - In: IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS. - ISSN 0093-9994. - ELETTRONICO. - 58:(2022), pp. 3852-3862.
[10.1109/TIA.2022.3160412]

Availability:
This version is available at: 11583/2999821 since: 2025-06-06T13:11:31Z

Publisher:
IEEE (Institute of Electrical and Electronics Engineers)

Published
DOI:10.1109/TI1A.2022.3160412

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

07 May 2026



Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

A Fully Coupled Model of Multi-Chip Press-Pack IGBT for Thermo-Mechanical Stress
Distribution Prediction

Zhan, Cao; Zhu, Lingyu; Zhang, Yaxin; Dai, Jiangang; Hou, Ting; Song, Ying; Ji,
Shengchang; lannuzzo, Francesco

Published in:
IEEE Transactions on Industry Applications

DOl (link to publication from Publisher):
10.1109/TIA.2022.3160412

Publication date:
2022

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Zhan, C., Zhu, L., Zhang, Y., Dai, J., Hou, T., Song, Y., Ji, S., & lannuzzo, F. (2022). A Fully Coupled Model of
Multi-Chip Press-Pack IGBT for Thermo-Mechanical Stress Distribution Prediction. IEEE Transactions on
Industry Applications, 58(3), 3852-3862. Article 9737398. https://doi.org/10.1109/TIA.2022.3160412

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TIA.2022.3160412
https://vbn.aau.dk/en/publications/4443aeb7-e68f-41fc-ac93-e28b3fb14ab5
https://doi.org/10.1109/TIA.2022.3160412

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2022.3160412, IEEE

Transactions on Industry Applications

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

A Fully Coupled Model of Multi-Chip Press-
Pack IGBT for Thermo-Mechanical Stress
Distribution Prediction

Cao Zhan, Student Member IEEE, Lingyu Zhu, Member IEEE, Yaxin Zhang, Jiangang Dai, Ting Hou,
Ying Song and Shengchang Ji, Member IEEE, Francesco lannuzzo, Senior Member IEEE

Abstract—In this paper, a fully coupled multi-physical model of
multi-chip press-pack IGBT (PPI) considering surface roughness
is proposed. This model realizes the coupling of the electrical-,
thermal- and mechanical domains through contact resistance. The
simultaneous prediction of temperature and stress under various
surface roughness is achieved. Firstly, the fully coupled model and
the contact resistance model are established. Secondly, both
thermo-mechanical stress under the clamping phase and heating
phase are analyzed. The influence of the surface roughness on the
thermo-mechanical stress distribution is also investigated based on
the proposed model. Results show that the surface roughness does
not affect the thermo-mechanical stress distribution under the
heating phase, while the amplitudes increase with surface
roughness. Thirdly, the correctness of the model is verified by the
temperature measurement and deterioration observation results.
The observed fretting scratches on the additional metallization
area after the power cycling test validates the correctness of the
deformation prediction. Finally, the strain-life fatigue model of
PP1 is established, it turns out that the surface roughness has an
impact on the fatigue life of the chip metallization area.

Index Terms—Multi-chips PPI, multi-physical model, surface
roughness, thermo-mechanical stress, fatigue life

. INTRODUCTION

ODULAR multilevel converter (MMC) is one of the

most important equipment in MMC-based high voltage
direct current (HVDC) [1-3] applications. Very often, MMC
submodules consist of insulated gate bipolar transistors (IGBTS)
and capacitors [4-5]. Compared with bonding-wire IGBTS,
press-pack IGBTs (PPIs) are widely used in MMC-HVDC
transmission systems due to their merits of high voltage
endurance, high power density, and short-circuit failure mode
[6-7]. However, PPI suffers fatigue thermo-mechanical stress
during its long-term operation in MMC [8]. Thermo-
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mechanical stress and fatigue analysis are very important for
the reliability improvement of PPI.

PPI consists of several parallel submodules that share the
same collector and emitter plates to achieve a large current
capacity. The packaging structure is shown in Fig. 1. Each
submodule has the same multi-layered structure, which has two
molybdenum plates, a silicon chip, and a soft silver layer. The
silicon chip is clamped between two molybdenum plates. In
addition, a poly-ether-ether-ketone (PEEK) framework is
utilized as the insulating structure.
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Fig. 1. The Packaging structure of PPI.

