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Abstract—In this article, the correlation between the thermal
contact resistance and the surface roughness characteristics of the
contact interface in the press-pack insulated-gate bipolar transistor
(PP-IGBT) modules during power cycling was studied by exper-
imental measurements and finite-element (FE) simulation-based
factorial design analysis. Thermal transient test technology was
applied to examine the change in the thermal characteristic pa-
rameters of the PP-IGBT module. This shows that the increase in
the thermal contact resistance of the Al metallization/emitter Mo
contact interface occurs more dramatically during power cycling. A
3-D surface profilometer was used to evaluate the surface morphol-
ogy parameters of the Al metallization/emitter Mo contact inter-
face. The equivalent root-mean-square (RMS) roughness increases
during power cycling, and the equivalent asperity slope and the
equivalent spacing between asperities increase slightly. Addition-
ally, the surface roughening in the corner area of the chip is more
obvious than in other regions. A fractional factorial design analysis
based on FE simulations was performed. The results indicate that
the thermal contact resistance strongly depends on the main effects
of the real contact area and the spacing between the asperities, and
the RMS roughness and the asperity slope interaction.

Index Terms—Power cycling, press-pack insulated-gate bipolar
transistor (PP-IGBT), surface roughness, thermal contact
resistance.

I. INTRODUCTION

ITH HIGH power density, double-side cooling, and
‘ ; short circuit failure, press-pack insulated gate bipolar
transistor (PP-IGBT) modules have been widely employed in

Manuscript received August 19, 2021; revised November 5, 2021; accepted
November 27, 2021. Date of publication December 13, 2021; date of current
version February 18, 2022. This work was supported by the National Natural
Science Foundation of China under Grants 11872078, 11902009, and 12002009.
Recommended for publication by Associate Editor A. Lindemann. (Correspond-
ing author: Tong An.)

Tong An, Zezheng Li, Yakun Zhang, Fei Qin, Yanwei Dai, Yanpeng Gong,
and Pei Chen are with the Institute of Electronics Packaging Technology and
Reliability, Faculty of Materials and Manufacturing, Beijing University of Tech-
nology, Beijing 100124, China, and also with the Beijing Key Laboratory of Ad-
vanced Manufacturing Technology, Beijing University of Technology, Beijing
100124, China (e-mail: antong@bjut.edu.cn; lizezheng @emails.bjut.edu.cn;
zhangyakun @emails.bjut.edu.cn; gfei@bjut.edu.cn; ywdai @bjut.edu.cn; yan-
peng.gong @bjut.edu.cn; peichen @bjut.edu.cn).

Liang Wang, Zhongkang Lin, and Xinling Tang are with Global Energy
Interconnection Research Institute Co., Ltd., Beijing 100031, China (e-mail:
1393133802 @qq.com; 1zk007x@163.com; 18811592722 @126.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2021.3134175.

Digital Object Identifier 10.1109/TPEL.2021.3134175

high power conversion systems [1]. To maximize the reliability
performance, the thermal behavior of PP-IGBT modules is a
very significant design consideration, especially in the high
power range, since approximately 60% of the cases of failure of
power semiconductor devices are thermally induced [2]. Ther-
mal resistance is one of the critical factors that determines the
thermal behavior of PP-IGBT modules. In PP-IGBT modules,
the IGBT chip is directly connected to two Mo plates and then
enclosed by two Cu electrodes. To preserve the thermal contact
and electrical contact of these parts, a clamper is applied to
provide a clamping force during PP-IGBT module operation.
Thus, in contrast to fully bonded interfaces, the total thermal
resistance of the PP-IGBT module consists of both thermal
resistances of material layers and thermal contact resistances
of contact interfaces, which are introduced by the multilayered
structure of the PP-IGBT modules. Therefore, knowledge about
the thermal contact resistance degradation during PP-IGBT
module operation is of great interest.

The value of the thermal contact resistance of the contact
interface within the PP-IGBT module depends mainly on the
thermal properties of the contact materials, the clamping force,
and the surface roughness characteristics of the contact interface
[3]. Some researchers dedicate to examining the relationship
between the thermal contact resistance and the external clamping
force. For a PP-diode module with single chip, Deng et al.
applied experiments [4] and finite-element (FE) modeling [5]
to investigate the effect of the clamping force, thereby indicat-
ing that the thermal contact resistance reduces with increasing
clamping force. Additionally, Poller ez al. [6] proposed a method
combining the FE analysis results with experimental measure-
ments to incorporate the clamping force sensitivity of thermal
contact resistance into the model to describe the electrothermo-
mechanical characteristics of a single chip PP-IGBT module.
For a multichip PP-IGBT module, the work in [7]-[9] show that
an uneven clamping force distribution can cause a partial or even
entire loss of contact for the chips in PP housings, which will sig-
nificantly increase the thermal contact resistance. Furthermore,
based on the clamping force, Busca et al. [10] calculated the
thermal contact resistance of the multichip PP-IGBT module by
combining experimental data with analytical calculations.

