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ABSTRACT 
 

A methodology for simulating the accurate 3D 

structural details of a non-planarized technology chips is 

presented. This approach uses a virtual semiconductor 

fabrication technique to create geometry and finite element 

mesh on complex chip topology features. Multi-scale 

simulations are used to compute the strains and stresses 

induced on the chip by the package when exposed to 

thermal loads. A microscopic power metal stack of a power 

IC was simulated to demonstrate this new simulation 

methodology and the results are presented. These numerical 

simulations, which included the non-linear behavior in the 

matrix,  show that the detailed information of the large 

stress and strain gradients in the micro-fields can be 

obtained.     

 

Keywords: simulation, thermo-mechanics, reliability, 

chip-package, virtual fabrication 

 

1 INTRODUCTION 
 

It is well known that thermo-mechanical related failures 

account for almost 65% of the reliability problems in the 

semiconductor industry [1]. These failures, such as cracks 

and delamination are driven by stress arising due to the 

thermal coefficient mismatch between the materials. Chips 

are integrated in advanced packages, typically made of 

plastic. The stress induced by the package on the chip is 

critical and is often evaluated by finite element simulations. 

Normally, the chip is assumed to be a homogenous and 

isotropic block of silicon.  This level of abstraction 

provides no information on the stress behavior of thin films, 

such as metals and dielectrics on the chip. The in-plane and 

out-of-plane shear stresses imposed on the chip by the 

package are higher at the corner and at the edges of the 

chip. This shear stress in conjunction with the chip internal 

stress can cause plastic deformation in high CTE 

(Coefficient of Thermal Expansion) materials such as 

metals and cracking in the low CTE dielectric materials 

such as oxide and nitrides. This leads to failures like short 

circuits, leakage current and corrosion. Multi-scale and 

multi-level simulations are the state of the art approach to 

include these thin films in the model [2,3]. However, the 

topological features of these thin layers are neglected due to 

the complexity in geometry and finite element mesh 

generation. This leads to an inaccurate stress prediction, 

because the magnitude of stress in built-in features e.g. via 

is much higher compared to planar layers [4].  

Non-planar technology  is cost effective as it reduces the 

number of wafer fabrication processes. These chips have 

complex topological features as shown in Figure 1. A two 

dimensional modelling of such structures by digitizing 

images obtained from scanning electron microscope was 

reported early by the author [5]. Stress redistribution, brittle 

cracks and plastic yielding are prevalent at the corners and 

therefore a 3-D study becomes mandatory. Creating a 3D 

geometry using CAD (Computational Aided Design) 

programs is very tedious and time consuming. This work 

provides a methodology to accurately include these 

structural details in 3-D, thereby providing the details of 

localized stresses at micro level in a relatively large 

package. The virtual fabrication platform used to create 

geometry and finite element mesh is described in the 

Section 2. Section 3, describes the multi-scale modelling 

used to integrate the mesh generated by this technique. An 

example model of a power metallization stack is also 

presented in the last section.  

 

 
 

Figure 1: SEM images of non-planarized topology chips 

 

2 VIRTUAL FABRICATION PLATFORM 
 

A virtual fabrication platform called SEMulator3D
TM

  is 

a 3D semiconductor process modelling software that 

utilizes “voxel” [6] based engine instead of traditional 

Nurbs (Non-uniform Rational Basis Spline) or BREP 

(Boundary Representation) for geometry generation. 

Voxel’s are 3D pixels that can be deposited and etched 

away from a 3D mathematical space. Compared to 

traditional methods, the voxel based SEMulator3D
TM
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propriety algorithms are uniquely fault tolerant to the 

complex shapes routinely encountered in semiconductors. 

To accurately model geometries a library of process steps 

with settings to control various process parameters is 

employed. For instance, a High density Plasma Chemical 

Vapour Deposition (HDP-CVD) process is described using 

10 topology parameters such as “angle of minimum 

deposition rate” and “deposition rate at minimum angle”. 

Furthermore, the proprietary compression algorithms 

integrated into the geometric kernel also enable the large 

scale modelling necessary for thermo-mechanical analysis 

as well as to gain speed advantage for fast Design-of-

Experiments (DoE) studies. 

