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Abstract— As the next generation of semiconductor devices,
SiC MOSFETs have demonstrated significant performance
improvements in switching loss, switching frequency, and high-
temperature operation compared to Si-based MOSFETs.
However, the long-term reliability of such devices and their
packaging continues to be a major concern. Towards
addressing this challenge, this study proposes a multi-objective
optimization design method for parasitic inductance (L),
thermal strain (¢), and thermal resistance (R) of SiC
MOSFETs with Fan-Out Panel-Level Packaging (FOPLP).
First, the orthogonal experimental design was employed to
investigate the thickness effects of baseplate, solder, die and
redistribution layer (RDL) on L, & and R. Then, the multi-
objective optimization was developed to simultaneously reduce
L, & and R. Finally, the fatigue lifetimes of the optimized and
initial SiC MOSFET FOPLP structures were compared to
verify the optimization's accuracy. Study findings include: (1)
Solder thickness was the most significant influence factor for L,
¢ and R of SiC MOSFET FOPLP, L and R increased, and &
decreased with increasing solder thickness; (2) The proposed
multi-objective optimization method coupled with a genetic
algorithm achieved 14.79, 8.96, and 9.28% reduction of L, &,
and R, respectively; (3) The fatigue lifetime of solder (SAC305)
was evaluated using the Coffin-Manson model, with predicted
lifetimes before and after optimization being 6786 and 7085
cycles, respectively, demonstrating that the proposed approach
significantly enhanced the designed SiC MOSFET FOPLP's
long-term thermal cycling reliability.

Keywords- SiC MOSFET; FOPLP; Genetic algorithms;
Orthogonal experimental design; Reliability optimization

1. INTRODUCTION

Silicon carbide (SiC) exhibits excellent properties, such as
high critical breakdown field strength, high thermal
conductivity, and high electron saturation velocity compared
to Si material [1, 2]. Thus, SiC MOSFET has comparative
advantages over Si-MOSFET in terms of switching speed,
junction temperature operation, and energy loss enabling a
significant improvement in energy density and reduced
weight and the volumetric ratio [3-6].

As such, the market of SiC power devices is fast growing.
According to the Yole Group [7], the global market for SiC
power devices was valued at $1.09 billion in 2021. It is

expected to grow beyond $6 billion by 2027 at a compound
annual growth rate of 34%. The application of SiC
MOSFETs has spread throughout major industries such as
automotive, locomotives, and energy. However, compared to
Si-based power devices, their long-term reliability has not
been well established, which limits their potential market
growth and applications.

A key component of improving the reliability of devices is
the development of better packaging technology. In our
previous work [8, 9], we proposed Fan-Out Panel-Level
packaging (FOPLP) uses the redistribution layer (RDL) to
replace bonding wire, achieving low thermal strain, thermal
resistance, and parasitic inductance. Most recent studies [10-
12] focus on improving the packaging process of SiC
MOSFET FOPLP to enhance thermal, mechanical, and
electromagnetic parameters separately. . However, little
attention has been paid to simultaneously improve these
crucial factors. In this study, a multi-objective optimization
design method for parasitic inductance (L), thermal strain (&),
and thermal resistance (R) of SiC MOSFET FOPLP were
proposed, and thermal cycling fatigue lifetimes were used to
evaluate and verify the method.

The remainder of the paper was organized as follows:
Section II introduced the test samples, experiments designed,
and simulations. Section III  discusses orthogonal
experimental results analysis, multi-objective optimization
method, and fatigue lifetime prediction. Finally, section IV
proposed the concluding remarks.

II.  DESIGN OF EXPERIMENTS

This section described the structure of the SiC MOSFET
FOPLP, followed by an experimental scheme designed using
the orthogonal experiment method. Finally, the different FE
simulations and material parameters were illustrated.

A. SiC MOSFET FOPLP

Fig. 1 displays the structure of SiC MOSFET FOPLP.
The device is composed of the baseplate (lead frame), solder,
SiC MOSFET die (1200V/136A/12mQ, size of 5*5%0.15mm,
from ROHM SEMICONDUCTOR), RDL, epoxy molding
compound (EMC), and top heatsink pad. The material of the
baseplate and RDL is copper. The wireless packaging device
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uses RDL to replace bonding wire. A double-sided cooling
mechanism is achieved by releasing heat from the top
heatsink pad and solder pad to the ambient temperature.