Another factor that significantly affect the thermal con-
tact resistance is the surface roughness characteristics. The
surface morphology of the contact interface, such as the Al
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metallization layer, is not flat but characterized by rugosity [11].
Real mechanical contact between the rough surfaces does not
occur on the entire surface but is limited to a portion of the
top of the surface asperities. To consider the influence of the
surface roughness characteristics, an analytical model has been
devoted to calculating the thermal contact resistance [12]. The
effect of the surface roughness into an analytical model and
employed the model to examine the thermal contact resistances
on the Cu/Mo/SiC/Mo/Cu interfaces of a single chip PP-diode
module incorporated iin [13] and [14]. Deng et al. [S] applied
FE modeling to estimate the change in thermal contact resis-
tance of the diode chip/collector Mo plate contact interface in a
single chip PP-diode module, thereby indicating that a surface
roughness decrease leads to a lower thermal contact resistance.
Although some related studies have considered the effect of the
surface morphology on the thermal contact resistance, relatively
few research efforts have been devoted to measure the evolution
of the contact interface roughness within PP-IGBT module
subjected to power cycling and the dependency of the thermal
contact resistance on the surface morphology parameters of the
contact interface.

The aim of this article is to study the correlation between the
thermal contact resistance degradation and the evolution of the
contact surface morphology in the PP-IGBT module subjected
to the power cycling test. The thermal contact resistance of the
Al metallization/emitter Mo interface was examined at different
power cycling aging times. The surface morphology parameters
of the Al metallization/emitter Mo interface were measured and
employed to characterize the surface roughness evolution of the
contact interface. Factorial design analysis based on qualitative
FE modeling with the technique of submodeling was performed
to investigate the influences of the surface roughness charac-
teristics of contact interface on its thermal contact resistance.
Based on the factorial analysis, the main effects of the surface
morphology parameters on the thermal contact resistance degra-
dation were determined.

II. EXPERIMENTAL PROCEDURES
A. Tested PP-IGBT Module

The typical electrical ratings of the considered PP-IGBT
module are 3300 V/50 A. the tested device was a single chip
3300 V/50 A PP-IGBT module. The PP-IGBT module consists
of a collector Cu plate, collector Mo plate, Sn3.0Ag0.5Cu solder
layer, IGBT chip, and Al metallization layer, which are deposited
onto the Si die, emitter Mo plate, Ag shim plate, and emitter Cu
plate, as shown in Fig. 1.

Four IGBT modules were applied here, module A°, module
B! module C*°, module D**, and the superscript in the
sample labels represent the number of cycles the module has
experienced.

B. Power Cycling Test

As shown in Fig. 2, the power cycling test bench consists of
a power supply system, a control system, a drive system, a data
acquisition system, and a water-cooling system. The clamper
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Fig. 1. Schematic of the PP-IGBT module.
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Fig. 3.  Circuit of the dc power cycling test.

was employed to maintain the needed clamping force and pro-
vided double-sided water cooling. According to the mounting
instruction that a pressure of approximately 1.2 kN/cm? is ideal
for PP IGBTs [15], [16]. Therefore, a clamping force of 1.01 kN
was applied to the PP-IGBT module according to its clamped
area.

Fig. 3 presents the circuit diagram of the dc power cycling
test. A constant dc voltage (e.g., 15 V) was employ to the gate to
keep the device under test on during the test. When the control
switch was on, a current /j,,q Was injected into the PP-IGBT
module. As aresult, the junction temperature 7 of the PP-IGBT
module started to increase due to its conduction power loss.
Then, the applied load current was disconnected by turning off
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Fig. 5. Calibration curve of Vcg.on and Tj with a constant measurement

current of 100 mA for the PP-IGBT module.

the control switch, and the temperature of the PP-IGBT module
was decreased by the double-side cooling system.

All the power cycling tests discussed in this article were
conducted with a constant 7,,,/t,g control strategy without com-
pensation for degradation, and 7., = 2 s and f,g = 2 s were
set, which means that the total cycling period was 4 s. The load
current for the tests was set to 50 A, and the water-cooling system
had a constant water temperature of 45 °C. Under these test
conditions, the initial junction temperature swing was approxi-
mately 54.21-62.1 4°C. Four PP-IGBT modules were tested for
0, 100, 250, and 400 k power cycles, respectively.

During the power cycling tests, the collector-emitter satu-
ration voltages Vipggaty of the tested PP-IGBT modules were
measured under the load current at room temperature every 5000
cycles. As shown in Fig. 4, with increasing number of cycles,
VEsat 18 almost constant. the maximum increases of Voggat for
the module B!, module C>°, module D*® are approximately
1.53%, 1.96% and 2.05%, respectively, indicating the devices
were still functional after tests, and no obvious failure occurred.

To estimate the 7} of the under tested modules during power
cycling tests, a preliminary calibration was conducted to obtain
the dependence of T; on the ON-state collector—emitter voltage
Vce-on for the PP-IGBT module with a constant current of
100 mA [17], [18]. Fig. 5 shows the characterization curve of
Vee-on and T, and the temperature sensitivity (K factors) is
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Fig. 6.  Calibration curves of Vog-on and Tj with a constant measurement
current of 50 mA for the PP-IGBT modules after power cycling tests.

approximately —1.59 mV/°C. During the power cycling test, the
Ver-on of the PP-IGBT module was measured with a constant
measurement current, I, casure, 0f 100 mA, when the load current
was disconnected.

