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    Abstract – In this paper, the distributed-press-pack (DPP) 
packaging technology is developed to achieve balanced thermal 
stress on the chips. Under the current lumped-press-pack (LPP) 
style, the mechanical stress distribution on the chips, which is 
inherently uneven and coupled with thermal stress distribution, 
can be described with elastic half-space theoretical model. By 
decentralizing the lumped pressing load and positioning the loads 
evenly, a matrix of clamping array is formulated and the 
mechanical stress distribution is compared under different 
clamping ways. Then, a 3*3 clamping method that meets the 
trade-off between balanced stress distribution and the packaging 
cost is chosen. Meanwhile, the busbar and heatsinks are 
integrated to improve the power density of the power module. 
Finally, a DPP prototype is implemented. By varying the 
pressure around the chips and heating them, the thermal 
distribution between parallel chips inside the prototype is 
compared and the effect of proposed elastic half-space theory 
based DPP packaging technology on the thermal stress balance is 
verified. 1 
 

I.  INTRODUCTION 
 

The press-pack packaging technology is configured with 
double-sided cooling structure and direct pressure contact 
between semiconductor chips and material electrodes, which 
enables more efficient thermal dissipation performance and 
avoids failure modes such as bonding wire lift-off and solder 
joint crack [1-4]. Hence the press-pack power modules are 
featured by higher operation reliability and thermal cycling 
capability, which makes them more competitive in high power 
applications such as high-voltage direct current (HVDC) 
transmission system [5-8]. 

Currently, commercial press-pack power modules are 
categorized into two kinds of packaging styles: the cuboid 
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StakPak module [9] and cylinder modules such as press-pack 
IGBT from Westcode or IEGT from Toshiba [10-11]. Both 
kinds of press-pack power modules are clamped with the 
lumped-press-pack (LPP) packaging technology. 

From the mechanical point of view, the state-of-the-art LPP 
power stack is composed of pressing components and pressed 
module stack as shown in [12, Page 5] and [13, Page 1]. The 
pressing component includes the insulator board that acts as 
force spreader and the pressing load that is usually made up of 
disc springs or pressing plate. The way of clamping force is 
ensured to be perpendicular to the module stack which is made 
up of the sandwich-like pressed heatsinks and modules. The 
gate driver is connected at the stack lateral side to control the 
power module. Meanwhile the rods and nuts are fastened 
around the stack to maintain the pressure. 

However, the lumped pressure contact will lead to uneven 
pressure distribution among the chips. In [14, Fig. 15] and [15, 
Fig. 17], the pressure distribution inside StakPak and cylinder 
press-pack modules was analyzed and measured with Prescale 
film. It is concluded that the pressed chips on the edge of the 
power module tend to bear less stress compared with the chips 
close to the center. Furthermore, with the decrease of the 
pressure on the chip, the thermal contact resistance rises up 
[16-17]. It was reported that the junction temperature of the 
chips located at the edge or corner of the module is higher 
than those close to the center and the temperature gap is more 
than 10 degrees [18]. Therefore, with the increase of the 
power rating of the high power module, the influence of LPP 
packaging structure on the thermal distribution inside the 
power modules can be severe. 

To address the unbalanced thermal distribution inside the 
LPP power module, the mechanical stress on the chips needs 
to be analyzed accurately and balanced. The elastic half-space 
theory [19] can be applied to describe the mechanical stress 
distribution on the contact surface of the power module. Then 
a distributed-press-pack (DPP) packaging technology is 
proposed. The DPP power module enables pressing loads to 
be positioned around the pressed chips evenly. Moreover, the 
integration level is enhanced because pressing components, 
heatsinks and busbar are integrated into the packaging 
structure. Since different clamping methods are generated by 
distributing pressing components according to different arrays 
around the pressed chips, a matrix of clamping method is 
formulated and the performance of the various clamping 
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methods is compared by calculating the maximum and 
minimum mechanical stress on the contact surface. An optimal 
clamping solution is offered to obtain a uniform mechanical 
and thermal stress distribution. 

This paper is organized as follows. In Section II, the limit of 
LPP power module is investigated and the unbalanced stress 
distribution under LPP packaging technology is analyzed. In 
Section III, the DPP packaging solution is proposed and the 
performance of various DPP-based clamping methods is 
compared. Section IV presents the case study based on the 
DPP packaging technology and a SiC full-bridge prototype is 
assembled. The thermal experiments are conducted to verify 
the feasibility of DPP packaging technology in Section V. 
Finally, Section VI draws the conclusion. 

