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A B S T R A C T   

Double-sided packages for heat dissipation are an efficient thermal management mechanism for 
power semiconductor devices. A fan-out panel-level packaging (FOPLP), as one of the double- 
sided forms, exhibits excellent electro–thermal characteristics and provides low stray induc-
tance and thermal resistance. Besides, the temperature at each point within the structure is closely 
related to its thermo–mechanical properties and device reliability. However, thermal resistance is 
limited in describing the temperature distribution. Finite element analysis (FEA) requires time- 
consuming construction of 3D models. Therefore, to depict the temperature distribution of 
FOPLP rapidly and accurately, a numerical heat transfer model was proposed for the double-sided 
package structure. The solution was obtained from the steady-state thermal balance Laplace 
equation using the separation of variables method. Several boundaries were analyzed to deter-
mine the specific parameters in the model. Finally, the temperature field predicted by the derived 
numerical model was compared with finite element simulation results. The proposed model was 
consistent with both Silicon (Si) and Silicon Carbide (SiC) FOPLP structures within the error of 15 
% at the center of the device, which verified the validity and accuracy of the numerical model for 
double-sided heat dissipation. The proposed models and results could contribute to the devel-
opment of effective thermal design tools for double-sided thermal power modules.   

1. Introduction 

The power semiconductor module is a crucial energy conversion link in power electronic devices and is the primary heat generator 
because of losses generated during chip operation [1]. SiC Metal Oxide Semiconductor Field Effect Transistors (MOSFET) have become 
strong competitors for silicon-based semiconductors because of their low on-resistance, high switching speed, and high thermal 
conductivity [2]. The high junction temperature of SiC (>300 ◦C [3]) results in several possibilities for application in electrical devices 
[4]. The highest junction temperature range listed in ROHM’s SiC MOSFET data manual is 150–200 ◦C [5]. Currently, because of 
packaging materials, packaging structure, cost, and reliability issues, the junction temperature of devices is typically limited to 175 ◦C 
[6]. Temperature affects the mechanical and thermal properties of the device [7]. Higher temperatures may cause bonding wires and 
chips thermally breakdown. In addition, the thermal stress problems caused by the mismatch of coefficient of thermal expansion exist 
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not only between different materials, but also within the same material. These potential failures are caused by heat in the device [8]. 
Therefore, thermal management is critical in the application of SiC power modules [9,10]. Accurate prediction and rapid simulation 
are essential in the design verification process [11]. 

Conventional lead frame power module packaging only has one heat dissipation channel because the silicone gel on the upper 
surface of the module provides excellent thermal insulation [12,13]. The heat generated by the chip is transmitted to the heat sink 
through heat conduction and ultimately transferred to the environment through convection. With the development of the higher power 
density chip, the double-sided heat dissipation structure provides an efficient heat transfer mechanism [14]. FOPLP is a miniaturized 
structure that achieves electrical connections in the distribution layer. Hou et al. [15] and Regnat et al. [16] studied FOPLP for chip 
lateral and vertical distribution, respectively. Chen et al. [17] fabricated another version with the epoxy molding compound. However, 
Chen et al. used FEA and the thermal cycling test to characterize the thermal characteristics of the module. Finite element simulation 
has high requirements for simulation equipment, and the grid is large and time-consuming to solve. Therefore, the development of a 
fast, accurate, and efficient thermal characteristic testing method is crucial. 

Currently, thermal modeling of power modules can be performed using two methods. One method is the thermoelectric network 
model, that is, the conventional Foster or Cauer model. In this method, thermal resistance and heat capacity are used to form an RC 
thermal equivalent circuit and establish a thermal impedance equation to equivalent the power module to a one-dimensional heat 
transfer path. This model provides concise expression and fast calculation speed [18]. An et al. [12] obtained the model parameters 
using two methods to establish the Cauer thermal network models of the IGBT module. However, the lateral heat transfer of the chip 
cannot be calculated and the junction temperature is underestimated. To achieve an accurate description of thermal diffusion coupling 
under various operating conditions, Lachello et al. [19] proposed a three-dimensional (3D) fourth-order Foster-type thermal network 
in which the thermal coupling effect between the IGBT and diode is considered. Fu et al. [20] proposed two 3-D RC-lumped thermal 
network models with few adjustable thermal resistances for the reliability analysis of the fan-cooled plate-fin heatsink. Li Jianfeng 
et al. [21] and Mingyao et al. [22] proposed a 3D third-order Cauer-type thermal network in which the thermal coupling effect between 
various bridge arms of chips is considered. However, the RC parameters in the network were obtained through finite element dynamic 
simulation, which requires a long time to solve. The precise model has numerous RC parameters, high recognition complexity, and low 
computational efficiency. 