Top Heatsink Pad

Blind Via~——_ = RDL
q I SiC MOSFET
Molding — —die
Baseplate == @ Solder

Fig. 1.The cross-section of SiC MOSFET FOPLP.

B.  Orthogonal experimental design

The effect of the thickness of different layers in SiC
MOSFET FOPLP on its performance was evaluated using an
orthogonal experiment. The thicknesses of the baseplate (x;),
solder(x»), die (x3), and RDL (x4) were selected in four types,
resulting in 256 combinations. Orthogonal table L16 (4*) was
designed to reduce experiment quantity, and only 16 sets of
experiments were necessary, as shown in TABLE 1.

TABLE 1. The orthogonal table L16 (4%)

Scenario X7 X3 X3 X4
No. (mm) (mm) (mm) (mm)
1 0.25 0.05 0.1 0.2
2 0.25 0.1 0.15 0.3
3 0.25 0.15 0.2 0.4
4 0.25 0.2 0.25 0.5
5 0.3 0.05 0.15 0.4
6 0.3 0.1 0.1 0.5
7 0.3 0.15 0.25 0.2
8 0.3 0.2 0.2 0.3
9 0.35 0.05 0.2 0.5
10 0.35 0.1 0.25 0.4
11 0.35 0.15 0.1 0.3
12 0.35 0.2 0.15 0.2
13 0.4 0.05 0.25 0.3
14 0.4 0.1 0.2 0.2
15 0.4 0.15 0.15 0.5
16 0.4 0.2 0.1 0.4

TABLE 2. The material parameters used in thermal and mechanical
simulations [8, 9, 13]

Component Material K CTE E v
(W/m-°C) (ppm/°C) | (GPa)
RDL,
Baseplate, copper 401 18 110 0.34
Heatsink pad
die SiC 58.6 5.1 400 0.14
Solder SAC305 70 31 49 0.38
Molding EMC 1.5 9 15 0.38
TABLE 3. The material parameters used in electromagnetic simulation [13]
Component Material e u o (S/m)
Rg ;t';iikseli}:;e’ copper 1| 0999991 | 5.8¢7
die SiC 9.7 1 0
Solder SAC305 1 1 7e6
Molding EMC 3.6 1 0

C. Simulations

Performances such as parasitic inductance (L), thermal
strain (&), and thermal resistance (R) significantly affect the
operational capability and reliability of SiC MOSFET

FOPOP. The parasitic inductance was extracted using the
finite/boundary element (F/BE) method. The thermal strain
and thermal resistance were simulated using finite element
(FE) method. In the thermal resistance simulation, the
thermal power generated in die was set as 58.5W with the
on-state current/resistance was 70A/12mQ. The material
parameters used in thermal and mechanical simulations
include thermal conductivity (k), coefficient of thermal
expansion (CTE), Young's modulus (£), and Poisson's ratio
(v), as listed in TABLE 2. The material parameters used in
electromagnetic simulation include relative permittivity (e),
relative permeability («), and conductivity (o) as listed in
TABLE 3.

III.  RESULTS AND DISCUSSIONS

In this part, the effects of x;, x», x3, and x4on L, €, and R
were explored by analyzing the orthogonal experimental
results. By resolving the extreme point of regression
equation using a genetic algorithm, the multi-objective
optimization method was developed to simultaneously
reduce L, e, and R. Last, the thermal cycling fatigue
lifetimes of SiC MOSFET FOPLP before and after
optimization was calculated with the Coffin-Manson model.

A. Orthogonal experimental results

Each scenario's L, ¢, and R in orthogonal table L16 were
simulated. The effect of x;, x2, x3, and x40on L, ¢, and R was
analyzed using statistical software, and the results is shown
in Fig. 2.