 
II. CONFIGURATION OF LPP PACKAGING TECHNOLOGY 

 

A. Challenges to mechanical structure of LPP power stack 

According to [20], the diameter of the force spreader should 
be equal to that of power device and the thickness of the force 
spreader should be half of its diameter. With the increase of 
diameter and thickness, the fastening rods have to be placed 
further away from the center of power devices and the 
fastening nuts have to be assembled higher than the power 
devices. Hence, the uniform stress distribution on the device 
surface becomes more difficult to achieve since it is hard to 
adjust the position and torque of fastening rods and nuts. And 
the whole mechanical structure design is inevitably bulky and 
complex. Moreover, the inherent distortion inside the bulky 
mechanical structure could be amplified during the long-term 
thermal cycling process, leading to inhomogeneous pressure 
distribution. 

For other kinds of pressure contact styles, the size of disc 
spring, force spreader and heatsinks is small and can not meet 
the demand of mounting instructions [12-13, 20]. The surface 
of heatsinks is not flat hence the contact between heatsinks 
and power modules is not tight and effective. The warpage of 
contact electrodes of the press-pack IGBT module is produced 
and also leads to the uneven pressure distribution among 
parallel chips [21-22] which is different from the 
configuration in [14-15]. However, as the typical and common 
method to clamp the press-pack power modules in high power 
converter applications, the LPP packaging technology is 
chosen and the mechanical stress distribution is investigated in 
this paper. 
 
B. Unbalanced stress distribution with lumped pressing load 

Without losing generality, the Westcode press-pack IGBT 
module T2960BB45E is chosen as a study target. The typical 
dimensions (diameter * thickness) are around 170 mm * 26 
mm and the force mounted by disc springs needs to be at least 
75 kN [23]. The press-pack power stack with this IGBT 
module is designed according to [13] and presented in Fig. 1. 

Springs with 
smooth sphere

Force 
spreader

Insulator 
board

Heatsink

Module Westcode press-
pack IGBT module

Force

 
Fig. 1. Typical press-pack power stack. 

 
The diameter of the disc springs is set to be 50 mm and the 

thickness of the force spreader is half of the diameter of the 
power module which is 85 mm. The insulator board is nearly 
the same size of power module while size of heatsink is 200 
mm * 200 mm * 30 mm. With LPP packaging technology, the 
tight and effective pressure contact enables an isotropic 
structure with a flat contact plane. The clamping force F is 
mounted through the pressing disc whose size is usually much 
smaller than the module stack and the way of force is 
perpendicular due to the smooth sphere. 

To analyze the mechanical stress distribution on the power 
module, the 3D power stack is imported into Ansys model and 
is simulated with finite element method (FEM). The 
simulation result when the force is set as 75 kN is displayed in 
Fig. 2. The contact region of heatsink acts as boundary 
condition and the contact region of spring corresponds to the 
force of spring in Fig. 1. It is exhibited the contact stress 
within the pressed solid is highly concentrated close to the 
contact region and decay sharply in magnitude with distance 
from the point of contact. 

Extraction path 
of stress

Contact region 
of heatsink

Contact region 
of spring

 
(a) LPP module imported into Ansys model. 

Extraction path

 
(b) Stress extracted along the path. 

Fig. 2. Unbalanced Stress distribution on LPP module. 
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C. Stress distribution model with elastic half-space theory 

The elastic half-space theory is applied when a pressing 
load is exerted on the surface of the elastic solid which is 
isotropic. Since the pressed solid is elastic and semi-infinite, it 
behaves like the elastic half-space and the corresponding 
approach is called as elastic half-space theory. It is utilized to 
describe the contact stress distribution below the contact 
surface of the pressed half-space. 

Since the modular unit, which includes the pressing load, 
force spreader, insulator board, heatsink and power module of 
LPP power stack, is elastic and isotropic. The pressed spring is 
rather small and the modular unit is seen as semi-infinite. 
Within the LPP power stack, the needed pressure on the press-
pack power module is in the range of 10~20 MPa [24] and is 
much less than the yield strength of materials in the stack such 
as Si, Cu, Al alloys and carbon steel. In this way, the stress on 
the power modules or heatsinks will be under a reasonable 
limit and the plastic strain is minimized. Therefore, the strain 
is considered as pure elastic strain and the elastic half-space 
theory can be applied to explain the contact stress distribution 
below the contact surface. By the means of analytical 
equations with contact mechanics, the mathematical 
relationship between different configurations of the pressing 
load and the stress map is reflected in detail. Moreover, the 
trade-off between accuracy and computing speed is improved. 

Heatsink

Force spreader + insulation 
board

Power module

Heatsink

Clamping force

F

Pressing 
spring X

Z

O

A(x, z)

O1 O2
θ1 θ2

r1 r2α

P

 
Fig. 3. Configuration of mechanical stress analyzed with elastic half-space 

theory. 
 

The modular stack to be analyzed with elastic half-space 
theory is drawn in Fig. 3 where the contact surface is set to be 
x-y plane and the middle point of pressing spring is set as 
origin. The pressing load is configured as the line loading. 
According to the elastic half-space theory, the clamping force 
has two components under the line loading: the normally 
distributed force p(x) and tangentially distributed force q(x). 
However, the clamping force F is uniformly exerted through 
the pressing disc. And the housing and heatsink should be 
polished, cleaned and then covered with a thin film of silicone 
oil [20]. Hence the clamping force has only the normal 
component P.  

