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MOTIVATIONS 

My thesis deals with the extension and application of the SUccessive Net-

work REDuction – ’SUNRED’ method. This final volumes (FVM – Final Vol-

umes Method) [3] based method was developed and published [1]-[2] 

originally in the second part of the ‘90s for thermal and electrostatic field 

simulations. 

The SUNRED algorithm is an efficient numerical method for the solu-

tion of final volumes models1. The creation of this method was motivated 

by the lack of an appropriately fast simulator at the Department of Elec-

tron Devices, BME, that fits well to the special requirements of thermal 

simulations in microelectronics.  

Thermal dissipation in electronic devices is generally caused by the 

electrical current that flows in the device. If the place and amount of the 

heat source is known, and thermal investigation is the purpose, then 

thermal simulation is sufficient. But many times the course of electric cur-

rents, and thus, the origin of the dissipation can only be determined by 

electrical simulation with appropriate accuracy. Temperature dependence 

of the electrical parameters of semiconductor devices is significant thus, 

the coupling of electrical and thermal field is bidirectional. Beside the dis-

sipation caused by Joule-heating, the investigation of thermoelectric cross 

effects, such as Seebeck and Peltier-Thomson effect [4], is also important. 

These effects are not always useful such as thermopiles or Peltier cells but 

they can cause parasitic  effects in integrated circuits or MEMS [5]. 

As the electrical energy becomes more expensive, and the environ-

mental thinking is spreading, the lighting techniques are also changing 

radically: after a one centaury reign of the incandescent light sources the 

luminescent light sources have become the most dominant. But the era of 

solid state devices is arriving. Beside the point light source inorganic LEDs, 

large area OLED lamps begin to appear on the market [6]. We have investi-
                                                           
1
 The original publication mentions final differences model but the final volumes 

deduction is better founded mathematically. 
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gated homogeneous light distribution of OLED samples by measurement 

and simulation at the Department of Electron Devices as part of a Europe-

an Union supported project [7]. The cause of inhomogeneous light radia-

tion is the large specific resistance of indium-tin-oxide, which Is used as 

transparent electrode, and the temperature-dependence of the electric 

and photometric characteristics of light emitting polymers. 

AIMS 

When I started my work the shape and boundary conditions of SUNRED 

models were restricted many ways: the investigated volume was cuboid 

which was divided to elementary cells by a 2n×2n×2m resolution grid (m, n 

are integers), and the user could choose from less boundary conditions at 

the four other sides than at the top or bottom side. If the shape of the 

modelled device not fits well into a cuboid, a big part of the cuboid must 

be filled with neutral material, e.g. air, and the calculations must be exe-

cuted on these parts unnecessarily. 

To decrease the unnecessary computation, my purpose was the de-

composition of the simulated domain into cuboid parts and the calculation 

of the full solution by joining the parts with the extension of the original 

simulator. 

 

 
Domain decomposition (illustration, PC motherboard and video card) 
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My purpose was to write a brand new simulator based on the succes-

sive network reduction which lacks all shape and boundary condition re-

strictions of the original simulator. 

The SUNRED method handles boundary conditions two ways: they are 

built in the elementary cells of the model or they can be kept until the 

network reduction step is over. If the boundary nodes are kept, the model 

can be coupled with external models, e.g. with IC compact models, but the 

calculation is slower. My aim was in the new simulator to let the user 

freely decide whether a boundary node is kept or it is integrated in the 

elementary cell together with the joining boundary component represent-

ing the boundary condition, to be able to create optimal model in speed 

and expandability2. 

The nonlinear coupled electrical-thermal simulations need orders of 

magnitude more computation than a clear thermal simulation thus, the 

fast solution is especially important. My purpose was to gather, analyse 

and realize such acceleration methods as the part of SUNRED algorithm. 

Most important part of my work was to make the successive network 

reduction method able to simulate the electro-thermal processes of semi-

conductor devices. First my purpose was a simulator that, for later extend-

ibility, can handle any-dimensional vector fields, and, as a special case, it 

realizes electro-thermal simulation as a two-dimensional vector field: one 

dimension is a resistive electrical scalar field and the other dimension is a 

thermal scalar field. Because of the efficiency, I have planned the creation 

of such a version which handles separately the electrical and the thermal 

model, and sends the calculated results iteratively to the other model.  

Generally Joule-heating and temperature-dependence of material pa-

rameters are sufficient models of thermal-electrical coupling in semicon-

ductor devices, but there are some cases when the Seebeck or Peltier-

Thomson effect plays important role in the operation. For these investiga-

tions it was important to me to integrate these effects into the model. 

                                                           
2
 In the original method all top and bottom boundary nodes were integrated and 

all other nodes were kept. 
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Characteristics of OLEDs are temperature-dependent thus, my aim 

was to create and realize a temperature-dependent distributed SUNRED 

model for OLEDs (or generally: nonlinear thin films). I wanted to validate 

the model by comparing SUNRED results with measured and other simula-

tor calculated results. 

