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1. Introduction

Molecular simulation is a technology for evaluating 
various properties of materials based on their molecu-
lar structure using a computer.  It has been increasing-
ly applied in recent years not only for the evaluation of 
materials that have already been launched on the mar-
ket, but also as a prediction technique for enhancing 
the performance of or for adding new functionality to 
materials.  As products are designed to have enhanced 
performance and to be more complex, predicting the 
properties of materials in advance can reduce the 
number of prototyping iterations and accelerate the 
development of highly reliable products.  As a result, 
molecular simulation has been introduced not only in 
universities but also in companies as a technology for 
improving the reliability of products and shortening 
the development period.

Molecular simulation can also be used as a technol-
ogy for complementing the molecular- or atomic-level 
analysis technologies such as transmission electron mi-
croscopes (TEMs) or atomic force microscopes (AFMs) 
to provide theoretical support for the analysis results.

This paper describes a way to effectively use mo-
lecular simulation for the adhesion analysis of resin 
materials of resin mold semiconductor modules such as 
small-capacity intelligent power modules (IPMs), All-
SiC modules and automotive power modules.

2. Semiconductor Modules

2.1 Characteristics and challenges
Semiconductor modules are used in power con-

verters and are being applied to an increasingly wide 
range of fi elds such as industrial equipment, electric 
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vehicles and home appliances(1).  The semiconductor 
modules for these power converters must be highly 
reliable.  Power cycle capability, which is an indicator 
of thermal fatigue based on the estimated tempera-
ture change in products during actual operation, is 
one of the items the market places importance on to 
prove reliability.  As shown in Fig. 1(2), a semiconduc-
tor module consists of many components.  Separation 
of or cracks in the components may cause a deteriora-
tion of its power cycle capability.  To prevent this, it is 
important to improve the adhesion between the compo-
nents.  Because of its low resistance and high thermal 
conductivity, aluminum has been used for the bonding 
wires in semiconductor modules or as a material for in-
sulating aluminum substrates.  It has, however, a low 
adhesion to epoxy resin used for molding so that a cer-
tain countermeasure must be taken.  In order to make 
practical use of modules that are more reliable than 
conventional products in the future, we need to select 
new materials with higher reliability in terms of adhe-
sion and other properties, not only by using experience 
but also by taking a scientifi c approach.

2.2 Factors affecting adhesiveness
Although adhesiveness may be determined by 

many factors, particularly important ones are the an-
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Fig.1  Structure of epoxy resin mold semiconductor module
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chor effect; mechanical properties including elastic 
modulus, linear expansion coeffi cient and glass transi-
tion temperature; and the chemical bonding between 
the module components and resin.

Among these, chemical bonding directly joins the 
components and resin in immediate contact and so 
it can have a major effect on improving adhesion.  
Consequently, in addition to the anchor effect and me-
chanical properties which have been focused on for a 
long time, attention is being placed on improving ad-
hesion through chemical bonding.  Since the strength 
of chemical bonding is determined by the molecular 
structures of materials, an effective way to enhance it 
is to carry out analysis using molecular simulation.

3. Molecular Simulation

Molecular simulation is a general term for a pro-
cess that is conducted to analyze the phenomenon that 
results from the molecular structures of materials.  In 
a molecular simulation, it is necessary to select an ap-
propriate method in accordance with the phenomenon 
to be analyzed.  For example, since the elastic modulus 
of macromolecules is determined by the element and 
bonding type of the atoms composing molecules, it is 
effective to use a molecular dynamics simulation by 
using atoms as structural units.  The fi rst-principles 
calculation used in this paper is a method of non-
empirical calculation using electrons around atoms as 
structural units.  It is used as a method of analyzing 
chemical reactions or band structures where the mo-
tion of electrons controls the material properties.  It is 
characterized by its calculation method just specifying 
molecular structure based on the Schrödinger equation 
of quantum mechanics without using experimental 
data.  Consequently, its greatest advantage is that cal-
culation is possible without a real material.

