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Abstract. In the paper, possibilities of application of gemelgorithms to determine thermal
properties depth profile in microelectronic layestdictures were presented. A developed com-
putational method was described and results olstaiseng the method for a thyristor structure
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1 Introduction

Thermal methods belong to the most important methafdnon-destructive
investigation and testing (NDT). These methods widely used for detection of
internal defects and to determine thermal propeuieobjects. One of the applica-
tions of thermal methods in microelectronics israation of quality of thermo-
compression in layered structures. Silicon-alumirimolybdenum structures used
in manufacturing of high power thyristors are aaraple of such objects.

One of the most interesting challenges in the af¢hermal investigations is
determination of thermal properties depth prof8ech a problem consists in deter-
mination of thermal properties of an examined obEsing on measurement results
of a temperature response for known energetic aiait (so callednverse prob-
lem). The inverse problem is a multi-parametric globatimisation task. This task
consists in searching for parameters of a thermadlaly which are in the best
agreement with parameters of an examined objectnEm the case of a one-
dimensional modelling, thermal models of examinegects are relatively complex
and they are described using functions of manyabées. In such a case, classical
methods of optimisation (analytical and numerica¢®) are ineffective. Therefore,
it is advisable to use computing techniques baseariificial intelligence methods.
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A review of achievements in the area of solvingitherse problem leads to
a conclusion, that nowadays there is no any effeciommonly acknowledged and
used method of thermal properties depth profilingayered structures. Proposed
methods are the following: a Fourier analysis H[TWBS methodthermal wave
back scatteringy[2], methods based on artificial neural netwof&sIN) [3]. How-
ever, all these methods permit to determine thepr@berties with the presence of
significant constraints. A necessity of traininghveural network after making any
modifications in a model of an object or after nmgkiany changes in a range of
model’s parameters is a very important disadvantfgesage of neural networks.
Moreover, application of neural networks requireage of a set of representative
training data.

An alternative approach to solving the problemtsrinal properties depth
profiling can be usage of genetic (GA) and evohaiy algorithms (EA) [4, 5].
However, the problem was not fully and unequivgcadllved, and it remains actual.
Application of the GA has significant advantagesrétation to usage of ANNS.
These are the following: no need for long lastiragning, universality, and possibil-
ity to use the same method based on the GA foouarmbjects.

2 A method to determine thermal properties

The method to determine thermal properties of \yera structure is an im-
portant extension of the method presented in {Sjohsists of the following stages:

a) Measurements of an amplitude and a phase of a tatmpe response in

areas of a structure (a photoacoustic method wéthmbnic excitation
6. 7]).

b) Determination of an amplitudC) and a phasdPhC) temperature con-

trast characteristics [6, 7] in analysed areas@ftructure.

¢) Thermal modelling of the structure [7].

d) Determination of values of thermal and geometrjzmlameters for par-

ticular layers in examined structure, using the GA.

The main stage of the method is a procedure afditheoretical characteris-
tics of the model and measurement characteristittseecexamined structure. Match-
ing of these characteristics leads to determinaifgqparameters of the model, which
are in the best agreement with properties of tlzenéixed object.

3 A thermal model of layered structure

In order to determine the temperature response rofobject, a one-
dimensional thermal model of layered structurelfarmonic excitation was applied
[7]. The model is based on an analogy of therma aelectric processes. In the
thermal model, a heat flux excited by a sourcepiical powerP is equivalent for
current source intensity and a temperature respor®g, is equivalent for voltage
U. The structure is described in the model with liedp of the transmission line
matrix TLM [7] and the node matrix of thermal adtaiices [7].
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Figure 3.1. One-dimensional TLM-T thermal model of the thyisstructure

Each layer of the structure is represented by T\My equivalent TLM-T
four-terminal network. Series connection of foumtaal networks forms the model
of the structure. The one-dimensional TLM-T thermmaldel of the thyristor struc-
ture is presented in fig. 3.1.

In computations, it is possible to apply algorithwedl known from theory of
electrical circuits. The temperature respofgg,, for harmonic excitation with de-
tection of the temperature on the front surfacehef structure oh layers can be
determined using the following equations [7]:

- i) \?
-p7 ig,z ,,,,, n) Zi(ri) — Zl(ll) _ (212) (1)

(i) (i+1)
Zil + Zin

S}

front

where P — power of harmonic energetic excitation (complatue),n — number of

layers in the structuré — layer numberz," — input thermal impedance of layier

which is loaded by thermal impedance of the nepgda-1. In equations (1), for the
last thermally thick substrate layer, it is assunteat Z,,"" = Z.". Values of ele-

mentsz ¥ andz," of impedance matrix of Z-type are described byrialas (2).

0
0 = 7 Coshr W-z0__ 1 )
AL T 5 Ginhr® 22 = 5¢ Ginhr ®

Characteristic impedanc&: and operator of propagationare described by equa-
tions (3), wheré — layer numberg — thermal effusivitya — thermal diffusivity,d —
thickness of a layef — area of excitatioryp— angular frequency.
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Figure 3.2. Analysed models of objects: a) area of the thyristaucture of good quality
of thermocompression, b) delamination area ofilgedtor structure,
c¢) external reference object

Models of the thyristor structure for an area obdj@uality of thermocompression
(“normal area, fig. 3.2a), a delamination (fig. 3.2b) anchodel of a reference area
placed on an external object (fig. 3.2c) were abersd.