The electrical domain, thermal domain, and mechanical
domain inside the PPI are coupled with each other inside PPI
[9]. Temperature (T) and contact resistance (Rel-cont and Rin-cont)
are the most important coupling parameters of the model. The
conductivity (y(T)) of the chip and load current are the key
parameters that affect the power losses profile, and link the
electrical- and thermal domains. The thermal model has to take
into account many factors, such as power distribution, uneven
thermal conductivity, and heat dissipation. Mechanical pressure
distribution is mainly influenced by the original clamping force
and dynamic thermal stress. Moreover, contact resistance
influenced by surface roughness and contact pressure affects
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both the thermal- and mechanical domain. The average height
of asperities oasp and average slope of asperities masp are used to
determine the value of both electrical- and thermal contact
resistance. The distribution of contact electrical resistance
influences the distribution of load current, while the change of
contact thermal resistance affects the heating dissipation ability.

Electrical Domain

Contact pressure

L
Fig. 2. The fully coupled relationship inside PPI.

Reliability analysis of PPI by the utilization of the finite-
element (FE) model is very important. De-coupled models were
proposed to analyze the mechanical distribution firstly. A.
Pirondi et al. simulated the stress and strain distribution in a PPI
by thermo-mechanical simulation in 1998 and 2000 [10-11]. In
the model, a uniform contact pressure was considered and the
friction coefficient in the friction model was set at 0.5 between
the contact surfaces. In 2000, P. Cova et al. created a thermo-
mechanical simulation model to investigate the chip stress and
strain due to power cycling conditions [12]. A. Hasmasan
established a FE model to calculate the stress distribution inside
the PPI device under different clamping conditions and found
the uneven stress distribution phenomenon [13]. T. Poller et al.
analyzed the pressure distribution inside multi-chip PPI during
both the clamping phase and heating phase. The temperature
distribution was derived firstly by an electro-thermal model,
then the mechanical simulation was performed to calculate the
mechanical stress generated by the power cycle condition [14].
Although the model is not fully coupled, the uneven distribution
of temperature and pressures in the device was found. The
thermal domain and the mechanical domain were not coupled
in the above models. The coupled model should be proposed to
investigate the thermo-mechanical stress since the uneven stress
distribution becomes more serious due to the coupling
relationship. In 2013, T. Poller et al. proposed a fully coupled
model for the first time to analyze the influence of clamping
pressure on the electrical, thermal and mechanical
characteristics of PPl devices [15]. The fully coupled
relationship was realized by using contact resistance, which was
identified by combining the FE method and the experimental
method [16]. In 2015, P. Rajaguru et al. built a fully coupled
model of a press-packaged SiC schottky diode with a single
chip. Different from T. Polle’s model, the empirical formulas
were used to describe the contact resistance behaviors [17].

Since the fully coupled models were available, the reliability
analysis of PPl was widely conducted. Siyang Dai et al.
analyzed the influence of the clamping area on the thermal and
mechanical characteristics in PPI[18]. E. Deng et al. studied the
influence of temperature on PPl pressure distribution by
establishing a fully coupled multi-physical model [19]. The
contact resistance was obtained through the combination of

experiment and simulation methods. Since the contact
resistance parameters of the model depend on the experiment
result, it cannot be used to study the temperature and pressure
distribution under various surface roughness. W. Lai et al.
studied the influence of uneven pressure on the thermal
distribution through FE simulation [20]. The clamping force
was not applied on the collector external plate, resulting in the
temperature distribution among the chip emitter surfaces were
not in good agreement with the actual situation. Besides, the
stress distribution among chip emitter surfaces was not
investigated. The fatigue life analysis of the IGBT device was
also significant in the field of reliability research. Coffin-
Manson model was used in the fatigue life investigation of
IGBTS for its bonding wires lifting-off fatigue [21]. Y. Huang
et al. proposed an energy-based physical life model for die-
attach joints in IGBTs under low-amplitude temperature swings
[22]. Besides, H. Li et al. calculated the fatigue life of single-
chip PPI and derived the distribution of fretting wear lifetime
on an IGBT chip [23]. As of the time of writing, the expected
life of multi-chip PPIs has not been investigated yet.