The boundary of the clamping force is located at O1,2 whose 
coordinates are (±a, 0). At a random point A (x, z), the 
mechanical stress can be expressed in (1). 

  (1) 

The distance between A and O1,2 is marked as r1, 2 while the 
angle ∠AO1, 2X+ is θ1, 2. The angle ∠O1AO2 is noted as α and 
it is equal to the absolute value of θ1-θ2. And σx and σz mean 
the normal stress in x and z axis respectively while τxz notes 
the tangential stress in y axis (which is perpendicular to x-z 
plane). 

The mechanical stress is composed of normal stress and 
tangential stress. When the tangential stress is zero and normal 
stress reaches its maximum or minimum value which is called 
the principal stress. The principle stress of point A is expressed 
by (2), where σ1 and σ2 mean minimum and maximum direct 
stress respectively. 

  (2) 

Therefore, mechanical stress distribution on the extraction 
path in Fig. 2 can be fitted with (2) and figured in Fig. 4. 
Furthermore, the mechanical distribution on the all contact 
surface can be obtained by rotating the curve in Fig. 4 along 
the Z-axis, which is shown in Fig. 5. 

Extraction path

Maximum 
Principle stress

4

8

0

12

16

20

Extraction path

 
Fig. 4. Fitting curve of principal stress σ2 with distance x on contact surface of 

power module. 

 
In Fig. 5, the contact plane acts as the x-y plane in the 3-D 

coordinate system and the Z-axis stands for the maximum 
principal stress distributed on the contact surface. It is seen 
that the ratio of maximum value to minimum value is more 
than 7 and it does not change along with the value of force. 
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Fig. 5. Distribution of maximum 

principal stress σ on the contact plane. 
Fig. 6. Per-unit model of distribution 

of thermal contact resistance. 
 

Additionally, the relationship between thermal contact 
resistance Rther_con and the principal stress, i.e. the contact 
pressure of the joint σ is described in (3) [25], where ks notes 
the mean thermal conductivity of pressed joint, m is absolute 
slope of the interface, ε is the effective root mean square of 
surface roughness, H stands for the hardness of the softer 
material and A means the contact area. 

  (3) 

Since the parameters ks, m, ε, H, and A are directly 
determined by the contact material, the thermal contact 
resistance can be viewed as the function of stress σ inside the 
uniformly elastic solid. Hence, the per-unit model of the 3-D 
distribution of Rther_con on the contact plane inside the power 
stack is fitted in Fig. 6. 

The distribution of thermal contact resistance is displayed in 
Fig. 6. Inside the LPP power stack, the maximum thermal 
resistance occurs at the edge of the pressed power module and 
is more than 10 times than the minimum thermal resistance at 
the center. 

 
III. PROPOSED DPP PACKAGING TECHNOLOGY 

 

A. Decentralization of pressing loads under distributed 
clamping method 

The root reason of the uneven thermal distribution inside 
the power module is the unbalanced mechanical stress 
introduced by lumped pressure contact. To this end, a novel 
packaging technology is proposed by decentralizing the 
pressing load and placing it at symmetrical locations of the 
contact surface. The pressure needed on the load is reduced 
and the requirement on the size of the load is also relieved. 
The distribution model obtained in Fig. 4 and Fig. 5 by 
traditional lumped contact method can be noted as the 
clamping case (1*1), which acts as the base of reconstruction 
of press-pack packaging technology. The function to describe 
the stress and the location is denoted as σ0 (x, y, z) and it is 
derived in (4). Assume that the peak value of the stress is 20 
MPa to ensure that the stress is within the limit. 

  (4) 

The clamping case (1*2) is achieved by applying two 
pressing loads while the magnitude of the pressure drops by 2 
times. Assume the center of one pressing load is applied at the 
original point (0, 0, 0) and the other load is applied at the point 
(Δx1, Δy1, 0). The corresponding stress generated by the load 
is denoted as σ0 (x, y, z0) and σ1 (x1, y1, z0) respectively. (x, y, z0) 
and (x1, y1, z0) mean the random points under the contact 
surface while z0 is a constant and stands for the distance 
between pressing load and contact surface on the power 
module. The latter σ1 (x1, y1, z0) is yielded by multiplying the 
original function σ0 (x, y, z0) and the transformation matrix T. 
The transformation process is expressed and the 
transformation matrix is obtained in (5). 

  (5) 

In (5), Δx1 and Δy1 denote the distance between the original 
pressing load and another pressing load along the X-axis and 
Y-axis. Meanwhile m is the magnification what is equal to |σ1| 
divided by |σ0|. When applying the clamping case (1*2), the 
ratio m is set to be 0.5 and the resultant stress Σσ is the sum of 
two stress components, which means the Σσ (x, y, z) is the 
superposition of function σ1 and σ0 in the unified x-y-z 
coordinates system. Since the value of Z-coordinate is constant 
and marked as z0, Σσ (x, y, z) can be simplified as Σσ (x, y). 