Another method to characterize the thermal behavior is numerical analysis in which the lateral heat conduction process is 
considered during the solution process. Delouei et al. [23] summarized the various methods for numerically calculating heat con-
duction. Muzychka et al. [24] proposed a general solution of the thermal spreading performance of eccentric heat sources on a 
rectangular flux channel. The steady temperature distribution of a rectangular double-layer structure is available for multi-chip 
modules. Chen Daolong et al. [25] obtained the optimal chip size and multi-chip module layout by combining the optimization al-
gorithm from the derived equation. Geer et al. [26] extended the numerical model to multilayer structures and considered the scenario 
in which the thermal resistance of the contact surface leads to temperature step changes. Desai et al. [27] investigated numerical 
mothed to find the most effective fin configuration. The flexibility of application scenarios increases the difficulty of solving Fourier 
coefficients. To solve this problem, Choudhury [28] proposed a steady-state thermal modeling with an arbitrary number of layers 
containing an arbitrary number of rectangular heat sources on its topmost surface. The difference between the simplified process of the 
model and the actual thermal performance was discussed. Kangjia et al. [29] solved the transient thermal model. Furthermore, 
imperfect contact was considered. Several models were analyzed under the validation of FEA and numerical models. The distribution 
of multi-chip thermal coupling in various layouts was critically analyzed and discussed by Tang et al. [30]. Long et al. [31] analyzed 
the influence of variable convection coefficients in the working scenario. Rangarajan et al. [32] reduced the junction temperature of 
the device and improved the temperature uniformity by using the genetic algorithm and artificial neural network (ANN). Jakani et al. 
[33] extracted the time constants with a model order reduction technique based on the Ritz vector approach. In addition to describing 
the thermal performance of electronic devices [34], bio-thermal studies for the temporal and spatial variation of temperature in a 3D 
triple-layer skin tissue under laser heating were analyzed through this methodology [35]. However, the studies are focused on the 
numerical modeling of conventional single-sided cooling power modules, and the numerical heat dissipation solution of double-sided 
cooling modules is yet to be studied. To evaluate the temperature characteristics of double-sided heat dissipation quickly and accu-
rately, a numerical heat dissipation solution model should be established for double-sided heat dissipation. A numerical method 
without 3D modeling can be applied to evaluate the thermal characteristics of a device quickly and efficiently at the preliminary design 
period. Moreover, the proposed double-sided numerical thermal modeling completes the analytical modeling of power modules in 
various packages. 

In this study, steady-state double-sided numerical thermal modeling of a multilayer structure is proposed. This method is then 
applied to a 30 V Si FOPLP and a 1200 V SiC FOPLP. The rest of the paper is organized as follows: Section II introduces the procedure of 
numerical theoretical modeling. The distribution of thermal power and the multilayer numerical modeling are illustrated. Section III 
discusses the process of simplifying models in numerical methods. In Section IV, the temperature distribution of the numerical model, 
the simplified FEA model, and the unsimplified model at various cross-sectional cutoffs are obtained to verify the feasibility and 
accuracy of the numerical model of the proposed double-sided heat dissipation. Finally, Section V summarizes the previous section on 
model building and validation discussion. 

2. Numerical theoretical modeling 

In this section, both the fundamental model of double-sided heat dissipation and the multilayer structure heat dissipation model are 
developed. 
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2.1. Numerical modeling of the basic theoretical model for double-sided heat dissipation 

Fig. 1 shows the basic model of double-sided heat dissipation. The rectangular structure represents the overall structure of the 
power module. The rectangular area inside is a heat source. In the power module, the chip functions as a heat source and conducts heat 
in both upward and downward directions. Therefore, we simplified the chip of the model as a thin film structure with length a, width b, 
and area As. The longitudinal heat transfer zone is an area with length Lx,widthLy, and area Ac. The power loss provided by the chip is 
Q, and the z-axis origin is in the plane in which the chip is located. Since the selected MOSETs in this paper have a maximum junction 
temperature of 175 ◦C, this limits the temperature range of the entire package. However, radiative heat transfer is generally more 
important at high temperatures above 300 ◦C. Therefore, radiative heat transfer can be ignored in this study. To simplify the calcu-
lations, it is assumed that the water-cooling situation is the same for the top and bottom. The convective heat transfer coefficient of the 
top and lower surfaces is h. The specific value can be determined according to the actual application. The thermal conductivity of the 
top and lower materials are kp and kn respectively. The coordinates of the chip center are (xc,yc), and the lengths of the upper and lower 
conduction paths are tp and tn, respectively. 

The temperature distribution function of the structure is T(x, y, z). The ambient temperature is Tair. The Laplace’s equation of 
steady-state heat conduction can be expressed as follows: 

∇2T =
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2 = 0 (1) 

The general solution is typically expressed as θ(x,y,z) = X(x) ∗ Y(y) ∗ Z(z), where θ(x,y,z) = T(x,y,z) − Tair. Due to the thinness of 
the entire structure, the side area is small compared to the heat dissipation area of the upper and lower surfaces. Besides, there is no 
forced convection at the sides. To simplify the calculation it is assumed that the surrounding area is adiabatic. The boundary conditions 
of the above are as follows: 

∂T
∂x

⃒
⃒
⃒
⃒
⃒ x = 0,Lx

= 0 (2)  

∂T
∂y

⃒
⃒
⃒
⃒
⃒ y = 0, Ly

= 0 (3) 

The general solution of Laplace’s equation can be obtained as follows: 

θ(x, y, z) = A0 + B0z +
∑∞

m=1
cos(λx)[A1 cosh(λz) + B1 sinh(λz)]

+
∑∞

n=1
cos(δy)[A2 cosh(δz) + B2 sinh(δz)]

+
∑∞

m=1

∑∞

n=1
cos(λx)cos(δy)[A3 cosh(βz) + B3 sinh(βz)] (4)  

where λ = mπ/Lx, m= 1, 2,3⋯, δ = nπ/Ly, n= 1, 2,3⋯, β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λ2 + δ2

√
, and Bi = φ(ξ)Ai, i= 1,2, 3. 