The fl ow of the fi rst-principles calculation consists 
of creating a molecular structure and performing a 
geometry optimization.  The geometry optimization 
repeats the optimization of atomic coordinates and 
electron state alternately and fi nishes when a specifi ed 
convergence condition is satisfi ed.  From the calcula-
tion result, a stable molecular structure and the ener-
gy of the system in that state can be obtained.  In addi-
tion, the band structure and various physical property 
values can be obtained by analyzing the breakdown of 
the energy.

4. Evaluation

4.1 Adhesion assistants
There are 2 techniques to improve the adhesion 

of chemical bonding:  One is to change the molecular 
structure of the base material resin and the other is to 
use additives.  This paper focuses on additives, which 
are adhesion assistants in this case, and evaluates 
their effect on the chemical bonding with aluminum.  

The adhesion assistants we selected are:  Epoxysilane, 
which is a silane coupling agent; and aluminum che-
late, which is a chelate agent.  We evaluated and com-
pared their adhesiveness in a calculation and experi-
ment.  Figure 2 shows the molecular structure of the 
adhesion assistants.

4.2 Mechanism
Epoxysilane and other silane coupling agents are 

generally mixed into resin after the alkoxyl group 
in the molecules is hydrolyzed.  The hydroxyl group 
that results from the hydrolyzation forms hydrogen 
bonds with the hydroxyl group on the surface of the 
aluminum.  Then heat is applied to form strong cova-
lent bonds (see Fig. 3).  On the other hand, aluminum 
chelate and other chelate agents are mixed into resin 
without hydrolyzation.  This causes a dealcoholization 
reaction between an alkoxyl group such as C3H7O and 
the hydroxyl group on the surface of the aluminum, 
which results in covalent bonding (see Fig. 4).

It can be presumed that both epoxysilane and 
aluminum chelate enhance the adhesion between the 
aluminum and epoxy resin by forming covalent bonds 

(CH3O)3SiC3H6OCH2CH－CH2

(a) Epoxysilane (b) Aluminum chelate
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Fig.2  Molecular structures of adhesion assistants
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Fig.3  Reaction of a silane coupling agent
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with aluminum.

4.3 Calculation fl ow
The calculation fl ow is shown in Fig. 5.  In order to 

simulate the oxide fi lm on the surface of aluminum, we 
performed a geometry optimization of alumina crys-
tal, then cut a (100) surface so that oxygen is on the 
surface, and terminated the oxygen on the topmost 
surface with hydrogen to create a hydroxyl group.  To 
increase the calculation effi ciency, we used only the 
molecular structure of the adhesion assistants at the 
section contributing to adhesion.  We performed the 
geometry optimization for the adhesion assistants and 
aluminum individually and used the obtained struc-
ture to create the adhesion structures shown in Fig. 3 
and Fig. 4.  After performing the geometry optimiza-
tion of the adhesion structures, we used the obtained 
structures to create structures where the adhesion as-
sistants were dissociated from the aluminum, and then 
performed the geometry optimization again.  We set 
the index of adhesiveness to be the difference between 
the energy of the adhesion structure and that of the 
dissociation structure (dissociation energy).  For the 
calculation, we used DMol3 *1, which is a density-func-
tional calculation program.

4.4 Calculation result
Figure 6 shows the molecular structures after the 

geometry optimization was performed for the adhesion 
assistants.  As expected in advance, we confi rmed that 
they form tetrahedral structures with silicon or alumi-
num at the center.  We then used the structures in Fig. 
6 to create structures after the adhesion shown in Fig. 
3 and Fig. 4.  Figure 7 shows the molecular structures 
after the geometry optimization was performed for 
cases where the aluminum and epoxysilane adhered 
and dissociated.  In the adhesion structure, the sili-

con of epoxysilane or the aluminum of aluminum che-
late bonded to the oxygen of alumina and stabilized.  
Furthermore, the oxygen of epoxysilane or aluminum 
chelate got closer to the aluminum of alumina, showing 
an interaction.