 
 

σ0

σ1
Σσ

 
(a) Discrete stress components (b) Resultant stress after superposition 

Fig. 7. Configuration of distributed clamping case (1*2). 
 

The stress components before superposition are presented in 
Fig. 7(a) and the resultant stress is shown in Fig. 7(b). It can 
be seen that despite the two pressing loads are applied, the 
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unbalanced distribution has not been improved a lot. The 
minimum value is still about 5 times less than the maximum 
value. To improve the distribution of resultant stress, the 
clamping array can be extended. Different clamping arrays 
form the different clamping cases and they can be 
distinguished by the matrices denoting the clamping arrays. 
Under the same contact surface which acts as XY-plane in Fig. 
5, the different configurations of clamping cases are illustrated 
in Fig. 8. 

To make the most use of the area at the contact region and 
save the number of the pressing loads at the same time, the 
clamping cases 2*2, 3*3, 4*4 are configured of which the 
pressing loads are located at the corner, edge and the center of 
the contact region. In addition, the clamping force under these 
clamping cases keeps unchanged and for every clamping case 
the clamping force is shared uniformly by the pressing loads. 

The clamping case (2*2) and the corresponding 
transformation process is expressed as (6). 

  (6) 

 

Pressing load
Contact region to 

place clamping array

Contact surface 
of power module

3*3 case
Δx3*3 = Δy3*3 = δ3*3

Δx3*3 

Δy3*3

2*2 case

Δx2*2 = Δy2*2 = δ2*2

Δx2*2 

Δy2*2

4*4 case
Δx4*4 = Δy4*4 = δ4*4

Δx4*4 

Δy4*4

1*1 case

Legend of objectives

 
Fig. 8. Geometry configuration of different clamping cases. 

 
Let mi (i=0, 1, 2, 3) be 0.25 and |Δxi| = |Δyi| = δ2*2. In this 

way, the resultant stress after applying the clamping case (2*2) 
is displayed as Fig. 9. 

Due to the increase in the number and the symmetrical 
layout of pressing loads, mechanical stress becomes more 
uniform. The maximum value is about 1.3 times larger than 
the minimum value which indicates that the unbalance degree 
of mechanical stress distribution is reduced. 

σ2*2=ΣTi∙ σi (x, y)

 

Maximum value of stress

Minimum value of stress

 
(a) Overall view of stress (b) Lateral side view of stress 

Fig. 9. Configuration of distributed clamping case (2*2). 
 

σ3*3

Minimum value of stress

Maximum value of stress

 
(a) Overall view of stress (3*3) (b) Lateral side view of stress (3*3) 

σ4*4

 

Minimum value of stress

Maximum value of stress

 

(c) Overall view of stress (4*4) (d) Lateral side view of stress (4*4) 
Fig. 10. Configuration of distributed clamping case (3*3) and (4*4). 

 
The resultant stress of clamping cases (3*3, 4*4) are given 

in Fig. 10 respectively. In Fig. 10 it is observed that the gap 
between the minimum value and the maximum value is 
optimized compared with that in Fig. 5 and Fig. 7. As for the 
clamping case (3*3), the maximum value is about 1.6 times 
higher than the minimum. Moreover, the effects of balancing 
the stress distribution by clamping case (4*4) are not much 
better than the clamping case (3*3). The maximum stress by 
clamping case (4*4) is more than 2 times higher than the 
minimum.  

In Table I, the performance of different clamping cases 
(X*Y) is compared. The ratio of maximum stress to minimum 
stress is listed. It indicates that under the same total pressure 
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and the same contact surface, the mechanical stress 
distribution becomes more even with the increase of 
distributed pressing loads. However, despite clamping case 
(4*4) utilizes more pressing loads, the balanced degree is not 
as good as the clamping case (3*3), which indicates that the 
effect of distributed clamping methods on the balanced 
mechanical distribution is approaching saturation. Under the 
same clamping force in total, the clamping case 3*3 rather 
than clamping case 2*2 can meet the requirement of tight and 
optimal contact in the range of 10 MPa and 20 MPa [24]. It is 
exhibited that the clamping case (3*3) is the best solution 
among them which can not only meet the demand of clamping 
pressure but also ensure balanced stress distribution. Besides, 
the number and the cost of the pressing loads are within a 
reasonable range. 

 
TABLE I. Comparison of performance of different clamping case (X*Y). 

Clamping case (X*Y) 
Ratio of maximum stress to 

minimum stress σmax/σmin 
(1*1) 7.5 
(2*2) 1.3 
(3*3) 1.6 
(4*4) 2.0 

 
B. Integration of distributed pressing loads and busbar 

The clamping case (3*3) utilizes 9 pressing loads of which 
the total clamping force is equal to that in the clamping case 
(1*1). Despite the number of pressing loads increases, the size 
of the pressing loads is reduced and the loads are relatively 
easy to control compared with clamping case (4*4) or more. 
The structure of the power stack with distributed pressing 
loads based on Fig. 3 is reconstructed in Fig. 11. 