The boundary conditions for convective heat transfer between the upper and lower interfaces and air are as follows: 

Fig. 1. Isotropic double-sided plate with eccentric heat source.  
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∂T
∂z

⃒
⃒
⃒
⃒
⃒ z = tp

= −
h
kp

[
T
(
x, y, tp

)
− Tair

]
(5)  

∂T
∂z

⃒
⃒
⃒
⃒
⃒ z = − tn

=
h
kn
[T(x, y, − tn) − Tair ] (6) 

Because of the opposite direction of heat transfer between the positive and negative directions on z-axis, the Fourier coefficients of 
the convective heat transfer at interface z = tp and z= − tn should be solved. 

For heat conduction in the positive direction, the Fourier coefficient can be expressed as follows: 

φ(ξ)= −

ξ sinh
(
ξtp

)
+

h
kp cosh

(
ξtp

)

ξ cosh
(
ξtp

)
+

h
kp sinh

(
ξtp

)

(7) 

For heat conduction in the negative direction, the Fourier coefficient can be expressed as follows: 

φ(ξ) =
sin h(ξtn) + h/kn cosh(ξtn)

ξ cosh(ξtn) + h/kn cosh(ξtn)
(8)  

where ξ is replaced by λ, δ, or β. 
The heating of the chip is performed in both directions, but the power transmitted in both directions differs considerably. 

Therefore, the power distribution of the heat source should be considered, which is analyzed in detail after the formula derivation is 
completed. The total power generated by the chip was set to Q = Q1 + Q2. The surface power input Q1 on the chip in the positive 
direction is analyzed first. At this stage, the boundary of the chip layer consists of the following two parts: 

Within As, ∂T
∂z

⃒
⃒
⃒
⃒ z = 0 = −

Q1/As
kp

. 

Outside As area, the total amount of heat conducted is the total amount of heat dissipated from the negative surface, which can be 
expressed as follows: 

∫∫

Ac⊅As

kn
∂T
∂z

⃒
⃒
⃒
⃒
⃒
⃒ z = 0

=

∫∫

Ac

hθQ1 (x, y, − tn) (9) 

The general solution coefficient can be obtained through the a forementioned boundary conditions as follows: 

A1 =

∫ Lx
0

∂θQ1

∂z
•

1
φ(λ)λ

• cos(λx)dx
∫ Lx

0 cos2(λx)dx

=

∫ xc+
a
2

xc −
a
2

− Q1/As

φ(λ)λkp
cos(λx)dx +

∫

else
∂θQ1

∂z
•

1
φ(λ)λ

cos(λx)dx

∫ Lx
0 cos2(λx)dx

=

− 2Q1 cos(xcλ)sin
(

λ
2

a
)
⎛

⎜
⎝

1 + h
tp + tn

kn

Ac − As
+

2
As

⎞

⎟
⎠

Lxφ(λ)λ2kp

(10)  

A2 =

∫ Ly
0

∂θQ1

∂z
•

1
φ(δ)δ

• cos(δy)dy
∫ Ly

0 cos2(δy)dy

=

∫ yc+
b
2

yc −
b
2

− Q1/As

φ(δ)δkp
cos(δy)dy +

∫

else
∂θQ1

∂z
•

1
φ(δ)δ

cos(δy)dy

∫ Ly
0 cos2(δy)dy

=

− 2Q1 cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎝

1 + h
tp + tn

kn

Ac − As
+

2
As

⎞

⎟
⎠

Lyφ(δ)δ2kp

(11)  

W. Li et al.                                                                                                                                                                                                              



Case Studies in Thermal Engineering 52 (2023) 103763

5

A3 =

∫ Lx
0

∫ Ly
0

∂θQ1

∂z
•

1
φ(β)β

• cos(λx)cos(δy)dxdy
∫ Lx

0

∫ Ly
0 cos2(λx)cos2(δy)dxdy

=

∫ xc+
a
2

xc −
a
2

∫ yc+
b
2

yc −
b
2

− Q1/As

φ(β)βkp
cos(λx)cos(δy)dxdy +

∫∫

else
∂θQ1

∂z
•

1
φ(β)β

cos(λx)cos(δy)dxdy

∫ Lx
0

∫ Ly
0 cos2(λx)cos2(δy)dxdy

=

− 8Q1 cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎝

1 + h
tp + tn

kn

Ac − As
+

2
As

⎞

⎟
⎠

Acλδφ(β)β2kp

(12) 

For power Q1 conducted in the positive direction of the z-axis, A0 = Q1
2As

(
1
h +

tp − tn
kp

)
, B0 = − Q1

Askp
. 