In conclusion, the influence of surface roughness on the
thermo-mechanical stress distribution and fatigue life is less
investigated in the research area of PPI reliability. To tackle this
problem, this paper establishes a fully coupled multi-physical
model of multi-chip PPI to predict the temperature and pressure
distribution simultaneously. The surface roughness of the
contact surfaces is considered in the contact resistance model,
so the influence of the surface roughness on the temperature and
pressure distribution can be investigated. Moreover, the fatigue
life of chip additional metallization area is also studied by the
utilization of the strain-life fatigue model based on the stress
and strain results from the fully coupled model. The influence
of the surface roughness on the fatigue life is then analyzed.
This investigation is an important supplement for the existing
PPI reliability research works.

The rest of this paper is organized as follows. Section Il
introduces a fully coupled multi-physical model and the contact
resistance model of PPI. Section Il introduces the temperature
and pressure simulation results under both the clamping phase
and heating phase. The influence of surface roughness is also
investigated in this section. Section IV is the validation of the
proposed model. Section V introduces a strain-life fatigue
model for the number of cycle to failure prediction of the chip
additional metallization area. The last section is the conclusion
of this paper. The discussion about the limitation of the research
work and the promising directions worthy of further study is
also presented in this section.

Il. FuLLY CoupLED MODEL OF PPI

A. Governing equation of various domains

(1) Electrical domains. Power losses mainly consist of
conduction losses and switching losses. Since this paper only
researches the steady-state of PPIs under power cycling tests,
the power loss model only considers the conduction loss. In the
heating phase, the power loss results from joule heating
generated by the load current flowing through the device. The
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heat source per unit volume is calculated in equation (1). Qe is
the volumetric heat source, J is the current density, y is the
conductivity, and T is the temperature.

1
—JE=—_|3F (1)
Q, !

(2) Thermal domain. The thermal conductivity of the
material differs significantly inside the PPI, leading to a
temperature gradient from the chip to the collector and emitter
plates. The heat conduction in the PPI includes natural heat
convection between the solid material and the insulating air,
and heat conduction in the solid material. Compared with the
heat conduction in the solid material, the heat dissipation
through the air is very small and can be neglected. Therefore,
the heat conduction in the solid material is the only one
considered in the thermal domain. The partial differential
equation (PDE) of the thermal domain is shown in (2), where k
is the thermal conductivity, p is the material density, C; is the
constant pressure-specific heat capacity.

V-(kVT)+Q, = pC, VT (2)

(3) Mechanical domain. Linear elastic materials are used in
the mechanical domain. The thermal stress caused by the
temperature swing is the critical mechanism of the fatigue
failure of PPI. Based on the linear thermal expansion theory, the
total strain includes a thermal strain caused by the temperature
swing and a static strain caused by the clamping stress. The
thermal strain is represented by equation (3), where « is the
coefficient of thermal expansion, and Trs is the referenced
temperature.

Eih :OC(T _Tref ) (3)

B. Contact resistance

The surface of the contact area is rough from the microscopic
perspective. The small air gap between the contact areas hinders
the transfer of heat since the thermal conductivity of air is
relatively small. The temperature of the contact area is not
continuous due to contact thermal resistance. It is necessary to
establish a contact thermal resistance model since the equation
of the bulk thermal resistance cannot describe the thermal
behavior at the contact area. Equation (4) shows the thermal
behavior.

—Ny, -G, =—N(T, -T,) 4
-4, =-h(T,-T,)

Where, (ast, Qsrc, Tdst, and Tgrc denote the heat flux by conduction
and the temperature of the destination and source layers,
respectively. ngst and ngc are the normal vectors of destination
and source layers respectively. The average thermal
conductivity h, which coincides with the constriction thermal
conductivity he at the contact spots, evaluates the joint
conductance.

h=h, (5)
h. is defined by equation (6), where kgt and ks are the thermal
conductivity of the destination and source layers respectively.
P is the contact pressure between the various layers, and Hc is
the micro-hardness. The average height of asperities oasp and
average slope of asperities masp are the root mean square values

of the two contacting surface roughness values. The
relationship between gasp and masp is shown in equation (7) when
oasp ranges from 0.216 um to 9.6 pum.

h :2_5&%(Pcomam )0.95 (6)
. k,+k, o, H,
masp = 0.125(0-35p x106)0.4oz (7)