Despite the distributed pressing loads are able to achieve 
even mechanical stress among parallel chips inside the power 
module, the sandwich-like structure of the press-pack power 
stack still results in complex design. To save the cost and 
volume of the press-pack power stack, the distributed pressing 
loads are integrated inside the stack and maintain the clamping 
force by fastening them. Hence the force spreader can be 
removed and the reconstructed power stack is given in Fig. 12. 

The configuration in Fig. 12 promises a high power density 
packaging design with uniform stress on the parallel chips 
because the structure of pressing components is simplified by 
removing the pressing shaft and disc springs and using 
fastening bolts or screws to maintain the pressure. A torque 
spanner can be used to control the fastening torque on each 
fastening bolt. On each bolt, the torque can be applied 
according to the mechanical requirement and guarantee the 
balanced pressure. 

Force spreader (insulation pad)

Heatsink

Power module

Heatsink

Force spreader (insulation pad)

Heatsink

Power module

Heatsink

Lumped pressing load

Clamping method (1*1) Clamping method (3*3)

Distributed pressing loads

 
Fig. 11. Reconstruction of clamping method with distributed pressing loads. 
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Fig. 12. Distributed pressing loads integrated inside power stack. 
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Fig. 13. Configuration of busbar connection to lumped-press-pack power 

stack. 

Heatsink

Power module

Heatsink

busbar+

busbar-

Lp↓ 

 
Fig. 14. Integration of pressing components and busbar in proposed 

distributed-press-pack power stack. 
 

What is more, the busbar connection between the power 
stack and DC-link capacitors has to be adjusted to adapt the 
distributed-press-pack packaging design. For the lumped-
press-pack power stack as drawn in Fig. 13, the positive and 
negative electrodes of the busbar are connected to the top and 
bottom side of the power stack and the parasitic inductance of 
busbar reaches inevitably up to 200~500 nH [26-27]. 

To reduce the voltage overshoot in conjunction with the 
switching losses caused by high parasitic inductance, a 3D 
inductor-integrated concept [28-30] is adopted to realize low-
inductive structure design. In stead of lumped-press-pack 
power stack, the busbar are integrated into the distributed-
press-pack power stack as the positive and the negative side of 
the busbar are inserted between the heatsinks and power 
module in Fig. 14, which makes it easier to apply a laminated 
busbar. With the increase of stacked chips in parallel, the 
distance between positive and negative electrodes remains the 
same whilst the width of busbar becomes higher. Therefore, 
the parasitic inductance of the busbar gets lower. The 
integration design with the distributed pressing components 
and the busbar forms the DPP packaging method. 
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IV. A CASE STUDY 
 

Without losing generality, the SiC diode chip (VS-
H2257H12A6x) is chosen as the pressed chip. Since the shape 
of the chip is square, the contact region is set to be square. 
Due to the geometric similarity, the clamping cases in Fig. 8 
can be applied in the square contact region whose size is 
smaller. In this way around the chip the distributed clamping 
method (3*3) is applied. The pressing loads are realized by the 
bolts which are placed evenly around the chip. The bolts will 
get through the heatsinks and the copper pads that act as the 
busbar. The basic part composed of pressed chip and the 
surrounding bolts in Fig. 15 is configured as the chip unit. By 
applying and controlling the torque on the bolts, the heatsinks 
and Cu pads are fastened to press the chip tightly. In this way, 
a more compact sandwiched press-pack structure is formed 
and the contact mechanics theory is still suitable in this 
structure. 

Bolts acting as 
pressing loads

Heatsink

Pressed chip

Cu pad

Cu pad

Top view Lateral view

10 mm

Pressed 
chip

10 mm

 
Fig. 15. Configuration of chip unit with distributed clamping method. 

 

  
(a) Stress distribution of customized 
clamping method (3*3) with 9 bolts 

(b) Stress distribution of customized 
clamping method with 8 bolts 

Fig. 16. Comparison of stress distribution between clamping method (3*3) 
with 9 bolts and 8 bolts. 

 
However, since the size of the pressed chip is small and the 

bolts need to be customized and pass through the heatsinks 
and Cu pads, the bolt in the center of the 3*3 array when 
applying the distributed clamping method has to be removed. 
The comparison of the stress distribution produced by the 
original clamping method (3*3) and customized clamping 
configuration in Fig. 15 is given in Fig. 16, in which the size 
parameters of the pressed chip are taken into account. The 
thickness of heatsinks and Cu pads are set to be 4 mm and 1 
mm respectively and the bolts are configured as M5. In Fig. 16 
it can be found that despite the middle pressing load is 
eliminated, the stress distribution is not much affected. 