The flow consists of reading 2D layout information in 

GDS or DXF format and entering the process stack 

information using a library of processes. Both layout and 

process parameters can be changed to create iterative design 

changes. As illustrated in Figure 2 the SEMulator3D
TM

 

engine integrates the two pieces of information, layout and 

process stack, to automatically generate a 3D representation 

of the device.  

 

 

 
 

 Figure 2: SEMulator3D design flow 

 

A built-in and full-featured mesher in SEMulator3D
TM

 

is used to generate a volume mesh. The SEMulator3D
TM

  

mesher can create linear and parabolic Tetrahedron mesh 

and has local and global settings. The mesh algorithm is 

adaptive and  iteratively re-meshes the geometry based on 

user-defined accuracy settings to achieve an optimum size 

and accuracy balance.  

The generated volume mesh is then read into ANSYS 

[7], a commerical FEM software for simulation. Nested 

sub-modelling approach is employed, where the 

displacements from the package model are transferred to 

the chip model using cut-boundary interpolation. 

 

3 SIMULATION METHODOLOGY 
 

This section describes the methodology implementation 

on a power IC. The mesh generated on the chip features 

cannot be integrated directly into the global model for a 

single step simulation due to computational limits. A 

conformal meshing on such a system would result in 

several hundred millions of elements, making it 

computationally expensive. A multi-scale modelling is 

therefore used, namely sub-modelling, which allows the 

transfer the displacements from the global package model 

to the chip micro model. The simulation is performed 

sequentially in three stages on three models as shown in 

Figure 3:  

1. The global model, which consists of plastic package, 

lead frame and silicon and an equivalent material layer, is 

computed for strains and stresses for the required thermal 

loading. This equivalent material layer is homogenized and 

assumes the effective linear elastic material properties 

among the volume averages of the micro layers. A quarter 

of the chip-package system is simulated by taking 

advantage of the symmetry. 

2. The first sub-model was built with all chip planar 

layers, which was represented by the equivalent layer in the 

coarse model. The displacements from the global model are 

transferred as boundary conditions to the exterior nodes for 

each load step to be simulated.  

3. Mesh output from SEMulator3D, is the micro-model 

and the region of interest for reliability investigations. The 

displacements from the first submodel are transferred as 

boundary conditions. This model is then solved by the same 

method to obtain local stress and strain data. 

 

 
Figure 3: Multi-scale models: coarse, sub-model and 

micro-model 

 

Figure 4 shows the simulation flow of this approach. A 

chip layout file is read-in along with the process 

description. The geometry at the region of interest in the 

chip is created, which in this case, is 30 X 30um. The size 

of the features in the model range from 0.3 um to 20 um. 

The built-in mesher generates a volume mesh, which can be 

directly transferred to ANSYS. The global and the first sub-

models are solved, followed by the chip micro-model. The 

global and first sub-models are created in FEM software 

and the micro model is created by SEMulator3D. Mesh 

settings and program controls allow the mesh refinement at 

desired regions, thereby providing sufficient elements even 

in the 0.3um thick features. The resulting finite element 

mesh on the “via” region is shown in the Figure 3. 

 

 
 

Figure 4: Simulation Methodology flow chart 
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3.1 Material Models 

The system consists of elastic, elastic-plastic, 

temperature dependent and visco-elastic materials. The 

material data used for these simulations are listed in Table 

1. The chip multi-layer system is normally subjected to 

cyclic loading which results in thermo-mechanical fatigue. 

This could cause plastic shake down, ratcheting and crack 

initiation and propagation. Therefore, the elastic-plastic 

behaviour of the materials was included in the simulation 

for accurate stress prediction. The shear stresses imposed 

by the package during mould compound shrinkage are 

important, so the time-dependent strain rate is also 

included. The material models used in this study were 

obtained from our previous characterization work and also 

from literature [8 -10]. 

 

Table 1: Material data used for simulation 

Material   Model 

Silicon   Temperature dependent 

Mould compound  Visco-elastic (Prony) 

Lead frame  Elastic-plastic (KINH) 

Polyimide  MKIN 

Copper   Elastic-plastic (BKIN) 

Titanium  Elastic-plastic (BKIN) 

 

3.2 Chip Package Analysis 

The global model, which includes the equivalent layer 

and silicon in a package, is simulated for one temperature 

cycle: ramp up to 150
0
C and ramp down to -55

0
C. The 

system is assumed to be stress free before loading i.e. no 

residual stresses were taken into account for this simulation. 