Compared with the contact thermal resistance, the air gap
cannot conduct current and the load current only flows through
the point contact area. The contact electrical resistance can be
described by equation (8), where he is the shrinkage
conductance determined by the surface characteristics and
contact pressure, ygst and ysc are the electrical conductivity of
the destination and source layers respectively.

he=2.5 me %(Pcomact )0.95 (8)

Y ., on He

C. Physical parameters

The physical parameters of the materials in the model are

summarised in Table 1.
TABLE |
PHYSICAL PARAMETERS OF MATERIALS

Parameters Ag Cu Mo Chip
p (kg/m®) 10500 8690 10220 2329
CTE (10F) 18.9 17 4.8 2.6
Young’s Modulus (Gpa) 83 110 312 170
Possion’s Ratio (1) 0.37 0.35 0.30 0.28
K (wi(m K)) 429 400 138 130
Cp (I(kg K)) 235 385 250 700
y (S/m) 6.17e7  6e7  1.89%7  y(T)

Relative permittivity (1) le-6 le-6 le-6 115

The chip was regarded as a temperature-dependent resistance
during the turn-on state. We measured the saturation voltage
under various junction temperatures by a specialized PPI fixture
shown in Fig.3. The clamping force is adjustable from 2-20 kN
and the two heating plates can be heated up from 30 °C to
150 °C. After enough heating time to make sure the PPl under
thermal equilibrium state, 350 A current is injected into the
device and the saturation voltage Vce under various junction
temperatures is measured. The temperature-dependent
conductivity is shown in equation (9).
7(T)=-0.129*T +65.838 9)

Fig. 3. The saturation voltage measurement platform
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D. Size of the model

A PPI (TO360NB25A [24]) contains five IGBT chips and
two free-wheeling diode (FWD) chips, the number is shown in
Fig. 4. Physical dimensions are shown in Table Il. Each chip
has a sandwich structure, where the top layer and bottom layer
are composed of thin sintered silver plates. The thickness of
each thin sintered silver plate is 50 pm. The thin silver layer of

the chip emitter side is called the additional metallization area.
TABLE Il
SIZE OF PPl STRUCTURE

Name Shape High (mm) Side or radius (mm)
Collector Cylinder 9 28
Emitter Cylinder 5 32
Mo (C) Square 1.8 12.6
Chip Square 0.35 12.38
Mo (E) Square 11 10
Copper pillar Square 8.6 10
] ]
] ]
#1 IGBT #4 IGBT]
2 I
]
]
#2 IGBT| | | 1 FWD| | | #2 FWD
v [
| —
|
#3 IGBT]| | | #5 IGBT
] |
v v

Fig. 4. The number of IGBT and FWD chips.

The length of the chip external side and the PEEK frame
internal side are 12.38 mm and 12.56 mm respectively, which
were measured by a Vernier caliper with 50 divisions, as shown
in Fig.5. The gap between the PEEK frame and chip is around
180 um. However, the deformation of the chip is less than
50 pm according to the simulation result in reference [19]. The
existence of the PEEK frame does not modify the stress level
and distribution of the chip. To simplify the finite-element
model and reduce the computation burden, the PEEK frame
(see Fig.1) was eliminated in the model.

Fig. 5. Length measurement.

E. Boundary conditions and initial conditions

(1) The boundary condition and initial value of the electrical
domain are shown in Fig. 6(a). The applied current amplitude

in the model is 350 A on the collector external surface and the
emitter external surface is set as ground. The electrical
connection between the various layers takes place through a
contact electrical resistance, and the other surfaces are set as
electrical insulation surfaces. The initial value of the electrical
potential is 0 V.

Current terminal

| Viabiild |
Molybdenum T<H H H—~ Chip

| Emitter

Ground
——— Electrical contact — Electrical insulation

(a) electrical domain.

T T T T T T T T T Convective heat flux

| Collector

|
Molybdenum <H H H——»Chjp
I

| Emitter

P LU comcave oo

Thermal contact

—— Thermal insulation

(b) thermal domain.
Spring foundation with predeformation

EERRRRRE

Molybdenum < == == B Chp

Collector

Emitter

Prescribed displacement

Friction contact

(c) mechanical domain.
Fig. 6. Boundary conditions and initial conditions.

