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properties depth profile in microelectronic layered structures were presented. A developed com-
putational method was described and results obtained using the method for a thyristor structure 
were presented. 
 
Keywords. Genetic algorithm, inverse problem, microelectronics, thermal properties, layered 
structure 

 
 
1 Introduction 

  
Thermal methods belong to the most important methods of non-destructive 

investigation and testing (NDT). These methods are widely used for detection of 
internal defects and to determine thermal properties of objects. One of the applica-
tions of thermal methods in microelectronics is examination of quality of thermo-
compression in layered structures. Silicon-aluminium-molybdenum structures used 
in manufacturing of high power thyristors are an example of such objects. 

One of the most interesting challenges in the area of thermal investigations is 
determination of thermal properties depth profile. Such a problem consists in deter-
mination of thermal properties of an examined object basing on measurement results 
of a temperature response for known energetic excitation (so called inverse prob-
lem). The inverse problem is a multi-parametric global optimisation task. This task 
consists in searching for parameters of a thermal model, which are in the best 
agreement with parameters of an examined object. Even in the case of a one-
dimensional modelling, thermal models of examined objects are relatively complex 
and they are described using functions of many variables. In such a case, classical 
methods of optimisation (analytical and numerical ones) are ineffective. Therefore, 
it is advisable to use computing techniques based on artificial intelligence methods. 



16 Arsoba R., Suszyński Z.  

Systemy i technologie informacyjne 

A review of achievements in the area of solving the inverse problem leads to 
a conclusion, that nowadays there is no any effective, commonly acknowledged and 
used method of thermal properties depth profiling in layered structures. Proposed 
methods are the following: a Fourier analysis [1], a TWBS method (thermal wave 
back scattering) [2], methods based on artificial neural networks (ANN) [3]. How-
ever, all these methods permit to determine thermal properties with the presence of 
significant constraints. A necessity of training a neural network after making any 
modifications in a model of an object or after making any changes in a range of 
model’s parameters is a very important disadvantage of usage of neural networks. 
Moreover, application of neural networks requires usage of a set of representative 
training data. 

An alternative approach to solving the problem of thermal properties depth 
profiling can be usage of genetic (GA) and evolutionary algorithms (EA) [4, 5]. 
However, the problem was not fully and unequivocally solved, and it remains actual. 
Application of the GA has significant advantages in relation to usage of ANNs. 
These are the following: no need for long lasting training, universality, and possibil-
ity to use the same method based on the GA for various objects. 
 
2 A method to determine thermal properties 

 
The method to determine thermal properties of layers in a structure is an im-

portant extension of the method presented in [5]. It consists of the following stages: 
a) Measurements of an amplitude and a phase of a temperature response in 

areas of a structure (a photoacoustic method with harmonic excitation 
[6, 7]). 

b) Determination of an amplitude (AC) and a phase (PhC) temperature con-
trast characteristics [6, 7] in analysed areas of the structure. 

c) Thermal modelling of the structure [7]. 
d) Determination of values of thermal and geometrical parameters for par-

ticular layers in examined structure, using the GA. 
The main stage of the method is a procedure of fitting theoretical characteris-

tics of the model and measurement characteristics of the examined structure. Match-
ing of these characteristics leads to determination of parameters of the model, which 
are in the best agreement with properties of the examined object. 
 
3 A thermal model of layered structure 

 
In order to determine the temperature response of an object, a one-

dimensional thermal model of layered structure for harmonic excitation was applied 
[7]. The model is based on an analogy of thermal and electric processes. In the 
thermal model, a heat flux excited by a source of optical power P is equivalent for 
current source intensity I, and a temperature response Θfront is equivalent for voltage 
U. The structure is described in the model with the help of the transmission line 
matrix TLM [7] and the node matrix of thermal admittances [7]. 
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Figure 3.1. One-dimensional TLM–T thermal model of the thyristor structure 
 

Each layer of the structure is represented by TLM-Π or equivalent TLM-T 
four-terminal network. Series connection of four-terminal networks forms the model 
of the structure. The one-dimensional TLM–T thermal model of the thyristor struc-
ture is presented in fig. 3.1. 