For power Q2 conducted in the negative direction of the z-axis, A0 = − Q2
2As

(
1
h +

tp − tn
kn

)
, B0 = Q2

Askn
. The parameters of the surface 

power input Q2 on the chip in the negative direction can be written as: 

A1 =

∫ Lx
0

∂θQ2

∂z
•

1
φ(λ)λ

• cos(λx)dx
∫ Lx

0 cos2(λx)dx

=

∫ xc+
a
2

xc −
a
2

Q2/As

φ(λ)λkn
cos(λx)dx +

∫

else
∂θQ2

∂z
•

1
φ(λ)λ

cos(λx)dx

∫ Lx
0 cos2(λx)dx

=

2Q2 cos(xcλ)sin
(

λ
2

a
)

⎛

⎜
⎜
⎝

1 + h
tp + tn

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Lxφ(λ)λ2kn

(13)  

A2 =

∫ Ly
0

∂θQ2

∂z
•

1
φ(δ)δ

• cos(δy)dy
∫ Ly

0 cos2(δy)dy

=

∫ yc+
b
2

yc −
b
2

Q2/As

φ(δ)δkp
cos(δy)dy +

∫

else
∂θQ2

∂z
•

1
φ(δ)δ

cos(δy)dy

∫ Ly
0 cos2(δy)dy

=

2Q2 cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎜
⎝

1 + h
tp + tn

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Lyφ(δ)δ2kn

(14)  

A3 =

∫ Lx
0

∫ Ly
0

∂θQ2

∂z
•

1
φ(β)β

• cos(λx)cos(δy)dxdy
∫ Lx

0

∫ Ly
0 cos2(λx)cos2(δy)dxdy

=

∫ xc+
a
2

xc −
a
2

∫ yc+
b
2

yc −
b
2

Q2/As

φ(β)βkp
cos(λx)cos(δy)dxdy +

∫∫

else
∂θQ2

∂z
•

1
φ(β)β

cos(λx)cos(δy)dxdy

∫ Lx
0

∫ Ly
0 cos2(λx)cos2(δy)dxdy

=

8Q2 cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎜
⎝

1 + h
tp + tn

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Acλδφ(β)β2kn

(15) 

At this stage, the numerical model derivation and solution of the rectangular module with double-sided heat dissipation embedded 
in the heat source are complete. However, the power distribution of heat conduction between the top and bottom of the chip should be 
discussed. The average surface temperature of the chip to represent the junction temperature is Tj. The average temperature of the top 
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and bottom surfaces of the structure are Tp and Tn, respectively. Rth.p.air and Rth.n.air represent the convective thermal resistance between 
the surfaces and the environment. Rth.p and Rth.n represent the thermal resistance between the surfaces and the die. The temperature 
transfer of heat conduction can be described using a thermoelectric network, as shown in Fig. 2. 

Because of the fixed ambient temperature, the upward and downward power transmission can be considered as parallel shunting. 
Specifically, Q1 and Q2 should be distributed by the thermal resistance through rectangular conduction and the convective thermal 
resistance with air. Therefore, the thermal resistance should be first calculated. 

Thermal resistance is a physical quantity that is determined by the size of the material structure and is independent of the power 
level. Therefore, when discussing the thermal resistance in both positive and negative directions, thermal resistance can be calculated 
separately. However, the thermal resistance depends on the increase in temperature. The temperature difference is used to deduce the 
size of thermal resistance. The difference between the average temperature of the chip surface and the ambient temperature is used to 
represent the temperature difference between the junction temperature and the environment, which can be expressed as follows: 

Fig. 2. Thermoelectric network of double-sided heat dissipation.  

Fig. 3. Isotropic multi-layer double-sided plate with eccentric heat source.  
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RT =
θ
Q

(16) 

According to the Laplace equation, when the heat conduction outside the heat source area of the chip layer is not considered, it is 
equivalent to the general solution of one-sided heat dissipation. At this stage, the steady-state heat solution in the positive direction can 
be expressed as follows: 

A1 =

∫ Lx

0

∂θ
∂z

•
1

φ(λ)λ
• cos(λx)dx

∫ Lx

0
cos2(λx)dx

(17)  

A1 = Q1C1 (18)  

A2 =

∫ Ly

0

∂θ
∂z

•
1

φ(δ)δ
• cos(δy)dy

∫ Ly

0
cos2(δy)dy

(19)  

A2 = Q1C2 (20)  

A3 =

∫ Lx

0

∫ Ly

0

∂θ
∂z

•
1

φ(β)β
• cos(λx)cos(δy)dxdy

∫ Lx

0

∫ Ly

0
cos2(λx)cos2(δy)dxdy

(21)  

A3 = Q1C3 (22)  

where, C1, C2 and C3 represent the parameter in the thermal resistance general solution. 
The difference between chip junction temperature and ambient temperature can be expressed as follows: 

θQ1 =
1
As

∫ xc+
a
2

xc −
a
2

∫ yc+
b
2

yc −
b
2

θ(x, y, 0)dxdy = A0+2
∑∞

m=1
A1

cos(xcλ)sin
(

λ
2

a
)

λa
+2

∑∞

n=1
A2

cos(ycδ)sin
(δ

2
b
)

δb

+4
∑∞

m=1

∑∞

n=1
A3

cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

λaδb

(23) 

The positive thermal resistance can be expressed as follows: 

Rth.p + Rth.p.air =
θQ1

Q1
= C0+2

∑∞

m=1
C1

cos(xcλ)sin
(

λ
2

a
)