= " =19 o
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~0.0136] = /*\_ 2hts ‘\ Strain
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0.0128 =
20407 n £0.40 &
Thermal resistance E —_—
Sosel | Soeas} ___——m"
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ST ,/‘ . Inductange ~ 1'75 ./‘ . . Ind‘uctan‘cez
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Die thickness (mm) RDL thickness (mm)

Fig. 2. The simulated parasitic inductance, thermal strain and thermal
resistance results with the effect of (a) baseplate thicknesses, (b) solder
thicknesses, (c¢) die thicknesses, and (d) RDL thicknesses.

Due to the extension of the conductive path, increases in
baseplate thicknesses, solder thicknesses, die thicknesses or
RDL thicknesses all cause an increase in parasitic
inductance. With increasing solder thickness, thermal strain
decreases. Thermal strain, however, was positively
correlated with die thickness. Minimum thermal strain
values appeared at baseplate thickness = 0.30 mm and RDL
thickness = 0.50 mm. Increasing the solder thickness, die
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thickness or RDL thickness would prolong the heat
dissipation path resulting in an increase in thermal
resistance. Conversely, thermal resistance decreased with
increasing baseplate thickness. The area of the die was
larger than that of the drain solder pad. Therefore, the heat
generated at the edge of the die needs to be transmitted
laterally to the drain solder pad. Fig. 3 shows lateral heat
conduction was limited in thin baseplates, while thicker
baseplates would increase efficiency.

The influence degrees of x;, x2, x3, and x4 on L, ¢, and R
of SiC MOSFET FOPLP are illustrated in TABLE 4. Die
thickness, solder thickness, and solder thickness
significantly affected the parasitic inductance, thermal strain,
and thermal resistance performances, respectively. The
integrated influence degrees are listed in the order: solder
thickness, die thickness, baseplate thickness, and RDL
thickness.

Fig. 3. Comparison of lateral heat conduction effect at baseplates with
different thicknesses.

TABLE 4. The influence degree of baseplate thickness, solder thickness, die
thickness, and RDL thickness for the performance of SiC MOSFET FOPLP

degree of influence X1 X2 X3 X4
L 4 2 1 3

€ 2 1 3 4

R 2 1 4 3
Integrated 3 1 2 4

B.  Multi-objective optimization

All three parameters (L, ¢, and R) significantly affect the
SiC MOSFET FOPLP. Therefore, we proposed a multi-
objective optimization method to improve the three
performances simultaneously using regression curves and
genetic algorithms.

In this study, we assumed that L, ¢ and R have the same
degree of importance, though a significant difference existed
in L, ¢ and R values, as shown in Fig. 2. Therefore, L, ¢ and R
values needed to be normalized. Each of the normalized L, ¢,
and R were modeled as a function of x;, x», x3 and xa.
According to Equation (1), a quaternion quadratic
polynomial function was proposed as a regression curve to
relate the three performances with four factors.

Quaternion quadratic polynomial function:

z(x,,X,,X5,X, )=a,x,ta,x,rax; +a,x, tax,x,
X XX XA XA, X, XX, A X, )

2 2 2
ta,x," tax" tax,

Where z denotes each normalized L, ¢ or R, and a; to a;4 are
the fitting parameters relevant to the normalized performance.
The fitting parameters value (a; to a;4) of each normalized

2009

performance was obtained after fitting. The fitted results of
normalized L, &, and R are listed in TABLE 5. It can be noted
that high R’ values over 0.99 were achieved for each
normalized performance fitting.

Fig. 4 compares the actual and predicted normalized
values for L, ¢, and R. The predicted values agreed well with
the actual value from orthogonal experimental results.
Therefore, the proposed quaternion quadratic polynomial
function is suitable for describing dynamically how
normalized performance changes with the factors.

|:| Actual valu

1.0F”
0.8

e= 2
o> o

S
=

Normalized value (-)

(=
L <o

N
0.0 LELLALR]
1234567 8910111213141516
Scenario No.(-)

Fig. 4. Comparison between the actual and predicted normalized values.