C. Experimental Determination of the Thermal Contact
Resistance Within the PP-IGBT Module

For the estimation of the Tj in the transient thermal impedance
Zyn, curve measurement, a preliminary calibration was per-
formed to obtain the dependence of 7j on Vcg.on for the
PP-IGBT modules after power cycling tests with a constant
current of 50 mA [17], [18]. As shown in Fig. 6, the K factors are
approximately —1.69 mV/°C for Module A, —1.50 mV/°C for
module B9, —1.54 mV/°C for module C*°, and —1.22 mV/°C
for module D*® indicating that the K factor decreases as the
number of power cycles increases.

Then, the transient thermal impedance Z;;, curves of the PP-
IGBT modules before and after power cycling were measured
using a thermal transient tester (T3Ster). A heating current of
50 A was injected into the PP-IGBT module by turning ON the
control switch until it reached thermal equilibrium. Afterward,
the control switch was turned OFF, and Vcgr.on Was measured
during the cooling duration. The PP-IGBT module was under
emitter-side cooling, and the collector side was adiabatic. Tj
can be calculated from the recorded Vcg.on and K factors.
Therefore, the transient thermal impedance Ziy,, cooling(?) that
describes the cooling behavior of the PP-IGBT module can be
estimated by

Zth,cooling (t) = TB (t) ICZD} (t O) (1)
where P is the power dissipation measured shortly before the
moment when the power is turned OFF.

As the tested PP-IGBT modules are under emitter-side cool-
ing, the preferred heat flow path is from the IGBT chip, Al
metallization layer, emitter Mo plate, silver shim plate, emitter
Cu plate and finally into the heat sink region, and the heat
conduction process can be modeled by an equivalent resistance
capacitance (RC) thermal network, as shown in Fig. 7. In the
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RC thermal network, an RC unit is applied to represent the heat
conduction characteristic of each material layer or each contact
interface, which includes an equivalent thermal capacitance Cyy,
and an equivalent thermal resistance Ryj,.

Finally, to estimate the thermal resistance of the material
layers Ry, and the thermal contact resistance Ry contact Of
contact interfaces, the Zy, cooling(?) curve was converted to the
corresponding cumulative and differential structure function [4],
[19]-[21]. The cumulative structure function is the cumulative
thermal capacitance Cyy,yx, as a function of the cumulative thermal
resistance Ripy along the heat-flow path from the junction to
the heatsink. A change in the slope in the cumulative structure
function represents that the heat flows into a different material
layer/surface, and thus, it allows us to identify the Ry, and the
Rin,contact [19], [21], as illustrated in Fig. 8. The differential
structure function is the derivative of the cumulative structure
function. A local peak in the differential structure function
represents a different material layer/surface in the heal flow path.

D. Analysis of the Al Metallization/Emitter Mo Interface
Roughness

The tested PP-IGBT module was opened for the measure-
ment of the surface roughness characteristics. The surface
morphology parameters of the Al metallization/emitter Mo
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interface before and after power cycling were quantitatively
measured using a 3-D surface profilometer. Two test points
on the tested contact surface were chosen for each sample,
i.e., T1-the central area, and T2-the area at the corner of the
chip [see Fig. 9(a)]. The 3-D surface topography images of
each test position were acquired in a 30 pmx30 pm size area.
Four profile paths, two along the x direction and two along
the y direction, across the tested surface were selected, and
the height profiles were extracted [see Fig. 9(b) and (c)]. The
geometric characteristics of the height profile can be described
by estimating standardized statistical parameters, namely, the
root mean square (RMS) roughness o the RMS asperity slope m
and the mean spacing between asperities A which are given by

@
d 2
e 3 [ o
_ Ly, @
N K3
i=1

where z; is the distance between the mean plane and the points
on the height profile, N is the number of z;, and A, is the
spacing between asperities, as illustrated in Fig. 9(d). The
surface morphology parameters of both Al metallization and
emitter Mo plate were measured. It has been assumed that the
contact between two rough surfaces is simplified to the contact
between a rough surface and a perfectly smooth surface, which
has equivalent surface characteristics [22]. Thus, the equivalent
RMS roughness o, the equivalent RMS asperity slope mgq
and the equivalent mean spacing between asperities Aoy used
to characterize the Al metallization/emitter Mo interface are
defined as [23]

012\1 + 0-1%/10 (5)

m3, +my, ©)

heq = \[ 21+ Mo @

where o a1 and o, are the RMS roughness, ma; and my, are
the RMS asperity slope, and A 4 and Ay, are the mean spacing
between asperities of the Al metallization and the Mo plate,
respectively.