(2) The boundary condition and initial value of the thermal

domain are shown in Fig. 6(b). The heatsinks at both the
collector and emitter external surfaces are not considered in this
model to reduce the computation complexity. The convective
heating flux boundary condition is used to simulate the heat
transfer between the heatsinks and the PPI device. The heating
transfer behavior is described by equation (10)
-kVT =hht(T,,, —T) (10)
Where k is the thermal conductivity, Tex is the ambient
temperature, hht is the convective heat transfer coefficient. The
convective heat transfer coefficient of the collector and emitter
sides are both set to 10000 W/(m?*k) [18, 20]. Tex: is set as 20°C
since the temperature of the cooling water remains 20 °C. The
initial value of temperature is 20 °C as well. Also, in this model,
the thermal connection between the various layers is through
thermal contact, and the other surfaces are set as thermal
insulation surfaces.

(3) The boundary condition and initial value of the
mechanical domain are shown in Fig. 6 (c). PPI is clamped in
the fixture between two heatsinks, the height of the heatsinks is
larger than the radius of PPI to diminish the height effects on
the stress distribution among the chips. There are two options
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to apply the boundary condition on the collector external
surface in the elastic mechanical domain. One is the boundary
load, the other is the spring foundation with predeformation.
During the heating phase, the thermal expansion causes the
increment of the normal force, so the boundary load cannot
reflect the variable force load. Moreover, discs are used in the
fixture to offset the thermal expansion and obtain a relative
uniform displacement inside PPI. In this consideration, the
spring foundation with predeformation is more suitable at the
collector external surface to simulate the function of discs. The
spring foundation is described by equation (11)

F = -KingAU (11)
Where F is the normal force, Kspring is the total spring constant,
A u is the deformation variation. The direction of the

predeformation is shown in Fig. 6 (c). The emitter external plate
is bonded with a rigid metal heatsink, so the normal
deformation is restricted. The normal prescribed displacement
is set at zero at the emitter external surface. Multi-layers inside
the PPI are connected with fictional contact pairs with the
coefficient of 0.5 [10-11], and the augmented Lagrange method
is chosen to calculate the contact pressure in the mechanical
domain since it yields a more accurate result.

F. Mesh method and solver settings

The mesh results of the chip and the whole device are shown
in Fig. 7(a) and Fig. 7(b) respectively. The number of body
elements and nodes is 107142 and 110019 respectively. A
swept mesh is created on the chip domain with the 0.5 mm
element size while a free tetrahedral mesh is applied on the
collector and emitter poles with the 1 mm element size. The
mesh element of molybdenum plates is the coarsest since the
hardness of molybdenum is the largest than other materials in
the PP1 submodule.

The mesh result has a big influence on the temperature and
stress distribution if the element size is too coarse. To validate
the mesh result, the maximum and minimu chip temperatures
and pressures under the heating phase are compared in Fig. 8
with element size ranging from 0.4 mm to 0.7 mm. The chip
mesh fineness has little influence on the calculation results in
this element size scope. In the stationary solver, a segregated
solution approach is utilized since the fully coupled model with
contact surfaces is very difficult to obtain a direct convergence
result. The relative tolerance in the stationary solver is 2.5.

(a) Chip mesh result

(a) Device mesh result
Fig. 7. Mesh results.

B maximum temperature
120) [ minimum temperature

80

60

Pressure (MPa)

Temperature (C)

40|

20

0.7 06 05 04 0.7 06 05 04
element size (um) element size (um)
() Temperature (b) Pressure

Fig. 8. Temperature and pressure results under various element sizes.

I1l.  SIMULATION RESULTS ANALYSIS

A. Mechanical stresses distribution under clamping phase

In the clamping phase, the PPI is clamped in the fixture under
a preset clamping force to ensure good electrical and thermal
contact. No current flows through the PPI. The contact pressure,
normal stress, and Von-Mises stress distribution on the chip
additional metallization area are shown in Fig. 9(a), 9(b), and
9(c) respectively. The contact pressure has the larger value at
the five corners within a single chip and the distribution among
five IGBT chips is similar. The normal stress has a gradient
distribution within a single chip from the edge of the additional
metallization area to the middle area. The maximum value is
23.5 MPa. However, the Von-Mises stress within a single chip
shows a contrary distribution compared with the normal stress.
The Von-Mises stress within a single chip shows that the value
at the edge is much higher than that in the middle area.