The sum of three regression functions [L(x;, X2, X3, X4),
e(xr, x2, X3, x4), R(x1, x2, x3, x4)] was set as the integrated
regression function /(x;, x», x3, x4) that considers the L, ¢ and
R simultaneously. The following Equation calculates the
integrated regression function:

I(x,, x,, x;, x, )=

@)

The parameters of /(x;, x2, x3, x4) are listed in TABLE 5.
The multi-objective optimization for L, ¢, and R was realized
by calculating the extreme point of the curve. The multi-
objective optimization mathematical model is expressed as
follows:

L(x,, x,, x;, X, )+&(X;, X,, X3, X, )+ R(X;, X,, X3, X, )

0.25<x,<0.40

0.05<x,<0.20

0.10<x,<0.25 €)
0.20<x,<0.5

Minimum I(x,, x,, X;, X,)

The genetic algorithm was used to solve Equation (3). The
parameters of the genetic algorithm were set as follows: code
base = 10, decimal places = 4, population size = 100,
aberration rate = 0.01, uniform crossover with crossover rate
= 0.85, and adopting absolute top mate selection. The
optimal solution calculated by genetic algorithm was
achieved when x;, x», x3, and xs were 0.4, 0.17, 0.1, and
0.2mm, respectively.

TABLE 6 compares the performances of SiC MOSFET
FOPLP before and after multi-objective optimization. The
results reveal that the optimized structure parameters are

obtained when L, ¢, and R are optimal. After optimization,
the L, ¢, and R were decreased by 14.79, 8.96, and 9.28%,
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respectively. Fig. 5 illustrates the simulated mechanical and
thermal performances of the SiC MOSFET FOPLP. The
maximum strain and maximum temperature points were
located at the corner of the solder layer and the die,
respectively, and the distribution trends of strain and
temperature did not change due to optimization.

TABLE 5. The fitting results of normalized performances with the
quaternion quadratic polynomial function

range was set to -38 to 152 °C. Fig. 6 illustrates the
temperature profile. The solder (SAC305) in SiC MOSFET
FOPLP is a visco-plastic material; Anand constitutive model
was used in the simulation to describe the visco-plastic
performance of SAC305. The Anand model parameters of
SAC305 are listed in TABLE 7.

Fig. 6 illustrates the changes in the plastic strain of
SAC305 in SiC MOSFET FOPLP during the thermal cycle.

parameters L € R Integrated The maximum plastic strain and the amplitude of plastic
a 3.262 10.720 5.222 19.204 strain have significantly decreased by an average of 6.74 and
a 1.068 -5.275 0.377 -3.83 4.10% respectively after optimization.
as 2.643 3.778 4.020 10.441
ay -0.250 4.648 -1.544 2.854 TABLE 7. The Anand model parameters of SAC305[14]
as -0.434 6.203 1.533 7.302 Anand Units Value Description
as -0.110 9.494 0.909 10.293 constant _ i
a 20.015 2.674 20.188 2.471 S, MPa 45.9 Initial Value. of deformation
as -5.002 | 23923 | -11.879 -40.804 — resistance
as 1.938 12.064 6.545 20.547 O/R 1/K 7460 ‘Q=Activation energy
0.899 3.060 0363 1793 R=Universal gas constant
dio — - — - A St 5.87E6 Pre-exponential factor
aj -4.843 -22.757 -10.325 -37.925 T
0501 | 11.276 0.186 10.589 3 - 2 Stress multiplier
di2 -2.886 . 1' 306 -6‘771 20’ 03 m - 0.0942 Strain rate sensitivity of stress
i3 — — — — ho MPa 9350 Hardening/softening constant
a 0.542 2.636 1.348 4.526 Cocfficiont for dof G
7 ; ¢ MPa 583 oefficient for deformation
R 0.999 0.995 0.999 resistance saturation value
TABLE 6. Comparison of the performances before and after optimization Strain r.ate sen51t1v1t}f of
— n - 0.015 saturation (deformation
Condition Structure parameters L 3 R .
Before x;:0.35mm, x: 0.15mm resistance) value
L e e 1.995 | 0.015 | 0.381 Strain rate sensitivity of
Optimization x3: 0.25mm, x: 0.45mm a - 1.5 R .
hardening/softening
After x7: 0.40mm, x,: 0.17mm
L 1.700 | 0.014 0.345
Optimization x;: 0.10mm, x,: 0.20mm
Decrease percentage (%) 14.79 | 8.96 9.28 (a) _0.0150
< 150
§ 0.0125 125 5
samm s 2 0.0100 100
z 0.0075 -
= (. =
Maximum strain: 0,0149 af Maximum strain: 00135 =] I 50 §
— e £ 0.0050 5 2
= 0 o
Z 0.0025 =
_ _ £} 25
E = 0.0000 ® h ‘ ) 50
0.0 5.0k 10.0k 15.0k
Maximum temperature: JTAZR“C'-I Maximum femperature: 45.51'1(11 Time (s)
Fig. 5. The simulated mechanical and thermal performances of SiC (b) _0.0150 : : :
MOSFET FOPLP: (a) strain distribution before optimization; (b) strain T 1150
distribution after optimization; (c) temperature distribution before 5 00125 | 11250
optimization; (d) temperature distribution after optimization. 20.0100 1100
.z 0.00 -7 s
C. Fatigue lifetime enhancement 200073 150 E
o . . . £ 0.0050 {25 =
Anand  constitutive model explains  visco-plastic 3 1o E
materials' stress - strain relationship in high-temperature B 0-0025 125
i - i i = 0.0000 ¥ . . . 50
env1rpnments. .The (;ofﬁn Masog model is malnly. used to 0.0 0K 0.0k 50k
predict the fatigue lifetime of visco-plastic material under Time (s)