λa
+2

∑∞

n=1
C2

cos(ycδ)sin
(δ

2
b
)

δb

+4
∑∞

m=1

∑∞

n=1
C3

cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

λaδb

(24) 

For negative thermal resistance, the input power direction and φ should be replaced with a negative coefficient. The power dis-
tribution can be split by the parallel relationship of thermal resistance as follows: 

Q2

Q1
=

Rth.p + Rth.p.air

Rth.n + Rth.n.air
(25) 

After power transmission in two directions is calculated separately, because of the linear superposition of temperature, the tem-
perature distribution of the double-sided cooling infrastructure can be expressed as follows: 

T(x, y, z) = θQ1 (x, y, z) + θQ2 (x, y, z) + Tair (26)  

2.2. Numerical modeling of multilayer double-sided heat dissipation 

Because of the required electrical connections between the chips in the module package, a copper layer is introduced. Moreover, a 
solder is also required between the chip and the heat dissipation layer. Therefore, the double-sided heat dissipation structure is 
composed of multiple layers of material as shown in Fig. 3. For the sake of analysis, the thickness and thermal conductivity of the 
structure above the chip are denoted as tpi and kpi. The thickness and thermal conductivity of the structure below the chip are denoted 
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as tni and kni. Assuming an existing rectangular structure with six layers of materials stacked, the chip as a heat source is simplified as a 
thin film structure, located between the third and fourth layers, and functions as the origin plane of the z-axis coordinate system. 

The heat conduction function [Eq. (4)] of each layer is independent, since the boundary conditions are both [Eq. (2)] and [Eq. (3)]. 
Therefore, in order to determine the specific solution, it is necessary to determine the parameters according to the boundary condi-
tions. Firstly, based on the boundaries of the chip layer shown in [Eq. (9)] and the boundaries of the top and bottom surface layers of 
the multilayer structure shown in [Eq. (5)] and [Eq. (6)], the Fourier coefficient φ for the surface layers and the A for the chip layer can 
be written as: 

φpsurface(ξ)= −
ξ sin h

(
ξtpsum

)
+ h

/
kp3 cosh

(
ξtpsum

)

ξ cosh
(
ξtpsum

)
+ h

/
kp3 sinh

(
ξtpsum

) (27)  

φnsurface(ξ) =
ξ sin h(ξtnsum) + h/kn3 cosh(ξtnsum)

ξ cosh(ξtnsum) + h/kn3 sinh(ξtnsum)
(28)  

A1.p1 =

2Q1 cos(xcλ)sin
(

λ
2

a
)
⎛

⎜
⎝

1 + h
tsum

kn

Ac − As
+

2
As

⎞

⎟
⎠

Lxφ(λ)λ2kp

(29)  

A1.n1 =

2Q2 cos(xcλ)sin
(

λ
2

a
)

⎛

⎜
⎜
⎝

1 + h
tsum

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Lxφ(λ)λ2kn

(30)  

A2.p1 =

2Q1 cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎝

1 + h
tsum

kn

Ac − As
+

2
As

⎞

⎟
⎠

Lyφ(δ)δ2kp

(31)  

A2.n1 =

2Q2 cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎜
⎝

1 + h
tsum

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Lyφ(δ)δ2kn

(32)  

A3.p1 =

8Q1 cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎝

1 + h
tsum

kn

Ac − As
+

2
As

⎞

⎟
⎠

Acλδφ(β)β2kp

(33)  

A3.n1 =

8Q2 cos(xcλ)sin
(

λ
2

a
)

cos(ycδ)sin
(δ

2
b
)

⎛

⎜
⎜
⎝

1 + h
tsum

kp

Ac − As
+

2
As

⎞

⎟
⎟
⎠

Acλδφ(β)β2kn

(34)  

where φpsurface(ξ) is the Fourier coefficient of the top layer. φnsurface(ξ) is the Fourier coefficient of the top layer. tsum represents the total 
thickness of all structures of the package. Ai.p1 represents the value of Ai (i = 1, 2 and 3) in the analytic solution of the first layer in the 
positive direction. Ai.n1 represents the value of Ai (i = 1, 2 and 3) in the analytic solution of the first layer in the negative direction. 

The boundary conditions for heat conduction between layers are as follows: 

θtpi (x, y, zi) = θtp(i+1) (x, y, θti ) (35)  

θtni (x, y, zi) = θtn(i+1) (x, y, θti ) (36)  

kpi
∂θtpi

∂z
| zi =kp(i+1)

∂θtp(i+1)

∂z
| zi (37)  

kni
∂θtni

∂z
| zi =kn(i+1)

∂θtn(i+1)

∂z
| zi (38) 
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According to the boundary conditions [Eq. (37)] and [Eq. (38)] the relationship between the parameters of different layers can be 
determined. The Fourier coefficient for each layer from top to bottom is expressed as follows: 

φpi(ξ) =
κ
[
sin h(ξtsum) + φp(i+1)(ξ)cosh(ξtsum)

]
• cosh(ξtsum) −

[
cosh(ξtsum) + φp(i+1)(ξ)sinh(ξtsum)

]
• sinh(ξtsum)

[
cosh(ξtsum) + φp(i+1)(ξ)sinh(ξtsum)

]
• cosh(ξtsum) − κ

[
sin h(ξtsum) + φp(i+1)(ξ)cosh(ξtsum)

]
• sinh(ξtsum)

(39)  

where φpi(ξ) is the Fourier coefficient of the ith layer in the positive direction. tpsum represents the total thickness of all structures above 
the chip. and κ = kp(i+1)/kpi. 