Therefore, the modified clamping method (3*3) with 8 bolts 
can be applied in the structure of the chip unit. 

Based on the modified clamping method, the DPP power 
module can be implemented with the chip units in parallel. 
The two parallel chip units clamped with 13 bolts are shown in 
Fig. 17. The stress distribution on the two pressed chips is 
given in Fig. 18. It can be seen that not only the stress 
distribution on the one pressed chip is balanced but the two 
pressed chips in parallel share the even stress distribution. 
Even if the number of parallel chips becomes higher, the stress 
distribution among the pressed chips will still remain uniform. 

D1 D2

Top view

Chip 1

Lateral view

Chip 2

 
Fig. 17. Configuration of two chip units in parallel. 

  
(a) Global view of stress 

distribution of two chip units in 
parallel 

(b) Lateral view of stress 
distribution of two chip units in 

parallel 
Fig. 18. Stress distribution of two parallel chip units. 

 
More in detail, the profile of the distributed-press-pack chip 

unit is displayed in Fig. 19. To ensure the tight pressure 
contact, the pressed chip is in contact with other metal layers 
such as molybdenum (Mo) plate and aluminum (Al) shim, 
which are helpful to match the coefficient of thermal 
expansion (CTE) between Cu pads and the semiconductor 
chip. The flat 100-micrometer-thick polyethylene 
terephthalate (PET) layer provided by Mylar® of DuPont 
Teijin Films which is thermally stable [31] is filled inside the 
space between different Cu pads. On the contacting surface of 
the Cu pads and the chip unit, the recess is made for the 
alignment of the chip unit. The copper pads which are directly 
clamped with the chips and conduct the current act as the DC 
busbar and AC terminals. 

As for three terminals’ SiC MOSFET chip, the structure 
design with gate connection is illustrated in Fig. 19(b) (SiC 
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MOSFET CPM2-1200-0080B is taken as an example). The 
gate pad is close to the source pad and they are on the same 
surface of the chip, while the drain pad is on the back surface. 
To connect the gate pad and avoid the short-circuit between 
gate and source pad, a slot is made inside the busbar and the 
insulation layer is covered on the surface of the slot. A gate 
pin made up of copper can be configure as the route to the gate 
pad with the copper inside the slot. To embed the gate slot 
inside the busbar and make sure the gate pin correctly contacts 
the gate pad, a higher demand is put forward on the fabrication 
technology of busbar with gate connection. The printed 
contact solution that prints and curves a gate trace on the 
busbar may be applied [32], but it makes the mechanical 
structure more expensive to assemble. Since this study mainly 
focuses on the power module with cost-effective and 
thermally balanced packaging technology, the gate connection 
structure which is shown in Fig. 19(b) and does not affect the 
related positions of pressed components which include Mo 
plate, chip, Mo shim, Al shim and Cu busbar inside proposed 
packaging style and only increases the cost and difficulty of 
the assembly, the SiC diode chips are used to achieve a simple 
prototype to verify the feasibility of proposed packaging 
technology and the prototype with SiC MOSFET will be 
further studied in the next step. 

Al heatsink

Cu pad

Cu pad

Mo plate

Mo shim
Pressed chip

Al shim
Recess for alignment

PET film

Recess for alignment PET 
films

 
(a) Structure design with SiC diode chip 

Al heatsink

Cu busbar

Cu busbar

Mo plate

Mo shim
SiC MOSFET

Al shim

Drain current

Source current

PET film 
(100 μm)

Slot for gate connection

Gate pad

Insulation layer

Gate pin

Gate signal

 
(b) Structure design with SiC MOSFET chip 

Fig. 19. Detailed profile of distributed-press-pack chip unit. 
 
Since the size of chip in high press-pack power module is 

usually large, the diode chip VS-H2257H12A6x (10 mm * 10 
mm) whose size is as large as possible is chosen. However, to 
balance the pressure on the chips in parallel, the bolts have to 
placed around the chips. Hence the power density of the power 
module is inevitably sacrificed to ensure the stress uniformity. 
To reach a good trade-off between the size and the pressure 
distribution, the bolt which are made up of polyether-ether-
ketone (PEEK) is customized. PEEK bolt has high enough 
isolation capability to withstand the high voltage for the press-
pack power module. The compressive strength of PEEK is 
also much higher than the needed pressure on the chip [25, 33]. 

The stress distributed on the single chip is analyzed as 
exhibited in Fig. 20. Despite the stress on the edge of a single 
chip is higher than that in the center, the stress ratio extracted 
through the path is within 1.5. Hence, if the size of fastening 

parts is customized and close to the size of pressed chip, the 
stress distribution on the single chip can also be balanced. This 
is helpful to analyze the pressure distribution on other kinds of 
press-pack chip. 

 

Stress distribution

 
(a) Global view of stress distribution on 

single chip 
(b) Lateral view of stress distribution on 

single chip 
Fig. 20. Stress distribution on single chip. 