B. Thermo-mechanical stresses distribution under heating
phase

Under the heating phase, the contact pressure, normal stress,
deformation, temperature, current density, pressure distribution
are shown in Fig. 10(a), 10(b), 10(c), 10(d), 10(e), and 10(f)
respectively. The maximum contact pressure increases only
10 MPa after heating up, which explains the discs have good
performance in offsetting the thermal expansion effect. It shows
that the distribution of contact pressure on the five IGBT chips
is uneven due to the thermal expansion. The contact pressure of
the left area of the #1 IGBT and #3 IGBT chips decreases
apparently. After heating up, the temperature of IGBT chips is
much higher than that of FWD chips. With the thermal
expansion generated by the high temperature on the IGBT chips,
the collector poles warps, which results in less contact on the
left area of #1 IGBT and #3 IGBT. The normal stress
distribution shares a similar change with the contact pressure.
The distribution of the deformation within a single chip also
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shows a gradient from the edge area to the middle area and the
five corners of a single chip have a larger deformation.

Within a single chip, the temperature increases from the edge
area to the middle area. The current density within a single chip
shows that the amplitude at the edge of the additional
metallization area is much higher than that in the middle area,
so the power loss is high at the edge area within a single chip.
There is a reverse relationship between contact pressure and
contact resistance. The contact electrical resistance is smaller at
the edge area, so the current density and power loss are larger
at this area. However, the contact thermal resistance is also
smaller at the edge area, which indicates that the edge area has
better heat dissipation capacity. This phenomenon explains that
the contact thermal resistance has a larger impact on the
temperature distribution than the contact electrical resistance.
Among the five IGBT chips, the temperature on the five IGBT
chips is different, i.e. the left three IGBT chips have a higher
temperature. The thermal across-coupling effect between the
multi-chips is the main reason for the temperature uneven
distribution. Moveover, due to the thermal expansion generated
by the high temperature on the IGBT chips, the pressure on the
left area of #1 IGBT and #3 IGBT is loss of contact. The less
contact on this area induces the increment of contact thermal

A

6

resistance and increases the temperature distribution on the two
chips.

The pressure distribution is similar to the temperature
distribution within a single chip. The middle area has larger
amplitude since the higher temperature induced higher thermal
expansion. Among the five IGBT chips, due to the warpage
effect, the pressure distribution on the corner areas is also larger
compared with that of the edge area. Based on the pressure and
deformation on the additional metallization area, the reliability
of the corner areas is relatively low.

To compare the temperature and pressure on the five IGBT
chips. A vertical profile has been selected on each of the IGBT
chips, as shown in Fig. 4. The results are shown in Fig. 11(a)
and 11(b) respectively. The maximum and minimum values are
also listed in the figure insets. The temperature profiles of the
five IGBT chips are similar, although the maximum values
differ. The maximum temperature variation is around 5 °C,
which is a 4.7 % variation. The variation of maximum pressure
reaches 2.59 MPa, and the variation reaches 2.1 %. The
temperature and pressure distribution is uneven and the #1
IGBT chip and #3 IGBT chip has larger temperature and
pressure distribution.
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C. Influence of the surface roughness

To investigate the influence of various surface roughness on
the temperature and pressure distribution of multi-chip PPI
under the heating phase, the surface roughness of the five IGBT
chip is changed from 0.5 um to 2.5 pm in the model. On one
hand, the empirical formula shown in equation (8) to estimate
the surface roughness is regulated in the scope of 0.216 um to
9.6 um. On the other hand, the measurement of the surface
roughness of the healthy new chips is around 0.1 um. The
molybdenum plate is above 1 um. Thus, the surface roughness
is selected in the scope from 0.5 pmto 2.5 pm. The temperature
and pressure of the selected vertical profile on the #1 IGBT chip
are shown in Fig. 12(a) and 12(b) respectively. The temperature
and pressure both increase with the increment of surface
roughness, and the variations decrease gradually. Since the
change of the surface roughness is assumed even on the IGBT
chips, in this case, the temperature and pressure distribution
remains similar on these five chips.