φni(ξ) =
κ
[
− sin h(ξtsum) + φn(i+1)(ξ)cosh(ξtsum)

]
• cosh(ξtsum) +

[
cosh(ξtsum) − φn(i+1)(ξ)sinh(ξtsum)

]
• sinh(ξtsum)

[
cosh(ξtsum) − φn(i+1)(ξ)sinh(ξtsum)

]
• cosh(ξtsum) + κ

[
− sin h(ξtsum) + φn(i+1)(ξ)cosh(ξtsum)

]
• sinh(ξtsum)

(40)  

where φni(ξ) is the Fourier coefficient of the ith layer in the negative direction. tnsum represents the total thickness of all structures below 
the chip and κ = kn(i+1)/kni. 

Ai.pj = Ai.p(j− 1)
cosh

(
ξtpsumi

)
+ φp(i− 1)(ξ)sinh

(
ξtpsumi

)

cosh
(
ξtpsumi

)
+ φpi(ξ)sinh

(
ξtpsumi

) (41)  

Ai.nj = Ai.n(j− 1)
cosh(ξtnsumi) + φn(i− 1)(ξ)sinh(ξtnsumi)

cosh(ξtnsumi) + φni(ξ)sinh(ξtnsumi)
(42)  

where Ai.pj represents the value of Ai (i = 1, 2 and 3) in the analytic solution of the jth layer in the positive direction. Ai.nj represents the 
value of Ai (i = 1, 2 and 3) in the analytic solution of the jth layer in the negative direction. 

As for the power distribution in the multiples layers structure, it is similar to the two-layer structure. Both are assigned based on the 
thermal resistance of the two sides as shown in [Eq. (25)]. Rth.p represent the sum of the thermal resistance in the positive direction. 
Rth.n represent the sum of the thermal resistance in the negative direction. The junction temperature is solved at the chip level 
regardless of the number of layers in the structure. Therefore, the analytical parameters [Eq. (17)] - [Eq. (25)] for the calculation of the 
junction temperature in a two-layer structure are also applicable to the calculation of the thermal resistance in a multilayer structure. 

Therefore, the theoretical model of double-sided heat dissipation was developed, and the temperature distribution at any position 
can be calculated by using the aforementioned numerical model. 

3. Numerical model solution for the FOPLP structure 

Fig. 4 shows the double-sided heat dissipation of both SiC MOSFET FOPLP and Si MOSFET FOPLP structures. The thermal prop-
erties of components used in the FOPLP structures are listed in Table 1. Both FOPLPs were composed of MOSFET die, redistribution 
layer (RDL), solder, solder pad, and molding. Source and gate pads of die were connected to corresponding solder pads through RDL. 
The difference existed in two aspects except for the material characteristics. First, a copper heat sink was missing on the top surface of 
the Si device. Second, an additional FR-4 molding layer was present above the internal RDL in the Si device. During the numerical 
solving, simplifying the model to a regular rectangular block stacking structure with the same cross-sectional area is critical. The 
radiator, plastic sealing layer, solder, and substrate are included in the model according to the actual thickness of the structure. In the 
RDL layer, both copper materials and molding materials are present for electrical connections, insulation, and mechanical support. 
Therefore, the material parameters of this part should be re-identified. 

Fig. 5 describes the detailed thermal resistance model of RDL layer. Considering a via or molding around a via as a cellular 
structure, each resistor represents a small cellular structure. Combining cellular of the same material in the thermoelectric network 
reduces the nonhomogeneity layer to two thermal resistances of different materials [Eq. (43)]. and [Eq. (44)] describe the process of 
merging the cellular thermal resistance. Combining cellular of the same material in the thermoelectric network reduces the non-
homogeneity layer to two thermal resistances of different materials The cross-sectional area in the thermal resistance equation is 
converted into a volume parameter consisting of that cross-section and the thickness of that nonhomogeneity structure. Thus, the 
equivalent thermal conductivity of the nonhomogeneity layer can be derived by the conversion of the volume fraction. 

Rth.comi =
tcom

kiAi
=

tcom
2

kiVi
(43)  

Rth.com =
1

1
Rth.m1

+
1

Rth.v1
+...+

1
Rth.mi

+
1

Rth.vi

=
tcom

2

kmVm + kvVv
=

tcom
2

kcomVcom (44)  

where the number of vias in the longitudinal direction is i. Rth.comi represents the hybrid thermal resistance of the i th structure in the 
hybrid structure, Rth.com represents the total thermal resistance of the hybrid structure, tcom indicates the thickness of this mixing layer, 
and ki denotes the thermal conductivity of the i th structure. Furthermore, Ai denotes the cross-sectional area of the i th structure, Vi is 
the volume of the i th structure, and Rth.vi denotes the thermal resistance of the i th via. Rth.mi denotes the thermal resistance of the i th 
molding structure parallel to the via. Furthermore, km and kv are the thermal conductivities of the molding and via materials, 
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respectively. Vm and Vv are the volume of the molding and via materials, respectively. Rth.m.sum and Rth.v.sum are the total thermal 
conductivities of the molding and via materials, respectively. The bottom substrate is similarly subjected to a volume fraction con-
version of its thermal conductivity for precise temperature prediction. 