thermal cycling conditions. FE simulation can be used to
calculate parameters of the Coffin-Mason model, such as
plastic strain amplitude. In this part, the fatigue lifetimes of
SiC FOPLP before and after optimization were calculated
and compared, which validated the effectiveness of the
multi-objective optimization method.

The thermal cycling test for SiIC MOSFET FOPLP was
simulated using FE simulation software. According to
JEDEC JESD22-A106B, the thermal cycling temperature

Fig. 6. The changes of plastic strain of SAC305 in SiC MOSFET

FOPLP with the thermal cycle: (a) before optimization; (b) after
optimization

Coffin-Manson equation [15] is expressed as follows:

r

1

-

2

L
A
22,

4)

where Nyis the failure lifetime; ¢’ ¢, and Ay are the fatigue
ductility coefficient, fatigue ductility index, and shear strain
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amplitude, respectively.
cand Ay can be calculated by follow equations:

Ay =-[3Ae )
¢ =—0.442—0.0006T +0.017In(1+ f ) (6)

Ae is the plastic strain amplitude, 7s and f are the average
temperature and cycles for thermal cycling per day. Refer to
[16], ¢y of SAC305 was set as 0.24. TABLE 8 presents the
fatigue lifetime predictions for SAC305 in SiC MOSFET
FOPLP. The fatigue lifetime of SAC305 before and after
optimization was 6786 and 7085 cycles, respectively,
demonstrating that the proposed method can result in a 4.2%
improvement.

TABLE 8. The predicted fatigue lifetime based on Coffin-Manson model

Condition c e’ Ae Np
Before Optimization -0.407 0.24 0.005700 6786
After Optimization -0.407 0.24 0.005601 7085

IV. CONCLUDING REMARKS

The study investigates the effect of the thicknesses of
baseplate, solder, die, and RDL on the parasitic inductance,
thermal strain, and thermal resistance of SiC MOSFET
FOPLP. A genetic algorithm-based multi-objective
optimization method was proposed to lower parasitic
inductance, thermal strain, and thermal resistance.
Furthermore, the thermal cycling reliability of the designed
packaging was improved. The following conclusions can be
drawn from the study: (1) The most significant influence
factor is solder thickness according to its degree of integrated
influence for L, ¢ and R; (2) The optimal L, ¢ and R
performance of SiC MOSFET FOPLP were obtained when
the x;, x2, x3, x4 were 0.4, 0.17, 0.1 and 0.2mm, respectively;
(3) After optimization, the L, ¢, and R decreased by 14.79,
8.96 and 9.28% respectively, and the fatigue lifetime (V)
improved 4.2%. Therefore, the proposed multi-objective
optimization method is valuable in designing and fabricating
the SiC MOSFET FOPLP, which will improve the package's
initial performance and long-term reliability.
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