In computations, it is possible to apply algorithms well known from theory of 
electrical circuits. The temperature response Θfront for harmonic excitation with de-
tection of the temperature on the front surface of the structure of n layers can be 
determined using the following equations [7]: 
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 – power of harmonic energetic excitation (complex value), n – number of 
layers in the structure, i – layer number, Zin

(i) – input thermal impedance of layer i, 
which is loaded by thermal impedance of the next layer i+1 . In equations (1), for the 
last thermally thick substrate layer, it is assumed that Zin

(n) = ZC
(n). Values of ele-

ments z11
(i) and z12

(i) of impedance matrix of Z-type are described by formulas (2). 
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Characteristic impedance ZC and operator of propagation Γ are described by equa-
tions (3), where i – layer number, ε – thermal effusivity, α – thermal diffusivity, d –
 thickness of a layer, S – area of excitation, ω – angular frequency. 
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Figure 3.2. Analysed models of objects: a) area of the thyristor structure of good quality  

of thermocompression, b) delamination area of the thyristor structure,  
c) external reference object 

 
Models of the thyristor structure for an area of good quality of thermocompression 
(“normal” area, fig. 3.2a), a delamination (fig. 3.2b) and a model of a reference area 
placed on an external object (fig. 3.2c) were considered. 
 
4 Application of the GA 
 
4.1 Representation of layered structure in the GA 

 
Layered structure is represented by the one-dimensional thermal model. As a 

result of analysis of the model and taking into consideration features of propagation 
of thermal waves in layered structure, the following independent variables for each 
layer were defined: a quotient of thickness and square root of thermal diffusivity 
diαi

–0.5 (dpai), a quotient of thermal effusivity of adherent layers εi+1/εi (epsi+1, i). A 
quotient of surface absorption of optical radiation coefficients for surface layers of 
the examined structure and the reference object β1/βref (βrel) was defined. A quotient 
of effusivities of surface layers of the examined structure and the reference object 
ε1/εref was also defined. Finally, number of independent variables equals 2n+2 
(where n is number of layers). 

 
4.2 Coding of independent variables in a chromosome 
  
 The model of the structure, described by independent variables (see p. 4.1) is 
represented in the GA by a chromosome (fig. 4.1, where n – number of layers). 
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Figure 4.1. General chromosome that represents a thermal model of a structure in the GA 
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Figure 4.2. Chromosome that represents a thermal model of an example area of the structure 
 
A model of an area of good quality of thermocompression (fig. 3.2a) is described by 
10 independent variables (fig. 4.2), and a model of an area of inhomogeneity 
(fig. 3.2b) is described by 12 variables. A real number representation of genes was 
applied (so called genetic algorithm with floating point representation). 

 
4.3 An objective function 

 
The objective function F was defined as a sum of normalized mean square er-

rors between characteristic of the model and measured characteristic of the exam-
ined object for particular frequencies of harmonic excitation. The function F is de-
scribed by equation (4), where i – layer number, k – index of frequency of excita-
tion, N – number of frequencies, δAC, δPhC – normalised values of mean square errors 
for amplitude (5a) and phase (5b) contrast characteristics. 
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Values of errors δAC and δPhC are normalized using division by a difference between 
minimal and maximal values of measured contrast (6a, 6b). 
 

MINMAX measurmeasurmeasur ACACAC −=∆  (6a) 

 
MINMAX measurmeasurmeasur PhCPhCPhC −=∆  (6b) 

Such normalisation permits to compare and sum errors of different order of magni-
tude. The aim of the GA was to minimize the objective function F (4). 
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4.4 A structure and parameters of the GA 
 
A flow chart of computations is presented in fig. 4.3. An initial population 

was created randomly. Non-linear ranking selection [8] with selection thrust coeffi-
cient q = 0.25 and elitist model [8] was used. Arithmetic crossover [8] with probabil-
ity pc = 0.8 was used. The crossover consisted in crossing-over genes that represent 
the same independent variables. Single-point uniform mutation [8] with probability 
pm = 0.1 was used. The mutation consisted in random determination of a new value 
for randomly selected independent variable. The size of population was npop = 100 
chromosomes, and the number of generations (iterations of the GA) was 500. 
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Figure 4.3. Flow chart of computations 
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Figure 4.4. Convergence of the GA in example runs of the algorithm 
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Computations were repeated 100 times for each examined area of the structure, in 
order to eliminate convergence of the GA to a relative extremum. Values of inde-
pendent variables averaged for 10% of the best results were taken as a result. Pa-
rameters of the GA were chosen experimentally basing on observation of the GA 
convergence (fig. 4.4). 
 