 
Combine 4 chip units together and the full-bridge power 

module is formed. The prototype of the full-bridge power 
module with distributed-press-pack packaging technology is 
implemented based on the process flow in Fig. 21, which is 
stated as follows: 

Step 1: Clean the surfaces of PET film, copper bars and 
heatsinks with ethanol at the beginning. Cut the PET film and 
put the PET film under the Al heatsink. 

Step 2: Mount the DC- busbar and align the chip units on 
the recesses of the busbar. 

Step 3: Add another PET layer and put the two AC 
terminals. Mount the chips and other shims on the recesses. 

Step 4: Mount the DC+ busbar and another heatsink. 
Step 5: Apply the bolts made up of polyether-ether-ketone 

(PEEK). 
Step 6: Fasten the bolts and the prototype is finished. 

3 AC terminals

5

6
1cm

12cm
1.3cm

8cm

PET film

Heatsink

1

Busbar
(DC-)

Chip units
2

4

Busbar
(DC+)

 
Fig. 21. Assembly process of distributed-press-pack power module. 

 
Compared to the lumped-press-pack power stack, the 13 

PEEK bolts inside the distributed-press-pack power module 
enables the balanced stress distributed on the two parallel half-
bridge units, and the outer pressing components are removed 
to simplify the mechanical design. Meanwhile, the heatsinks 
and busbars have been integrated together as part of the power 
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module, which inherently reduces the parasitic inductance of 
the whole power loop and thermal impedance from the 
junction of the chip to the ambient. And the feature of double-
sided cooling structure in the lumped-press-pack power stack 
is still maintained, which inherently improves the thermal 
dissipation capability of the prototype together with the 
integrated heatsink structure. Since the proposed DPP 
packaging technology is aimed at balancing the mechanical 
and thermal stress distribution among pressed chips, the Al 
cooling plate is chosen as the heatsink to realize passive 
cooling by natural air cooling condition. 
 

V. EXPERIMENTAL EVALUATION OF DPP PACKAGING 

TECHNOLOGY 

 
Despite the pressure analysis with Fuji Prescale film can be 

conducted to study the mechanical stress distribution, the film 
can only reflect the variation trend but not the exact 
parameters. Because the thermal stress distribution is 
negatively correlated with the mechanical stress distribution 
according to [16-18, 25] and the thermal behavior is easier to 
be measured accurately inside a highly integrated power 
module than the mechanical behavior, the thermal stress 
distribution which has the main effect on the reliability of the 
power module is measured. To investigate the effects of 
different pressure on the thermal performance of the power 
module and validate the balanced mechanical and thermal 
distribution of parallel chips, the steady-state thermal tests are 
conducted by adjusting the torque value of the bolts. The 
configuration of the prototype under the test is photographed 
in Fig. 22(a) and the equivalent test circuit is displayed. 
Besides, the bolts of the prototype are numbered and marked 
in Fig. 22(b).  

Heating 
current

D1 D2

T2=0.8 N·mT1 

(adjustable)

D1

D2

Kapton tape

Left terminal

Right terminal

 
(a) Test circuit for the prototype 
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1

3 8

64

2 7

5

D2

9

10

11

12

13

 
(b) Number of distributed clamping bolts around chips 

Fig. 22. Prototype under steady-state thermal test of pressure imbalance. 
 

The thermal distribution of the prototype is monitored by 
the IR camera. To avoid insufficient emission of metal 
materials, the Kapton tape provided by DuPont is covered 
smoothly and uniformly on the surface of the heatsinks and 
the Cu terminals to obtain the correct measurement results by 
the IR camera. The Kapton tape is thermally stable and can 
withstand temperature as high as 260 °C. On the surfaces of 

heatsinks and Cu terminals, the tape is covered uniformly and 
smoothly. As a result, the thermal resistance of heatsink’s 
surface to the ambient which includes the thermal resistance of 
the Kapton layer is evenly distributed on the heatsink’s surface. 
With the other factors controlled equally, the thermal stress 
comparison between pressed chips in parallel is only affected 
by the mechanical pressure contact of every chip. Hence the 
thermal resistance of the Kapton layer is not considered in this 
paper and the thermal stress distribution of parallel chips 
determined by mechanical pressure contact is the main issue. 

The diodes are pressed between the DC busbar and AC 
terminals, so the temperature of diodes is not easy to observe 
directly. Both the temperature of DC busbar and AC terminals 
can be measured with an IR camera. However, the heatsink 
and PET film covering the DC busbar cause some 
inconvenience to the measurement. Besides, the DC busbar 
has to be connected to the DC-link capacitor as Fig. 24 shows 
while the length beyond the heatsink is inevitably large, 
leading to some potential errors of measurement. Since the 
length of the AC terminal beyond heatsink is not much and the 
temperature of that is easy to measure, the junction 
temperature of the chips can be viewed as equal to the 
temperature of the corresponding terminals. 