Also, perfect adhesion between the material interfaces was 

assumed. The resulting in-plane shear stress on the chip is 

shown in Figure 5.  

 

 
Figure 5: In-plane shear stress on the chip 

 

The mould compound with higher CTE shrinks further 

compared to the low CTE silicon. Therefore, intense stress 

concentration is observed at the chip corner, with the 

deformation direction acting towards the centre as marked 

in Figure 5. This helps to identify the critical chip region 

and to decide where to build the sub and micro models.  

The other shear stress components, which are out-of-plane, 

are concentrated at the chip edges. These shear stresses are 

often the major cause for chip failures, such as passivation 

cracks, metal plastic deformation and delamination. In 

order to illustrate our simulation methodology, we choose 

to place the sub and micro models at the chip corner.  

 

3.3 Power Metallization Stack 

The power metallization stack in the DMOS region of a 

power device was built and simulated as the micro-model.  

This stack consists of several layers with via holes between 

metals to allow electrical connectivity. Metals are separated 

by oxide and nitrides, which act as inter-layer dielectric. 

During active cycling, temperature loads are applied in this 

stack, which lead to crack formation after several thousand 

cycles as shown in the Figure 6 (a). Due to the complexity 

in this geometry and observed crack, we used this structure 

to demonstrate our methodology for identifying stress peak 

locations.  

 

  
 

Figure 6: (a) Crack near via region (b) 3D Micro-model 

(c) Stress contour on the micro-model 

 

By computing the micro-model for thermal loads along 

with the boundary conditions from the sub-model applied, 

stress concentrators are seen at the edges of the passivation 

as marked in the Figure 6 (c). These stress peak regions 

correspond with the cracking location identified in the 

active cycling experiments. The large power metal on top of 

this passivation can expand and contract much higher due 

to low stiffness and higher CTE values. The passivation 

layer, which is much stiffer compared to the metal act as a 

structural constraint for the metal expansion and 

contraction. Therefore stress is generated on the passivation 

layer. This stress accumulates at the corner of the via 

regions and reaches up to 2 GPa for a single temperature 

cycle. This stress magnitude is lower than the fracture 

strength of this passivation layer (Nitride), which is 

reported as 8-9 GPa [11], and therefore this may or may not 

be sufficient to cause fracture. Hence, it is likely that the 
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observed cracks are initiated during one of the subsequent 

thermal cycles. 

When this stack is subjected to several hundreds or 

thousands of thermal cycles, thermo-mechanical fatigue 

will occur. Fatigue causes micro-structural changes in the 

metal in the form of plastic deformation. These changes 

will alter the magnitude of the stress state at this corner 

region because of stress redistribution and as a result of 

yielding. Simulating this 3D micro-model for several 

temperature cycles is not possible due to computational 

limits. However, this result help identify the likely locations 

of failures. Including the chip topology is therefore 

important to accurately predict the damage locations. With 

this knowledge, further simulations on failure or damage 

initiation and growth can be performed.    Homogenizing or 

assuming the chip layers as planar in simulation would not 

be possible to achieve this otherwise.  

 

4 CONCLUSIONS 
 

A methodology to compute stress and strain distribution 

at the 3D micro level on an complex non-planar chip 

topology is presented. The virtual fabrication platform used 

in this work made it possible to achieve this in a reasonable 

time. The simulated micro region of a power metal stack, 

showed a good correlation with the likely damage initiation 

locations. Stress-strain data from these FEM results 

provides a substantial contribution to the thermo-

mechanical reliability investigation to further investigate 

the material, design and failure growth in order to safe 

design for increased life time. This study concludes as 

follows: 

1. Extremely complex 3D chip topologies can be built 

and meshed by utilizing 3-voxel based engine and built-in 

mesher of  SEMulator3D
TM

. 

2. Multi-scale modelling allow to integrate this micro- 

model in a global package to capture the local stress field 

for the loads applied globally.   

3. FEM results obtained using this methodology help 

thermo-mechanical reliability investigations by identifying 

likely damage initiation locations. 

4. The simulation methodology proposed here is not 

limited to thermo-mechanics, but can be extended for other 

fields of engineering simulations.  
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