4.5 Input data 

 
Thermal wave images of the thyristor structure for different frequencies of 

excitation (fig. 4.5) were acquired using a photoacoustic microscope [6, 7]. Areas of 
prospective defects D1, D2, D3 (fig. 4.6) were chosen for detailed analysis. Several 
areas of very small contrast (close to zero) in relation to the background (”normal” 
areas N, N1) were chosen as well. In all these areas, values of the amplitude and the 
phase of the temperature response were averaged in order to minimize an influence 
of random measurement errors. 
 

     
Amplitude images 

 

     
Phase images 
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Figure 4.5. Images of examined thyristor structure 
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Figure 4.6. Analysed areas of the thyristor structure 
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Figure 4.7. Temperature contrast characteristics: the amplitude contrast AC and the phase 
contrast PhC 

 
Next, characteristics of the amplitude (AC) and the phase (PhC) temperature contrast 
in frequency domain were determined for each area considered. These characteris-
tics (fig. 4.7) are the input data for the GA. 
 
5 Results 
 
5.1 Parameters chosen for computations 

 
Values of thermal properties of materials [7, 9] were chosen for computations 

(table 5.1). These properties were the following: thermal conductivity λ, density of 
material ρ, specific heat c. They were used to determine thermal diffusivity α and 
thermal effusivity ε using formulas (7). 
 

 
cρ

λα =  cρλε =  (7) 

 
Next, boundary values of parameters of particular layers in the thyristor structure 
were computed (table 5.2). Thickness’ of layers d were assumed according to the 
data taken from the manufacturer, with a certain tolerance. 
 

Table 5.1. Nominal values of thermal properties of materials 
 

Material 
λ 

W⋅m–1⋅K–1 
ρ 

kg⋅m–3 
c 

J⋅kg–1⋅K–1 
α ⋅ 10–6 
m2⋅s–1 

ε 
W⋅s0.5⋅m–2⋅K–1 

silicon (Si) average 125 2330 678 80.0 14000 
aluminium (Al) 237 2700 902.5 97.3 24025 
molybdenum (Mo) 138 10250 250.2 53.8 18812 
air 0.026 1.205 1005.0 21.4 5.6 
glass 1.1 2500 700.0 0.63 1387 

AC, % PhC, deg 

f, Hz f, Hz 

N 

N 
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Table 5.2. Boundary values of parameters of layers in the thyristor structure 
 

 
Layer 

d ⋅ 10–6, m α ⋅ 10–6, m2⋅s–1 ε, W⋅s0.5⋅m–2⋅K–1 
dmin dmax αmin αmax εmin εmax 

1 silicon (subsurface) 0.001 20 10 120 4000 18000 
2 silicon (internal) 300 400 60 120 12000 18000 
3 eutectic Si–Al 40 100 10 100 1000 18000 
4 delamination (air) 0.01 1 10 100 5 18000 
5 molybdenum 1200 1200 30 60 14000 19500 

 
It was assumed, that the reference object (fig. 3.2c) is thermally thick, and effusivity 
of glass is 1200÷1500 W⋅s0.5⋅m–2⋅K–1. Using data from table 5.2, boundary values of 
variables dpai (diαi

–0.5) and epsi+1, i (εi+1/εi) were computed using equations (8a) and 
(8b). 
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The quotient of optical radiation absorption coefficients βrel∈<0, 10> was assumed. 
 
5.2 Analysis of thermal properties 

 
Obtained results of the fitting procedure for characteristics of the model 

(solid line) and measured characteristics for D1 area (fig. 4.6) are presented in 
fig. 5.1. A method for determination of parameters of layers in the thyristor structure 
(fig. 5.2) will be demonstrated using an example model of four-layer structure that 
represents ”normal” area N1 (fig. 3.2a) and using an example model of five-layer 
structure that represents areas of defects D1, D2, D3 (fig. 3.2b). 
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Figure 5.1. Results of the fitting procedure for D1 area 
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Figure 5.2. Algorithm for computation of parameters of layers 
 
It was assumed, that thermal effusivity ε is the quantity for determination of other 
properties. It was also assumed, that thermal effusivity of silicon is known 
(ε2 = 14000 Ws0.5m–2K–1). Thermal effusivities of other layers were computed bas-
ing on quotients εi+1/εi using formulas (9b).  
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For silicon and molybdenum layers, it was assumed, that thermal capacity Cth = ρc is 
constant and known. For these layers, computations were performed using the pro-
cedure shown in fig. 5.2. Unfortunately, condition Cth = const is not satisfied for 
delamination and eutectic. Therefore, it is not possible to determine other parameters 
of these layers except thermal effusivity ε. Using the procedure in fig. 5.2 and bas-
ing on values of independent variables determined by the GA, parameters of layers 
of the thyristor structure (table 5.3) were computed in considered areas (fig. 4.6). 
 