Meq =

III. MODELING PROCESS
A. Submodeling of PP-IGBT Module

To further understand the dependency of the thermal contact
resistance on the surface roughness characteristics of the Al met-
allization/emitter Mo interface, a submodeling technique was
applied, as depicted in Fig. 10. In the global model, the 3-D FE
model of the PP-IGBT module was established according to the
test sample, in which the collector Cu plate, collector Mo plate,
Sn3.0Ag0.5Cu solder layer, IGBT chip, Al metallization layer,
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TABLE I
DIMENSIONS OF THE FE MODEL

WiCu

Mo
I Si
MSn3.0Ag0.5Cu “--- L~
Al i Emitter Mo plate
Wy, Iy T (_b_) ____________
S R R, S Collector Cu

Al metallization layer
plate

'

p

|
|

Components Dimension (mm) Schematic

r=24,h=8 h

Collector Mo

plate a=94,h=2 a

IGBT chip a=13.6,h=037 a

h#l:l
h#l:l
b
Al a=13.6,b=116 c
Fig. 10. FE model of PP-IGBT module. (a) Global model. (b) First-level metallization c=2,h=0.05 a h
h#:l
h%:l

submodel. (c) Second-level submodel. (d) Third-level submodel. (e) Exploded layer
view of third-level submodel. b
. =94,b=74,c= ¢

Ag shim plate a 2. h=02 ¢ a ” %
emitter Mo plate, silver shim plate, and emitter Cu plate were ‘
considered, as depicted in Fig. 10(a). The geometric dimensions b
of the global model were the same as that of the test sample, as Emitter Mo~ a=94,b=74,c= ¢

. . plate 2,h=2 a
given in Table L.
To facilitate the boundary condition transfer from the global 5

model to the submodel, three levels of the submodel have
been constructed. The first-level submodel consists of an Al Emitter Cu " 9_4221’:“ 5 zii’fg_ ﬁc i h
metallization layer and an emitter Mo plate, which is exactly plate =8 =8 & ’ v

the same size as that in the global model [see Fig. 10(b)]. Then,
the cut boundaries of the second-level submodel were defined
along the perimeter sides of a cuboid with dimensions of 200
pumx200 zmx 50 pm for the Al metallization layer and a cuboid TABLETI

with dimensions of 200 /im «200 im «50 pm for the emitter Mo MATERIAL PROPERTIES APPLIED IN THE ELECTROTHERMAL FE ANALYSIS
plate from the first-level submodel [see Fig. 10(c)]. Finally, in the

hird-1 1 sub del. the i of: h idered Young’sP . s Cofeéflcienis Thermal  Electrical Densit Specific
third-level submodel, the mterface roughness was considered, Materials modulus O;Ziﬁ)n s Zx ai?ir(l)?l conductionconductivity (ker;rsrll}})/ heat
where cylinders or cones were created on the Al metallization (GPa) (pgmoc) (WmK) (1/mQ-mm) & (1/kg K)
surface [see Fig. 10(e)]. Here, oply the Al metallization layer S 113 029 30 150 001 2330 700
has a rough surface, ?nd the erpltter Mo plate has a perfectly 103 03 17.0 400 5882 8920 380
smooth surface. The linear elastic material properties were used ”s
. . . . Al 70 0.33 24.5 235 37.73 2700 900
in the FE analysis and are given in Table II. SnARCYES

NASIYT 374 034 229 30 588 7440 192
B. Fully Coupled Thermal-Electrical-Structural Analysis Mo 312 03 5.1 138 19.23 10200 250

Agl® 76 0.37 19.6 429 68.03 10500 235

During the modeling of the PP-IGBT module operation, the
electrical, thermal, and mechanical solutions strongly affect
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each other. The Joule heat arises from the electrical current
flowing through material layers within the PP-IGBT module. In
addition, thermal expansion of the material layers occurs as the
temperature changes, and at the contact interfaces, constrained
thermal expansion induces significant pressure. Additionally,
the heat and electricity conducted between contact interfaces
depend strongly on the pressure transmitted across the surfaces.
To simultaneously obtain solutions for the displacement, tem-
perature, and electrical fields, we performed a fully coupled
thermal—electrical—structural analysis.

The eight-node coupled thermal-electrical-structural ele-
ments, type Q3D8 in ABAQUS, were employed to mesh the
whole model. There were 72 206 elements and 81 459 nodes
in the global model, 41 961 elements and 47 680 nodes in the
first-level submodel, 25 000 elements and 28 611 nodes in the
second-level submodel, and approximately 68 878 elements and
81 907 nodes in the third-level submodel.

The behavior of the global model was analyzed first.
A clamping force of 1.01 kN was applied to the top surface of
the collector Cu plate. All the nodes at the bottom surface of the
emitter Cu plate were constrained for the degree of freedom in
the Z-direction, and one node at bottom surface was constrained
for all degrees of freedom to limit rigid body displacement.
After the first step of the calculation, the force loading was
deactivated, and the displacement between the top and bottom
surfaces of the global model was constrained to represent the
boundary conditions provided by the clamper during the power
cycling tests. An electrical current of 50 A was injected at the
top surface of the collector Cu plate. The current flowed through
the conductor layers of the PP-IGBT module and finally into
the zero-potential region at the bottom surface of the model. A
temperature boundary condition of 45 °C was used on the top
and bottom surfaces of the model to simulate the effect of the
double-sided cooling system. Both the ambient temperature and
the stress-free temperature of the model were set to 23 °C.