To calculate the homogeneity of light distribution my purpose was to 

create a radiometric and photometric model based on the electro-thermal 

simulation. By this model the simulator is able to calculate radiance and 

luminance maps. I wanted also consider the bidirectional coupling be-

tween the electro-thermal and radiometric model (the radiated power not 

heats up the device, so it can be subtracted from the dissipated power). 

I have identified a failure effect, the appearance of a dark spot on the 

surface of a good OLED device, as a thermal runaway effect, and I wanted 

to prove my supposition by SUNRED simulations. 

METHODS OF INVESTIGATION  

To create the new simulator program, I chose object oriented solution 

[8] instead of the structured (functional) realization of the original solver. 

This lets the programmer to see clearly the administration of connections 

of non-regularly organized heterogeneous elementary cells, and the whole 

program structure, and helps the later extension of the simulator. Thanks 

to the modular structure, the simulation core can be separated and built 

into other simulators (it was done). 

The creation of the electro-thermal cell model was based on the On-

sager equations of the electro-thermal field [4]. To create the FVM model 

from the differential equation system, I was following the method given in 

[3]. The FVM model, similarly to the original algorithm [1], was realized as 

a lumped element network model. To verify the model, I used analytical 

calculations, other simulations, and measurement results. 

I have modelled the nonlinear thin films as zero thick (two dimension-

al) layers. This model is valid if the current components parallel to the sur-
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face of the layer can be neglected. I have mapped the characteristic equa-

tion of the nonlinear field to the side of the elementary cells, and I have 

modelled it as a nonlinear resistor. I have validated the method by using (i) 

diode equation and (ii) power function of OLEDs [9].  I used measurement 

results of different size, shape and material OLEDs to compare to simula-

tion results.  In another method I created SUNRED model for an OLED pub-

lished in a paper by German researchers [10], and I have compared SUN-

RED results to the published measured and COMSOL simulated results. To 

be able to compare my result to the results of the paper, I realized in SUN-

RED the natural convection and thermal radiation models published in 

[11]-[13]. 

Radiometric and photometric SUNRED model of the OLED was made 

similarly to the creation of the electrical model of nonlinear thin films from 

the model equation defined in [P.15]. I checked the validity of the model 

by comparing the measured and the simulated curves. 
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NEW SCIENTIFIC RESULTS 

My thesis deals with the extension and application of the finite volumes 
based SUccessive Network REDuction – ’SUNRED’ method, which was orig-
inally developed and published in the second part of the ‘90s.   
 
Thesis 1 
 
I have reshaped and extended the original successive network reduction 
method for the sake of the efficiency. 
 

1.1. I have made a method for the decomposition of the simula-
tion domain into regular parts (connecting cuboids), and for the 
preparation of the full solution by extending the successive net-
work reduction method. The method creates and solves algebraic 
equations for the connecting surfaces. The usage of linear material 
parameters results one step solution, no need for iteration. I have 
demonstrated the validity of the method by limited functionality 
software. [P.7], [P.8] 

 
1.2. I have laboured the new, object-based model of the successive 
network reduction method. By this, I have made possible the ap-
plication of arbitrary-shaped models built of elementary cuboid 
cells instead of the original, one cuboid shaped simulation domain.  
This makes unnecessary the application of ‘empty’ cells used in the 
original method. Significantly decreases the cell number of the 
model and thus, the solution time. [P.2], [P.9], [P.17] 

 
1.3. I have made a method for the integration of all boundary con-
ditions into the boundary cells. This significantly accelerates the 
calculation. At the same time I let the user to decide on the keep-
ing of each boundary node. This lets the coupling to other external 
models, e. g. compact models. Nonlinear models or material prop-
erties can be also applied in external model coupled simulations. 
[P.2], [P.9] 
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1.4. I looked for methods that were new in successive network re-
duction to decrease computation times. I have investigated the 
speed increasing effects of (i) the self-made dynamic memory 
handling (ii) the storing and reading order of data (iii) Strassen’s 
methods of matrix multiplication and inversion and (iv) the paral-
lelization of algorithms on modern computers. I proposed optimal 
settings for the methods thus, I provided the possibility for the de-
velopers of computation intensive software to select the appropri-
ate methods. By applying the new methods, and applying the 
boundary condition integration described in section 1.3, I have 
reached 7x to 74x acceleration on a four core computer, depend-
ing on the resolution of the model, compared to the original SUN-
RED program [P.2], [P.11] 

 
My publications connecting to thesis 1: [P.2], [P.7], [P.8], [P.9], [P.11], 
[P.17] 
 
Thesis 2 
 
I have extended the successive network reduction method for the solution 
of coupled electrical-thermal problems. 
 