IV. EXPERIMENTAL VERIFICATION

A. Verification of chip temperature under heating phase

Since the IGBT chips are sealed inside the package structure
as shown in Fig. 1, the direct measurement of the chip
temperature distribution with optical or infrared sensors is not
available. Actually, the saturation voltage Vce-10oma under
100mA direct current has a linear relation with the junction
temperature of IGBT. In this paper, the average chip

Position (um)
(b) Pressure distribution

Fig. 12. The calculation result of the selected vertical profile on #1 IGBT chip
surface under various surface roughness: (a) temperature (b) pressure

temperature was considered as the junction temperature. Thus,
the temperature calculation result could be verified under the
measurement of Vce.10oma. The linear relation between the Vce.
100ma and temperature is shown in Fig. 13. Vce-100ma Shows a
negative linear correlation with temperature and the slope
remains 2.6 mV/°C under various clamping pressures.
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Fig. 13. Calibration curve.

The stationary calculation is the interest of this paper, so it is
essential to test the chip temperature under a thermal
equilibrium state. Power cycling test was performed on a PPI
with a long heating time to achieve the thermal equilibrium
state. Since the transient thermal impedance in the datasheet
shows that the heating time was longer than 18 s to obtain the
steady-state, we tested the device under 350 A loading current
with 30 s heating time and 30 s cooling time. The schematic and
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physical picture of the claming fixture are shown in Fig. 14(a)
and Fig. 14(b) respectively.
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100 mA sensing current was injected into the device to
measure the junction temperature after the heating phase. The
sampling frequency was set at 50 MHz to capture the minimum
value of Vce.ooma Which could be utilized to reflect the
maximum junction temperature. The collector to emitter on-
state voltage during a power cycle is shown in Fig. 15. The

minimum value of the voltage under 100 mA is 0.369 V, which
reflects the maximum junction temperature is 99.16 °C. The
average temperature is 101.72 °C result of the fully coupled
model. The experiment confirms the model result within 2.6 %.

B. Verification of deformation under heating phase.

After the power cycling test, the PPl device was
disassembled utilizing a grinder [9]. The surface morphology of
the emitter was investigated through a metallurgical microscope
(Axio Scope Al). Some fretting scratches were found on the
additional metallization area, which is shown in Fig. 16.
Fretting scratches spread mostly on the corners of the additional
metallization area. As a conclusion of the failure analysis, the
corners of the additional metallization area suffer larger micro-
deformation and induce the fretting wear damage in this area.
The observation result qualitatively supports the prediction
correctness of deformation distribution.

Fig. 16. Fretting scratches.

V. FATIGUE ANALYSIS OF MULTI-CHIP PPI

The fatigue life can be estimated by a strain-life model
combining Basquin and Coffin-Manson relation [25], as shown
in equation (12).

y (12)

+e, :%(2Nf)b+g;(2Nf)°

Where of is the fatigue strength coefficient; & is the fatigue
ductility coefficient; b is the fatigue strength exponent; c is the
fatigue ductility exponent; ee, is the elastic strain component
and epa is the plastic strain component; E is Young's modulus;
2Nt is the number of load reversals; two reversals are equal to
one cycle, thus Ns is the number of full cycles to failure as a
strain amplitude of e.. The strain e, is regulated by the equation
(13-14)

&, =Ael2 (13)
6_:{‘91151>|‘93| (14)
E3,8, Z|6‘3|

Where e1and &3 are the largest principal strain and the smallest
principal strain. However, due to the asymmetric stress cycle of
PPl under the power cycling test, the equation (12) is not
applicable. Morrow conducted the linear correction of elastic
stress to improve the Coffin-Manson equation, as shown in (15).

(15)

a

& =LE“m(2Nf)b+g,'(2Nf)°
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Where o is the mean stress of the load cycle. Since stress is a

second-order tensor and the mean stress is a scalar, the

evaluation of the mean stress is based on the principal stress

according to equation (16).
_{0'1,0'1 > ‘03‘

63,0'32‘03‘

(16)