Then, the displacement and temperature results calculated on
the cut boundary of the global model were interpolated and
employed as boundary conditions for the first-level submodel,
and the simulation of the first-level submodel was conducted
with the interpolated boundary conditions. For the second-level
and third-level submodels, the same analysis procedures were
performed. The heat flux ¢ and difference in temperature be-
tween the surfaces AT were obtained by FE simulations. Finally,
the thermal contact resistance Ry, contact Of the contacting Al
metallization/emitter Mo interface in the third-level submodel
can be estimated by the following formula:

AT
Rth,contact = in (8)

where A is the contact area.

IV. RESULTS AND DISCUSSION
A. Thermal Resistance Evolution of the PP-IGBT Module

As shown in Fig. 11, the cumulative and differential structure
functions of the PP-IGBT modules aged for different numbers
of power cycles were obtained. After 400 k cycles, the curve
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Fig. 11. Cumulative and differential structure functions of the PP-IGBT

module.

shifts to the right, thereby indicating that as the number of cycles
increases the total thermal resistance of the PP-IGBT module
increases.

To estimate the value of thermal resistance of each material
layer Ry, the cumulative structure function curve was split by
the inflection points where the slope changes, as this change
in the slope represents a transition in the material layer, and
thus the Ry}, is the difference in the abscissa values between the
two inflection points. The thermal resistances of each material
layer aged for different numbers of power cycles are given in
Table III. Before aging, the thermal resistances of the IGBT
chip, emitter Mo plate, Ag shim plate, and emitter Cu plate
were 0.02090, 0.0158, 0.0247, and 0.0231 K/W, respectively.
After 400 k cycles, there is an insignificant enhancement in the
thermal resistances for IGBT chip, emitter Mo plate and Ag
shim plate, and the maximum percent of change in the thermal
resistance is approximately —6.316%. The thermal resistance of
emitter Cu plate did not change significantly after 250 k cycles,
but it increased significantly from 250 k cycles to 400 k cycles.

The thermal contact resistances of contact interfaces
R, contact Within PP-IGBT module can also be determined from
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TABLE III
MEASUREMENT RESULTS OF THERMAL RESISTANCE OF MATERIAL LAYERS
WITHIN PP-IGBT MODULE

Thermal resistance (K/W)

Material layer 0 100k 250k 400k Increase
cycles  cycles cycles cycles rate

IGBTchip 00209 00196 00212 0019  -6316%
poiterMo 00158 00135 00160 00157 -0.569%
plate

Agshimplate  0.0247 00240  0.0243  0.0261  5.659%
gg‘t‘;tercu 00231 00229 00228 00269  16.508%

TABLE IV

MEASUREMENT RESULTS OF THERMAL CONTACT RESISTANCE OF CONTACTING
INTERFACES WITHIN PP-IGBT MODULE

Thermal contact resistance (K/W)

Material layer 0 100k 250k 400k Increase
cycles cycles  cycles  cycles  rate
f,llonr‘j;?gizaﬁon/Emimr 0.0235 0.0234 00297 00319 35.672%
Eﬂ;ﬁﬁﬁ:ﬁ"platemg 0.0971 0.0871 0.0985 0.1130 16.411%
Ag shim plate/Emitier 0476 00491 00505 00608 27.111%

Cu plate

the cumulative structure function curve. At the contact inter-
faces, the low thermal conductivities of interstitial gases and the
small real contact area led to a relatively high thermal resistance,
thereby showing a relatively low slope on the cumulative struc-
ture function curve. As given in Table IV, initially, the thermal
contact resistances of the Al metallization/emitter Mo interface,
emitter Mo/Ag shim interface, and Ag shim plate/emitter Cu
are 0.0235, 0.0971, and 0.0478, respectively. During power
cycling, a great raise in the thermal contact resistance can be
seen. Especially at the Al metallization/emitter Mo interface,
the thermal contact resistance increases to 0.0319 K/W after
400 k power cycles, which is a 35.672% increase.

It clearly indicates that the thermal resistance within the PP-
IGBT module increases slightly, while the increase in the ther-
mal contact resistance occurs more dramatically during power
cycling. Additionally, the Al metallization/emitter Mo interface
experiences a relatively high enhancement in the thermal contact
resistance compared to that on other interfaces, and thus, the
following discussion will focus on the evolution of the interface
roughness of the Al metallization/emitter Mo contact interface
and its effect on the thermal contact resistance.

B. Surface Roughness Characteristics of the Al
Metallization/Emitter Mo Contact Interface

Table V gives the 3-D surface topography images and the
height profiles obtained from the corner area of the Al met-
allization and emitter Mo plate aged for different numbers of
power cycles. To further estimate the change of the surface
morphology, Table VI gives the RMS roughness o 5] and o, the
RMS asperity slopes ma) and myj, the mean spacing between
asperities A 4; and Ayp, of two different scanning areas of the
Al metallization and the emitter Mo plate, and the equivalent
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surface roughness parameters of the Al metallization/emitter
Mo contact interface ocq, Meq, and Aeq for different numbers
of cycles.