2.1. I have extended the originally scalar field (thermal, electro-
static) solver SUNRED method to be able to handle vector fields. In 
case of electro-thermal simulations the vector field is pseudo-two-
dimensional. One dimension is the electrical field, the other is the 
thermal field. By this structure the successive network reduction 
can be extended to other fields, even to real vector fields (fluid 
dynamics, mechanical). [P.2], [P.6], [P.10], [P.12], [P.15] 

 
2.2. I have developed elementary SUNRED electro-thermal cell 
model based on the electro-thermal Onsager equations. The mod-
el contains temperature-dependent electrical and thermal re-
sistance, heat capacitance, Joule-heating, Seebeck and Peltier-
Thomson effects. Steady-state and transient analysis equally possi-
ble. [P.1], [P.2], [P.6], [P.10], [P.12], [P.15] 
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2.3. I have made a method for the handling of nonlinear thin films 
(e.g. semiconductor junctions) in successive network reduction al-
gorithms. The method maps the characteristic equation (comes 
from e.g. measurement) of the thin film on the elementary cells of 
the model. The method can be applied if the thin film can be re-
garded two-dimensional, which means the case when the current 
parallel with the surface of the layer can be neglected. [P.3], [P.4], 
[P.14] 

 
My publications connecting to thesis 2: [P.1], [P.2], [P.3], [P.4], [P.6], [P.10], 
[P.12], [P.14], [P.15] 

 
3D SUNRED elementary cell of electro-thermal field (a) electrical field (b) thermal field. 

 
Thesis 3 
 
I have created new methods for the solution of some problems by simula-
tion which appeared during the thermal investigation of lighting purpose 
OLEDs (Organic LEDs)  
 

3.1. I have applied the successive network reduction method for 
electro-thermal simulation of OLEDs that contain semiconductor 
junction, described by power function. I have validated the elec-
tro-thermal simulation by comparing measured and simulated re-
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sults of different sized OLED samples. [P.3], [P.4], [P.13], [P.14], 
[P.16] 

 
3.2. I have extended the successive network reduction method to 
be able to calculate the electric current and temperature de-
pendent radiated power and light flux of semiconductor junc-
tions. I have made possible more accurate thermal modelling of 
the devices by the automatic subtraction of the radiated power 
from the dissipated power of the junction. [P.4], [P.5], [P.15] 

 
3.3. I have identified, and I have proved by simulation also that 
the failure which appears on the lighting surface of the turned on 
OLEDs as a dark spot and which causes the total failure of the de-
vice in some minutes, is the result of thermal runaway. [P.5], 
[P.15], [P.16] 

 
My publications connecting to thesis 3: [P.3], [P.4], [P.5], [P.13], [P.14], 
[P.15], [P.16]  

APPLICATION OF THE RESULTS 

The presented successive network reduction based simulator is or was 

applied in several presently running or already closed international re-

search projects: 

 Fast2Light EU Framework-7 project [7], 2007-11: Thermal behav-

iour and light distribution homogeneity investigation, optimal 

shunting grid design in the transparent layer of organic LEDs by 

electro-thermal and radiometric simulation. The devices can be on 

rigid or flexible substrate. Partners e.g.: Philips, Agfa. 

 SE2A (Nanoelectronics for Safe, Fuel Efficient and Environment 

Friendly Automotive Solutions) ENIAC Joint Undertaking project 

[14], 2009-12: automotive sensors, power circuits, large scale inte-

grated device electro-thermal simulation. Partners e.g.: MTA MFA, 

Volvo Technology. 
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 JEMSIP_3D (Joint Equipment & Materials for System-in-Package 

and 3D Integration) ENIAC Joint Undertaking project [15], 2009-12: 

System-in-package investigations, multiple heat sources in the 

package, and thermal compact models for multiple heat source 

packages. Partners pl.: Infineon, Optronic. 

 THERMINATOR (Modeling, Control and Management of Thermal 

Effects in Electronic Circuits of the Future) EU Framework-7 project 

[16], 2010-12: SUNRED module does the thermal simulations in a 

logi-thermal simulator which is a part of a digital IC design tool. 

Partners pl.: STMicroelectronics, Fraunhofer. 

The algorithms of the simulator provide thermal, steady-stat electric, 

electro-thermal simulation with linear and nonlinear material properties 

and model equations, in steady-state or transient mode. In linear case AC, 

Bode and time constant simulation is also available. The THERMINATOR 

project version of SUNRED can handle time-dependent, continuously 

changing input dissipation to calculate the temperature distribution. The 

simulator can be extended by new field types. All of these properties make 

it capable to simulate thermally or electro-thermally of future semiconduc-

tor devices or microsystems during their development.  

The presented investigation results of the acceleration of computa-

tion are useful for the developers of high performance scientific software 

tools; the results can help to choose the appropriate algorithms. The elec-

tro-thermal cell model and the distributed electrical and radiometric mod-

el of nonlinear thin films can be applied in other simulators.  

The method presented in connection with the thermal runaway fail-

ure can help in the investigation of thermal runaway sensitivity of semi-

conductor devices.  
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