Table 5.3. Averaging values of parameters of selected areas in the structure 
 

Layer 
Thermal effusivity ε 

W⋅s0.5⋅m–2⋅K–1 
Thermal conductivity λ 

W⋅m–1⋅K–1 
D1 D2 D3 N1 D1 D2 D3 N1 

silicon subsurface 7952 8623 7442 8017 43.0 51.1 37.4 45.0 
silicon internal 14000 14000 14000 14000 124.1 124.1 124.1 124.1 
eutectic Si–Al 5895 6903 6742 4988     
delamination 77 74 79      
molybdenum 15203 16040 13793 15109 90.1 100.3 74.2 89.0 

 

Layer 
Thermal diffusivity α ⋅ 10–6 

m2⋅s–1 
Thickness d 

µm 
D1 D2 D3 N1 D1 D2 D3 N1 

silicon (subsurface) 27.2 32.4 23.7 28.5 9 7 4 6 
silicon (internal) 78.5 78.5 78.5 78.5 307 326 313 395 
molybdenum 35.1 39.1 28.9 34.7     

 
Basing on values of thermal effusivities ε (table 5.3), a reflection ratio of the thermal 
wave between particular layers was computed. The reflection ratio of the thermal 
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wave r21 between a layer 1 and a layer 2 can be defined using equation (10), where 
ε1 and ε2 are thermal effusivities of adjacent layers. 
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The value r = 1 indicates that total reflection of the thermal wave takes place. Ob-
tained results (table 5.4) confirm that internal defects exist in examined thyristor 
structure between eutectic and molybdenum layers. Values of the reflection ratio 
close to 1 indicate that these defects are probably voids or delaminations. 
 

Table 5.4. Averaging values of the reflection ratio of the thermal wave 
 

 Interface 
Reflection ratio of the thermal wave r 
D1 D2 D3 N1 

r21 subsurface−internal silicon 0.29 0.24 0.32 0.29 
r32 internal silicon−eutectic 0.46 0.44 0.47 0.48 
r43 eutectic−delamination 0.95 0.96 0.95 

0.51 
r54 delamination−molybdenum 0.99 0.99 0.99 
r65 molybdenum−substrate 0.97 0.74 0.97 0.57 

 
The most important conclusions from analysis of obtained results are the following: 

a) There is a subsurface layer of silicon in the thyristor structure (thickness d 
4÷9 µm) of worse thermal properties than internal silicon. 

b) It was confirmed, that thermal effusivity ε of silicon–aluminium eutectic 
is smaller than both silicon and aluminium effusivity. 

c) Very small effusivity of a layer between eutectic and molybdenum indi-
cates, that this layer is delamination or highly non-uniform eutectic with 
defects. 

d) It was found, that effusivity ε of molybdenum is smaller than typical 
value for this metal (thermal conductivity λ is 1.5 times smaller than the 
nominal). 

The value of thermal effusivity of internal silicon ε2 was taken as a radix 
value to determine effusivities of other layers and to compute other properties. 
Therefore, it should be underlined, that in the method proposed, it is very important 
to properly measure and assume thermal effusivity of silicon. 

In order to verify obtained results destructive investigations of the thyristor 
structure were performed. Imaging areas D1, D2, D3 using a scanning electron mi-
croscope showed that these areas are delaminations. 
 

 
 



26 Arsoba R., Suszyński Z.  

Systemy i technologie informacyjne 

6 Conclusions 
 
The new method of determination of thermal properties depth profile in lay-

ered structures was presented. The method is based on fitting theoretical characteris-
tics of the thermal model and measured characteristics of the examined object. The 
procedure of fitting is performed using the GA. Obtained results permit to analyse 
thermal properties of each layer in detail. The method can be applied for investiga-
tion of thermal properties of various layered structures. 
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