For the surface of the Al metallization layer, initially, the RMS
roughness o 4] of the central (T1) and corner (T2) test positions
are approximately the same. Then, the o4 increases during
the power cycling process at both test positions. However, the
surface roughening is not consistent across the entire surface.
After 400 k cycles oaj raises from 0.2704 to 0.6861 um at
the corner test position (T2), indicating the o) after power
cycling is 2.5 times that before power cycling. It shows that the
surface morphology of the Al metallization layer experiences
a comparatively great change in the corner region; at the same
time, in contrast, o a; increases from 0.2762 to 0.3289 pum in the
central region (T1), which is only a 19.08% increase, thereby
showing a relatively small change of the surface morphology
at this test position. This shows that the RMS roughness of
the Al metallization continually increases under power cycling
condition, and the surface roughening in the corner region is
more obvious. In addition, with the increase in the number
of cycles, the RMS asperity slopes and the mean spacing be-
tween asperities of the Al metallization increase in both test
regions.

The surface roughening, or reconstruction, of the Al met-
allization layer in the typical wire-bonded IGBT module has
been widely reported [29]-[31]. The periodic thermal stresses
induced by the temperature variations and the coefficient of
thermal expansion (CTE) mismatch between Si (3 ppm/K) and
Al (24.5 ppm/K) are the major causes of this plastic deforma-
tion of the Al metallization layer. However, for a single chip
PP-IGBT module, the maximum junction temperature reached
during power cycling is approximately 62.14 °C, which s clearly
lower than that in wire-bonded IGBT modules, which normally
reach 110 °C. Therefore, the low junction temperature makes
the thermal-induced stresses of the Al metallization layer lower
than the elastic limit, which will not induce severe plastic de-
formation. Thus, the changes of the surface morphology in the
Al metallization layer of the PP-IGBT module cannot be totally
attributed to the thermal-induced stress.

In addition to the thermal stress, temperature variations and
mismatches in the CTE of Al (24.5 ppm/K) and Mo (5.1 ppm/K)
can also induce fretting wear [11], [32]. During power cycling,
local relative sliding occurs on the Al metallization/emitter Mo
plate contact interface, thereby activating fretting damage. The
fretting wear can be used to explain the higher roughness at the
corner region of the Al metallization layer. The expansion is
relatively serious in the corner area, and thus, the Al metalliza-
tion/emitter Mo plate contact interface in the corner undergoes
a relatively severe fretting wear compared to that of other areas,
thereby inducing a more obvious roughness change at the corner
test position.

For the surface of emitter Mo plate, the RMS roughness oy,
in both test regions has a relatively small change during power
cycling compared with that observed in the Al metallization
layer. In the central region (T1) oy, increases by 9.77% from
0.4166 to 0.4573 pm, and in the corner region (T2), 0w
increases by 14.89% from 0.4198 to 0.4823 pm. The change in
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TABLE V
3-D SURFACE TOPOGRAPHY IMAGES AND PROFILES OF THE AL METALLIZATION AND EMITTER MO PLATE

Al metallization
10k cycles Profiles
um

0 cycle = -+ =250k cycles
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TABLE VI
MEASUREMENT RESULTS OF THE SURFACE ROUGHNESS PARAMETERS OF THE AL METALLIZATION/EMITTER MO PLATE INTERFACE

The central area (T1) The corner area (T2)

Cycl RMS Asperity sl /angl Mean ainbtwnRMS Asperity sl /ang] Mean ing between
Surfaces ye 3es roughness o sperity slope m/angle ean spacing betweel roughness o sperity slope m/angle can spacing betwee

(x10°) (degree) asperities 4 (um) (degree) asperities /4 (um)

_ (um) (um)

f:ly:r‘etalhza“"“ 0 0.2762 0.6249/32.002 3.2929 0.2704 0.6296/32.197 3.0976

100 0.2818 0.6555/33.243 3.2750 0.3549 0.7632/37.350 3.5175

250 0.3097 0.6593/33.396 4.1050 0.5763 0.8547/40.520 4.3400

400 0.3289 0.7170/35.631 3.8869 0.6861 1.0272/45.768 4.0452

g‘f;ease 19.080% 14.738%/11.340% 18.039% 153.735%  63.151%/42.150% 30.591%
E{:t‘e“er Mo 0 0.4166 0.9361/43.109 33721 0.4198 0.9131/42.400 3.6532

100 0.4034 0.8299/39.688 3.4851 0.3723 0.9211/42.648 3.57875

250 0.4079 0.8735/41.137 3.2702 0.4257 0.9557/43.703 3.6125

400 0.4573 0.9743/44.253 33916 0.4823 0.9464/43.422 44075

g‘gease 9.770% 4.081%/2.654% 0.578% 14.888% 3.647%/2.410% 20.648%
AlMo interface 0 0.4998 1.1255/48.380 47132 0.4993 1.1091/47.962 4.7897

100 0.4921 1.0576/46.604 4.7824 0.5144 1.1962/50.105 5.0180

250 0.5121 1.0943/47.580 52484 0.7165 1.2821/52.048 5.6467

400 0.5633 1.2097/50.421 5.1586 0.8387 1.3967/54.398 5.9824

g‘gease 12.694% 7.479%/5.822% 9.450% 67.951% 25.930%/18.501% 24.903%
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Fig. 12.  Relationship between the thermal contact resistance and the morphol-
ogy parameters of the Al metallization/Mo contact interface.

the RMS asperity slope and the mean spacing between asperities
of the emitter Mo plate surface is small.