Aluminum

Geometry optimization of 
surface structure

Surface structure creation

Geometry optimization of 
alumina crystal

Geometry optimization of 
dissociation structure

Dissociation structure creation

Geometry optimization of 
adhesion structure

Adhesion structure creation

Adhesion/dissociation

Adhesion assistant

Geometry optimization

Molecular structure 
creation

Fig.5  Calculation fl ow

*1:   DMol3: Part of the Materials Studio software environ-
ment.  Materials Studio is a trademark or registered 
trademark of Dassault Systèmes S.A.
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Fig.6    Molecular structures after geometry optimization

(a) Adhesion structure 
     between epoxysilane  
     and aluminum 
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     epoxysilane and aluminum
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Fig.7   Molecular structures after geometry optimization of 
epoxysilane/aluminum chelate and aluminum
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with the calculation and the adhesion force obtained 
in the experiment.  Not only the calculation result 
but also the experiment result showed that aluminum 
chelate had a stronger adhesion force, or was harder 
to dissociate, than epoxysilane.  This revealed that a 
molecular-level mechanism was involved with the dif-
ference in adhesion forces.

5. Postscript

This paper has described the effective use of mo-
lecular simulation for the adhesion analysis of resin 
materials of resin mold semiconductor modules.  It re-
vealed that a molecular-level mechanism was involved 
with the performance of adhesion assistants that en-
hance the adhesion between module components and 
resin.  We intend to identify the conditions required 
for auxiliary agents to give higher adhesion by analyz-
ing the cause of different dissociation energy values 
between epoxysilane and aluminum chelate and their 
bonding density with components.  We will then apply 
the result to guidelines for selecting auxiliary agents 
and contribute to enhancing the reliability of semicon-
ductor modules.

Part of this study was carried out in cooperation 
with Prof.  KOYAMA, Michihisa of the Frontier Energy 
Research Division of Inamori Frontier Research Center, 
Kyushu University; and Prof.  MURAKAMI, Yasushi  
of the Faculty of Textile Science and Technology, 
Shinshu University.  We would like to express our 
deep appreciation for their cooperation.
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Table 1 shows the resulted dissociation energy val-
ues obtained from the energy difference between the 
adhesion structure and dissociation structure.  A high 
dissociation energy means larger energy is needed 
when the object dissociates from the adhered state.  
From the calculation, we can expect that when epoxysi-
lane and aluminum chelate are compared, aluminum 
chelate will require more dissociation energy, suggest-
ing higher adhesiveness.

4.5 Measuring the adhesion force
(1) Measurement condition

In the experiment, we added fused silica to an acid 
anhydride curing agent containing bisphenol A epoxy 
resin, alicyclic epoxy resin and imidazole catalyst, and 
mixed them before adding epoxysilane or aluminum 
chelate.

The adhesion force was measured with the method 
described below.  The shape of the test piece is shown 
in Fig. 8.  A 10 mm square aluminum substrate was 
washed with ethanol and dried.  Then a special mold 
was secured on the substrate surface and fi lled with 
epoxy resin.  After the resin had cured under specifi ed 
conditions, the mold was removed.  We fi xed the alu-
minum substrate to the obtained test piece, brought a 
load-applying jig into contact with the resin part, made 
it push the resin part in a direction parallel to the 
substrate surface and measured the maximum break-
ing load.  The maximum breaking load values per unit 
bonding area of 5 test pieces were averaged and the re-
sult was assumed to be the adhesion force.
(2) Comparison of the measurement result with the 

calculation result
Figure 9 shows the dissociation energy obtained 

Table 1   Dissociation energy

Item Dissociation energy (eV)

Epoxysilane 4.81

Aluminum chelate 7.29

Epoxysilane Aluminum chelate
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