4. Model validation 

The FEA of various FOPLP cases is used to verify the accuracy of the numerical calculations. 

4.1. Case 1: Si MOSFET FOPLP 

In this case, the material component distribution of the Si device in Fig. 4 (a) is used. FOPLP packaging is equivalent to a six-layer 
structure, with four layers above and two layers below the chip. The package parameters are substituted into the numerical model built 
above. Si FOPLP adopts a resin with a thermal conductivity of 0.65 W/(m*k). Considering the aforementioned details, the numerical 
thermal solution of the Si FOPLP with a package size of 3 mm × 3 mm and a chip size of 1.44 mm × 1.9 mm under 10 W heat power is 
shown in Fig. 6. The numerical method took 2.7 s with 20 Fourier Series superimposed. The Si MOSFET FOPLP model was imported in 
COMSOL FEA software. During the simulation, the chip was set as a heat source. The top and bottom surfaces were set as convective 

Fig. 4. Scheme of the fan-out panel-level packaging (FOPLP) structure [17]: (a) Si MOSFET FOPLP; (b) SiC MOSFET FOPLP.  

Table 1 
The thermal properties of components used in the FOPLP structures.  

Components Modulus E (GPa) Poisson ratio v Coefficient of thermal expansion α（ppm/K） Thermal conductivity k (W/mK) 

SiC MOSFET 400 0.142 5.1 150 
Si MOSFET 131 0.3 4.1 124 
FR-4 20.4 0.11 12.5 0.38 
Cu 110 0.34 18 401 
Sn5Sb Solder 49 0.38 31 70 
EMC molding 15 0.38 9 1.5  

Fig. 5. (a) Thermal resistance network of nonhomogeneity layers; 
(b) Schematic of the thermal resistance of the same material after merging and combining. 
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boundaries. The study object is a 3D model of the actual Si FOPLP structure. 15251 meshes are delineated and 1.58 G of memory is 
occupied. The FEA method took 5 s to solve the temperature distribution. It is true that numerical modeling is a little faster than finite 
element calculations. Meanwhile the numerical modeling does not require the construction of a 3D model of the device, which saves 
time in the analysis process. The use of numerical methods allows the subsequent optimization process to be more specific in terms of 
the parameters involved. This is not possible with finite element simulation. Fig. 7 shows the FEA results. 

For this case, the poor thermal conductivity of the molding material will result in poor heat transfer due to the absence of metal heat 
sinks on the top surface of the Si FOPLP. This is considered in the numerical calculations. Fig. 8 depicts the Si FOPLP temperature and 
error distribution for numerical and FEA models. Because a simplified FOPLP model is used in the numerical calculations, identifying 
the source of the inaccuracy is difficult. Therefore, the simplified model is input to the FEA method to determine whether the numerical 
derivation or the equivalence of the complex structure is contributing to the error. From the solid line on the graph, the simplified 
model can reflect the general behavior of the temperature distribution of the original model. However, the temperature step caused by 
the lateral stacking of various materials cannot be well represented on both the numerical and simplified FEA models. For the bottom 
side of the structure, molding material is required to electrically isolate and fill the metal gap between the source, drain, and gate pads. 
Because of the difference in thermal conductivity, the temperature of the large source area becomes notably higher than that of the 
molding part. The inconsistencies of the package edge material visualized in Fig. 7 (a) can explain the origin of this error. Therefore, 
the error curve 1 reveals that the numerical errors in the calculation are larger at the edges of the package. The difference from the 
numerical model exists in the treatment of the chip. Because the numerical model and the simplified FEA model do not consider the 
chip thickness, the temperature at the chip layer is considered as the temperature of the whole die in the vertical direction. The 
temperature difference between the simplified and unsimplified models at the chip location in Fig. 8 (g) can be attributed to the solid 
thickness of the unsimplified chip. As shown in error curve 2, the error curve values are under 15 % overall, and under 5 % at the chip 
location. Specifically, at the center of the chip, the error is within 2 %. This demonstrates the validity of numerical derivation. The 
number of expansions of the Fourier series is one of the error sources. For the unsimplified model, the errors in the numerical results are 
large and within 19 % for the chip position. The overall temperature profile has the same trend, but the lateral stacking of different 
materials in the actual model is the main reason for this error. 