Then, the equivalent RMS roughness o.q the equivalent
RMS asperity slopes mqq and the equivalent mean spacing
between asperities A, for the contacting Al metallization/Mo
interface were calculated based on (5)—(7) and are given in
Table VI. After 400 k power cycles, the 0.y at the corner
test position (T2) increases from 0.4993 to 0.8387 pm, which
is a 67.95% increase, and at the central test position (T1), it
increases by 12.69% to 0.5633 pm. In addition, the mc, and
the Aeq change slightly. This surface roughness change will
definitely affect the thermal contact resistance. In one analytical
model for the thermal contact resistance Ry, contact 1S given by
[12], [33]

1

A- hth,contact
where A is the nominal contact area and /Ay, contact represents
the thermal contact conductance, which is defined as

1.25manks [ P \*%°

()
where 0¢q, Man, ks, P, and H, refer to equivalent RMS surface
roughness, equivalent mean absolute surface slope, harmonic
mean thermal conductivity, contact pressure and contact mi-
crohardness, respectively. Based on the model, the increasing
surface roughness and decreasing asperity slope will raise the
thermal contact resistance.

(€))

Rth,contact =

(10)

hth,contact =
ch

C. Effect of the Contact Interface Morphology on the Thermal
Contact Resistance

Fig. 12 plots the thermal contact resistance of Al metalliza-
tion/emitter Mo and the equivalent surface roughness parame-
ters, Teq, Meq, and Aqq. It shows a clear relationship between
the thermal contact resistance and the surface morphology.
In the initial stage, which spans from 0 to 100 k cycles, the
Oeq» Meq and Aeq increase by 3.005%, 7.851%, and 4.767%,
respectively, indicating a relatively small growth rate. Thus,
there is no significant change in the thermal contact resistance
of Al metallization/emitter Mo interface. With the increase in
the power cycling time from 100 k cycles to 250k cycles, the
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Al metallization layer

dreal dfeal real Teal
Emitter Mo plate Aa = ”drzeal / 4
(a) (b)
Fig. 13.  Definition of the surface morphology parameters of the third-level

submodel. (a) <90°. (b) a = 90°.

Oeq» Meq and Aqq increase by 39.297%, 7.184%, and 12.530%,
respectively, showing that the o increases rapidly, followed by
the Aqq, and the growth rate of m almost the same as that before
100k cycles. As aresult, the large 0 cause a significantincrease
in the thermal contact resistance, from 0.02339 to 0.02965 K/W,
which is a 26.764% increase. For power cycling from 250 k
cyclesto 400k cycles, the 0y, meq and A¢q increase by 17.053%,
8.937%, and 5.945%, respectively, indicating the changes in o,
Meq and Aqq are slower, and thus the thermal contact resistance
increases relatively slowly.

During the power cycling, the variations of the oeq, Mg,
and Ao, for the Al metallization/emitter Mo interface occur
simultaneously, and thus, the influencing of each parameter is
difficult to be examined experimentally. Consequently, to clearly
understand the influence of the surface morphology parameters
on the thermal contact resistance of the Al metallization/emitter
Mo interface, a fractional factorial design analysis based on FE
simulations was performed.

As shown in Fig. 13, five factors with two levels examined
in this statistical experiment are: A—the relative real contact
area (real area A,cai/apparent area A,p,); B—the equivalent
RMS roughness (0.q); C—the angle between the asperity and
the mean plane (o = tan'lmeq); D—the ratio of the mean
spacing between the asperities to the diameter of the root area
of the asperities (mean spacing between the asperities Ao /the
diameter of the root area of the asperities dyo0t); and E—
the selected location of the third-level submodel, as given in
Table VII.

Fully coupled thermal—electrical-structural analysis was per-
formed as introduced in Section III. A total of 16 third-level
submodels with different geometric surface topographies were
established to investigate the effect of the surface morphol-
ogy parameters on the thermal contact resistance. The de-
sign matrix as well as the FE analysis results are given in
Table VII.

Minitab software was used to analyze the results and pro-
vided information about the main effects and how these factors
interact. Fig. 14 shows the normal probability plot. The points
on the line indicate the influence is negligible, while the points
away from the line represent a significant effect. Based on this
analysis, the main effects of A, C, and D and the BC interactions
are the important effects.