Where o1and o3 are the largest principal stress and the smallest
principal stress respectively. The most commonly used method
to estimate the fatigue performance parameters is the universal
slope method, the four-point correlation method, and the
improved four-point correlation method. In this paper, the
universal slope method is utilized to determine the value of the
four fatigue performance parameters. The fatigue performance

parameters of Ag are shown in Table III.
TABLE III
FATIGUE PERFORMANCE PARAMETERS OF AG

of (Mpa) & b c

700 0.949 -0.12 -0.6

Since the electrical- and thermal contact resistance are the
key parameters, and the contact pressure shows strong
nonlinearity in the fully coupled model, the transient calculation
of the stress and strain distribution is very difficult. In this paper,
the mechanical simulation results from the steady-state model
under both 0 A and 350 A input are utilized to calculate the
fatigue life of the PPI chip’s additional metallization area.
When the input current is 0 A, the device is under the clamping
phase. When the input current is 350 A, the device is under the
heating phase. Then, with the simulation results under both 0 A
and 350 A input, the fatigue life of the PPI is calculated
according to equation (12-16). The number of cycles to failure
which evaluates the fatigue of the additional metallization area
is shown in Fig. 17. The minimum number of cycles to failure
area locates at areas near the corners. It indicates that these parts
are the weakest in the metallization area.
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= X
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55
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' ' 435
b @ 4
35
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Fig. 17. The calculation result of the number of cycles to failure on additional
metallization area of IGBT chips.

The influence of the surface roughness on the fatigue failure
life is also calculated, which is shown in Fig. 18. Fig. 18(a)
shows that both the minimum fatigue failure cycle and
maximum fatigue failure cycle decrease with the increment of
surface roughness. The minimum fatigue failure cycle
decreases from 24800 to 20400, with a variation of 17.7 %. The
maximum fatigue failure cycle decreases from 69600 to 56200,
with a variation of 20.5%. Thus, the increase of surface
roughness of the chips can decreases the lifetime. This result is

important for the evaluation of PPI fatigue life and reliability
research.
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Fig. 18. Calculation result on additional metallization (a) maximum and
minimum fatigue failure cycles (b) variation ratio compared with the healthy
condition.

VI. CONCLUSIONS

The influence of surface roughness on thermo-mechanical
stress distribution has been analyzed with a newly proposed
fully coupled model in this paper. Four important conclusions
are drawn in this work:

(1) A fully coupled multi-physical model of multi-chip PPI
taking into account the temperature and pressure distribution
simultaneously is proposed. The influence of surface roughness
is considered.

(2) The distributions of temperature and stress on the surface
of various chips are different inside multi-chip PPIs. For one
single chip, the corners reliability of the additional metallization
area is relatively low.

(3) The even increment of surface roughness results in the
increment of temperature and pressure on the additional
metallization area, while the distribution of these parameters on
each chip surface remains the same.

(4) Based on the strain-life model of PPI, the number of
cycles to failure on the additional metallization area is
calculated with the purely elastic mechanical domain. The
increase of surface roughness can induce the decrease of fatigue
failure life on the metallization area.

The analysis provides a solid foundation for reliability
improvement of PPI. However, there is still some work worthy
of further study.

(1) Only a purely elastic mechanical domain is considered in
this paper. The plastic behavior of the additional metallization
area of the chips is also very important for the reliability
analysis. This issue will be addressed in further work.

(2) The simulation of the multi-chip PPI device under the
transient state is very useful in the reliability research and
fatigue life estimation area. However, since the contact
resistance is the critical coupling parameter in the fully coupled
model and the calculation of the contact pressure is very
difficult due to the strong nonlinear characteristics, the
establishment of the PPI transient simulation model still needs
effort.

(3) According to the existing research result, fretting wear is
the main fatigue failure mechanism of PPI. The fatigue analysis
model for bond-wire IGBT is not sufficient for PPI devices in
terms of fretting fatigue. A novel fatigue model for the fatigue

0093-9994 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htt]f://www.ieeeoig/publicationsﬁstandards/ ublications/rights/index.html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 01,2022 at

1:34:42 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2022.3160412, IEEE

Transactions on Industry Applications

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

failure life estimation of PPI should be proposed.

(4) Due to the lack of exact measurement methods for chip
temperature and pressure, the validation of the fully coupled
model is qualitative, which results in the conclusions mainly
focus on the thermo-mechanical distribution but not the
numerical accuracy. Advanced sensors should be utilized for
the measurement of temperature and pressure in PPI.

The utilization of the transient stress load in the novel fatigue
model to estimate the PPI lifetime will be the next work of the
authors.
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