4.2. Case 2: SiC MOSFET FOPLP 

The simplified SiC MOSFET FOPLP FEA model was developed to evaluate the accuracy of the numerical model. SiC devices were 
increased in size. In this case, the package was 8 mm × 8 mm with a die size of 5 mm × 5 mm. Distinct from Si molding materials, epoxy 
resin with a thermal conductivity of 1.5 W/(m*k) was used for the molding material. Copper was used in the RDL and the metal pads. 
The material settings were kept consistent with the numerical calculations. With the assumption that the total output power of the chip 
was 50 W, the numerical temperature distribution of the chip layer was obtained as depicted in Fig. 9(b), with the maximum junction 
temperature of 77.75 ◦C. Fig. 9 (c) depicts the temperature distribution on the top surface of SiC FOPLP, and the maximum temperature 
was 44.36 ◦C. The temperature distribution on the bottom surface is shown in Fig. 9 (a), and the maximum temperature was 75.96 ◦C. 
The calculation time is 4.8 s with 20 Fourier Series superimposed. Fig. 10 shows the resulting temperature distributions at various 
interfaces based on unsimplified FEA. The temperature at the center of the chip layer was 84.88 ◦C. The top and bottom surface center 

Fig. 6. Numerical prediction of temperature distribution of Si FOPLP (a) on the bottom surface; (b) on the chip layer; (c) on the top surface.  

Fig. 7. Unsimplified FEA temperature distribution of Si FOPLP (a) on the bottom surface; (b) on the chip layer; (c) on the top surface.  
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temperatures were 47.46 and 83.44 ◦C, respectively. During the solution process, a total of 28368 meshes are delineated and 1.79 G of 
memory is occupied. This simulation consumes 11 s. 

Fig. 11 shows the data of the truncated line temperature for the three methods in two directions at three locations. The temperature 
trend of SiC devices was consistent with that of Si. The SiC chip was thinner than the Si chip, but the general thickness of the device and 
the thickness of the substrate at the bottom of the chip were the same. However, the error at the center of the device reduced to 10 % 
because of the increase in size. The temperature error at the edges was smaller than that of the Si FOPLP. In the x-direction, the 
unsimplified model exhibited a centrosymmetric temperature distribution because of the uniform material arrangement. A temper-
ature difference of ± 2 ◦C exists in the numerical model compared with the simplified FEA model. A temperature difference of 
approximately 7 ◦C exists between the simplified FEA model and the unsimplified FEA model because of structural differences. In the y- 
direction, a step temperature decrease existes between the source pad and molding materials on the bottom surface because of the non- 
uniform electrode arrangement in the structure. In the z-direction, the overall trend of the longitudinal temperature change is 
consistent for the results from three methods. The error curve 2 drifts within 10 % in each image. The maximum error between the 
numerical model and the simplified model is 1.98 % on the intercept line parallel to the z-axis through the center of the chip. This error 
decreased as the number of Fourier series iterations in the numerical calculation increased. This case also validated the consistency in 
describing the temperature distribution between numerical modeling and FEA modeling. 

5. Conclusion 

To evaluate the thermal performance of double-sided heat sink power modules quickly, a numerical heat conduction model was 
constructed to solve the double-sided heat dissipation of FOPLP. The model could be adjusted to the size and the characteristics of the 
structure material. Both Si FOPLP and SiC FOPLP cases validated the proposed model. In the numerical model of double-sided heat 
dissipation with multi-material vertical stacking, the temperature at each location can well reflect the actual temperature data in a 
single and uniform material distribution of each layer. The simplified FEA model and the proposed model revealed strong consistency 
within an acceptable error of 15 % horizontally and 2 % vertically. A larger error occurred between the unsimplified FEA model and 
the proposed model. This phenomenon could be attributed to the longitudinal interleaving of various materials in the unsimplified FEA 

Fig. 8. Si FOPLP temperature and error distribution for numerical model, unsimplified FEA model and simplified FEA model on the bottom layer, the die layer and the 
top layer of the package with the (a) line paralleled to the x-axis on the bottom layer; (b) line paralleled to the x-axis on the die layer; (c) line paralleled to the x-axis on 
the top layer; (d) line paralleled to the y-axis on the bottom layer; (e) line paralleled to the y-axis on the die layer; (f) line paralleled to the y-axis on the top layer; (g) 
line paralleled to the z-axis. Each temperature data is obtained from the x-, y-, and z-axes intercepts through the center of the chip. Error 1 refers to the error between 
the numerical model and the unsimplified FEA model. Error 2 refers to the error between the numerical model and the simplified FEA model. 
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Fig. 9. Numerical prediction of temperature distribution of SiC FOPLP (a) on the bottom surface; (b) on the chip layer; (c) on the top surface.  

Fig. 10. Unsimplified FEA temperature distribution of SiC FOPLP (a) on the bottom surface; (b) on the chip layer; (c) on the top surface.  

Fig. 11. SiC FOPLP temperature and error distribution for numerical model, unsimplified FEA model and simplified FEA model on the bottom layer, the die layer and 
the top layer of the package with the (a) line paralleled to the x-axis on the bottom layer; (b) line paralleled to the x-axis on the die layer; (c) line paralleled to the x-axis 
on the top layer; (d) line paralleled to the y-axis on the bottom layer; (e) line paralleled to the y-axis on the die layer; (f) line paralleled to the y-axis on the top layer; (g) 
line paralleled to the z-axis. Each temperature data is taken from the x-, y-, and z-axes intercepts through the center of the chip. Error 1 refers to the error between the 
numerical model and unsimplified FEA model. Error 2 refers to the error between the numerical model and simplified FEA model. 
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model. The numerical model proposed in this paper can be used for the investigation of rapid design iterations for the electro–thermal 
optimization of multilayer structures. 
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