In Fig. 22(a), it is noted that the temperature of the left 
terminal and right terminal is viewed as the junction 
temperature of D1 and D2 respectively. The two electrodes of 
the busbar are connected to the DC current source to heat the 
whole prototype. The torque of the bolts can be adjusted to 
cause the pressure imbalance. According to [35], the 
maximum torsional value of M5 PEEK bolt is 1.28 N∙m. To 
ensure a safe and tight press, the torque on bolts from 1 to 7 in 
Fig. 22(b) is fixed as 0.8 N∙m while the torque on bolts from 8 
to 13 is set as 0 initially, which means these bolts are not 
clamped at the beginning. By changing the torque value of the 
bolts from 8 to 13, different kinds of test configuration can be 
realized and the parameters of test configuration are listed in 
Table II. The prototype is located where the ambient 
temperature is controlled at 25 °C and there are no cooling 
fans around, making sure the cooling condition has no effect 
on the thermal distribution between the chips. The temperature 
distribution is photographed by the IR camera and the results 
of the three test configurations are presented in Fig. 23. The 
temperature difference of the three test configurations is 
compared in Fig. 24. 
 

TABLE II. Parameters for different test configurations. 
Test configuration Test 1 Test 2 Test 3 

Total heating power 15 W 
Thermal dissipation 

condition 
Natural  air cooling without 

cooling fans around 
Initial temperature 25 °C 

Ambient temperature 25 °C 
Torque of bolts around 

D1 (1~7) 
0.0 N∙m 0.4 N∙m 0.8 N∙m 

Torque of bolts around 
D2 (8~13) 

0.8 N∙m 
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(a) Test 1 (b) Test 2 

 
(c) Test 3 

Fig. 23. Thermal distribution of prototype under different pressure 
configuration. 
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Fig. 24. Temperature difference between D1 and D2 under different test 

conditions. 
 

It can be inferred that with the increase of pressure on the 
chip, the temperature rise will drop. When the bolts around the 
chip unit D1 get loose, the temperature of the left terminal, 
which is equally viewed as the junction temperature of chip 
unit D1 will rise up to become the maximum temperature in 
the IR camera. When the torque of the bolts around the D1 is 0 
and the temperature gap between D1 is D2 is about 8.5 °C. 
Then the temperature gap decreases to 4.2 °C when the value 
of torque is adjusted to 0.4 N∙m. Despite the PEEK bolts have 
a CTE of 46.8 ppm and the expansion would be 61 μm under a 
100 °C temperature swing, the temperature distribution of the 
prototype will be still uniform if all the bolts are produced 
with standard manufacturing process and clamped with the 
same torque. The balanced mechanical and thermal stress 
configuration demonstrates that DPP packaging technology 
can improve the thermal stress balance of the parallel chips. 

The thermal tests have compared the temperature difference 
caused by stress imbalance under a thermal steady state, which 
have validated the effects of mechanical stress on the thermal 
performance of pressed chips, as well as the feasibility of 
proposed DPP packaging technology which can balance the 
mechanical and thermal stress distribution to optimize the 
reliability of power modules. 
 

VI. CONCLUSION 

 
In this paper, a distributed-press-pack (DPP) packaging 

concept was proposed and explored. By decentralizing the 
pressing loads of lumped-press-pack power stack, the 
clamping methods were optimized to balance the mechanical 
stress distribution among parallel chips. Different 
configurations of clamping methods were compared and the 
optimal configuration was chosen to achieve a balanced and 
cost-effective packaging solution. By removing the springs 
and inserting the pressing bolts around the SiC chips evenly 
and integrating busbar and heatsinks, a distributed-press-pack 
structure with high integration level was realized. The 
proposed approach did not only adopt the advantage of ABB’s 
and Westcode’s press-pack power module but also synergized 
balanced mechanical and temperature distribution among 
chips with an improved power density level of the power 
module. The full-bridge prototype was implemented based on 
DPP packaging technology. Then the thermal experiments 
were conducted with three kinds of test configurations. By 
adjusting the torque around the chip units, the pressure 
imbalance was induced. Then the temperature distribution of 
the SiC power module was measured by IR camera. It has 
demonstrated that the effects of unbalanced pressure of chips 
on the thermal stress distribution and revealed the positive 
correlation between thermal resistance and mechanical stress. 
Furthermore, a thermally balanced press-pack packaging 
technology by balancing the mechanical configuration has 
been verified to overcome the challenge of uneven thermal 
distribution among current available multi-chip press-pack 
power modules. 

Due to the limit of manufacturing techniques, the number of 
parallel chips can not be raised in a short period. However, the 
effects of proposed packaging design methodology on the 
stress balance has been validated by the experimental 
investigations and comparisons, which makes it possible to 
offer an alternative approach to extend the application of 
press-pack packaging technology. In the future the power 
module with more chips which takes manufacturing factors 
into considerations will be developed and the time-stress 
changing profile which is related to reliability issue in the long 
term will be further investigated. 
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