The main effects of all factors are plotted in Fig 15(a). The
important main effects are A, C, and D, which are the primary
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TABLE VII
FACTORIAL DESIGN PLAN AND THE CALCULATED THERMAL CONTACT
RESISTANCE
A B C D E
Location of  Rincontact
R X
un A'e(“%ﬂw (o doee) e thirdlevel (/W)
o K g submodel
1 2 0.5 30 1 corner 0.02359
2 2 0.5 30 4 center 0.01864
3 2 2.5 30 4 corner 0.01687
4 2 2.5 30 1 center 0.01967
5 2 0.5 90 1 center 0.02352
6 2 0.5 90 4 corner 0.01825
7 2 2.5 90 4 center 0.02136
8 2 2.5 90 1 corner 0.02647
9 1 0.5 30 4 corner 0.02254
10 1 0.5 30 1 center 0.02667
11 1 2.5 30 1 corner 0.02607
12 1 2.5 30 4 center 0.02268
13 1 0.5 90 1 corner 0.02979
14 1 0.5 90 4 center 0.02598
15 1 2.5 90 4 corner 0.03125
16 1 2.5 90 1 center 0.03853
99 - -
Effect type : : :
95 || ® Notsignificant | R A S —
® Significant C
90 fL ‘ e
2 | i ‘
=R S
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2 60 s
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Fig. 14.  Normal probability plot of the effects.

factors of interest in this experiment, and the main effects of
B and E are not significant. Besides, the main effects of B and
C do not represent substantial meaning since they are involved
in significant interactions. As expected, factor A has a large
negative effect, thereby indicating that a larger Ayca results
in a lower thermal contact resistance. Note that the factor D
has a negative main effect; that is, a large A.q results in low
thermal contact resistance. This can be explained by Fig. 16.
When the ratio Acq/droot 18 equal to 4, the thermal coupling
effects between the asperities are negligible because no sig-
nificant temperature variation can be observed in the region
between the asperities. Thus, the values for the heat flux of the
asperities are totally independent of each other. As the ratio
Aegldroot 1s Teduced to 1, the thermal coupling effect exists
between the asperities, as shown in Fig. 16(b). The heat fluxes
cancel each other out in the region between two asperities, and
thus, the thermal coupling effect produces a lower heat flux and
results in a larger thermal resistance. The factor E has negative
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Fig. 15. (a) Main effects and (b) interaction of the surface morphology
parameters on the thermal contact resistance.

main effect; that is, the thermal contact resistance is lower in
the corner of the PP-IGBT chip than that in the central area.
This can be attributed to the nonuniform distribution of the
pressure across the PP-IGBT chip. The emitter Mo plate has a
smaller area than the PP-IGBT chip, and thus geometric changes
cause stress concentration at the edges of the contact surface
between PP-IGBT chip and emitter Mo plate. As a result, a
lower thermal contact resistance can be achieved in the corner
of the PP-IGBT chip where the contact pressure is relatively
high.

Fig. 15(b) presents plots of the interactions. Note that all
lines except BC are approximately parallel, indicating a lack
of interaction between factors. For the response data against
factor B for both levels of factor C, the lack of parallelism of
the lines suggests an obvious interaction. The BC interaction
indicates that if the m.q is high, e.g., the angle between the
asperity and the mean plane, « is equal to 90°, an increase in the
0eq, Which gives rise to a large separation distance between the
contact interfaces of the heat transfer, results in higher values
of thermal contact resistance. When the mq is low, e.g., the
angle « is 30°, the root area of the asperities (A0t in Fig. 13)
will be raised considerably by increasing the oy, and thus, heat
flow through the asperities increases and the thermal contact
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resistance decreases. Additionally, the effect of the m. is small
when the o4 is at a low level, and the effect of the m. is large
when the o is at a high level. This can be explained by the fact
that assuming the real contact area remains unchanged, when
the o4 is large, increasing the me, means the A, is reduced.
Thus, when the heat is transferred from the Al metallization
layer into the emitter Mo plate, the dramatic reduction in the
area causes heat crowding near the root of the asperities, thereby
resulting in that the heat flow experiences a relatively large
thermal resistance passing through the asperities. Note from
the BC interaction that a low thermal contact resistance would
appear to be obtained when the m. is at a low level and the oy
is at a high level.

V. CONCLUSION

In this article, the influence of the surface roughness char-
acteristics of the contact interface on the thermal contact re-
sistance of a PP-IGBT module was investigated by experi-
mental observation and FE simulation-based factorial design
analysis. The power cycling tests were carried out on PP-
IGBT modules. The transient thermal impedance curves of the
PP-IGBT modules were measured at different power cycling
aging times, and then the thermal contact resistances between
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contact interfaces within PP-IGBT modules were estimated
with thermal structure functions. The results show that the
thermal resistance of the material layer within the PP-IGBT
module has little change after power cycling, while the thermal
contact resistance, especially the Al metallization/emitter Mo
interface, experiences a relatively large increase during power
cycling.

The surface morphology changes of the contact interface
formed by the Al metallization layer and the emitter Mo plate
subjected to power cycling were measured quantitatively and
characterized by three parameters: the equivalent RMS rough-
ness oeq the equivalent RMS asperity slope miqq and the equiv-
alent mean spacing between asperities L. The 0.4 continually
increase during power cycling, and the mq and the A4 increase
slightly. Additionally, the surface roughening in the corner area
is more obvious because the fretting wear at the corner is more
serious than that at other locations.

The results of the factorial analysis show that the main effects
of the real contact area and the spacing between the asperities,
and the interaction of the RMS roughness and the asperity slope
have a significant effect on the thermal contact resistance. The
main effects indicate that lower thermal contact resistance can
be achieved by increasing the real contact area or increasing the
spacing between the asperities. The interaction indicates that
low thermal contact resistance can be obtained when the asperity
slope is small, and the RMS roughness is large.
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