4  Application of the GA

4.1 Representation of layered structurein the GA

Layered structure is represented by the one-dirmeakthermal model. As a
result of analysis of the model and taking intosidaeration features of propagation
of thermal waves in layered structure, the follogvindependent variables for each
layer were defined: a quotient of thickness andasguoot of thermal diffusivity
dio%° (dpa), a quotient of thermal effusivity of adherentdaye;. /i (eps1 i) A
quotient of surface absorption of optical radiataefficients for surface layers of
the examined structure and the reference olfigffes (Bre) Was defined. A quotient
of effusivities of surface layers of the examinédicture and the reference object
€i/€es Was also defined. Finally, number of independeatiables equals 32
(wheren is number of layers).

4.2 Coding of independent variablesin a chromosome

The model of the structure, described by independariables (see p. 4.1) is
represented in the GA by a chromosome (fig. 4.reth— number of layers).

1 gene gene  gene  gene  gene
gene genen T 1 2n-1 2n 2n+1  2n+2
dl dn £ &, Esub i A

zz ..
\ al \/ an ‘91 gn -1 & n Eref 'Brer
N—

'\ J
Y Yo ]
an examined area a reference object
Figure4.1. General chromosome that represents a thermal mbdedtructure in the GA
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Figure 4.2. Chromosome that represents a thermal model oxamg@e area of the structure

A model of an area of good quality of thermocompi@s (fig. 3.2a) is described by
10 independent variables (fig. 4.2), and a modelanf area of inhomogeneity
(fig. 3.2b) is described by 12 variables. A reainer representation of genes was
applied (so called genetic algorithm with floatipgint representation).

4.3 An objective function

The objective functiofr was defined as a sum of normalized mean square er-
rors between characteristic of the model and medsaharacteristic of the exam-
ined object for particular frequencies of harmoecitation. The functiorfr is de-
scribed by equation (4), where- layer numberk — index of frequency of excita-
tion, N — number of frequencie§,c, dpnc— Normalised values of mean square errors
for amplitude (5a) and phase (5b) contrast chaniatitss.

d &, & B 4
F=f| % &a & A |\_5 .5 4)
{\/;. gi Eref ﬂref] he e
S = i ( ACkmodeI B ACk measurj2 (Sa)
A k=1 AAcmeasur
v Phckmo el Phqmeasur i
b *
k=1 easur

Values of errord,c anddpnc are normalized using division by a difference hesw
minimal and maximal values of measured contrast@ba

AACeasr = ACneasun,. ~ ACheasun. (6a)
DPNG, e = PhCroasir.. =~ PNCacur,. (6b)

Such normalisation permits to compare and sum ®wbdifferent order of magni-
tude. The aim of the GA was to minimize the objexfunctionF (4).
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4.4 A structure and parameters of the GA

A flow chart of computations is presented in fig8.4An initial population
was created randomly. Non-linear ranking selecf8jrwith selection thrust coeffi-
cientq = 0.25 and elitist model [8] was used. Arithmetiossover [8] with probabil-
ity p. = 0.8 was used. The crossover consisted in crpssiar genes that represent
the same independent variables. Single-point umiforutation [8] with probability
pm = 0.1 was used. The mutation consisted in randetarchination of a new value
for randomly selected independent variable. The sizpopulation wa#i,,, = 100
chromosomes, and the number of generations (ibestf the GA) was 500.

START
Initial population
(random) \/al ‘Ei gref lBref
v Chromosome
modeling n —number of layers
Computation of
chromosome AC and PhC

For each
Evaluation of Measurement results
chromosome (AC, PhC)

d; Eiv & B,

Fitness error less
then required value

RESULT: |
: Bestchromosome
Selection | (thermal model)
Crossover d| Ein £, /3’1
Mutation la; &; E et ﬂref
A 4
( STOP )
Figure 4.3. Flow chart of computations
Fitness error Fitness error
4
4
3 3
2 2
1 1
o 0
o 100 200 o 100 200 300 400 500
population number population number

Figure 4.4. Convergence of the GA in example runs of the #igor
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Computations were repeated 100 times for each ewirarea of the structure, in
order to eliminate convergence of the GA to a nataextremum. Values of inde-

pendent variables averaged for 10% of the besitsesere taken as a result. Pa-
rameters of the GA were chosen experimentally lgasim observation of the GA

convergence (fig. 4.4).

45 Input data

Thermal wave images of the thyristor structure didferent frequencies of
excitation (fig. 4.5) were acquired using a photaestic microscope [6, 7]. Areas of
prospective defect®1, D2, D3 (fig. 4.6) were chosen for detailed analysis. $alve
areas of very small contrast (close to zero) iatieh to the background rformal
aread\, N1) were chosen as well. In all these areas, valtdsecamplitude and the
phase of the temperature response were averaggdento minimize an influence
of random measurement errors.

Amplitude images

QOO

Phase images
57 Hz 106 Hz 198 Hz 370 Hz
Figure 4.5. Images of examined thyristor structure

Figure 4.6. Analysed areas of the thyristor structure
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Figure 4.7. Temperature contrast characteristics: the amg@itihtrasAC and the phase
contrastPhC

Next, characteristics of the amplitudeQ) and the phasd>fC) temperature contrast
in frequency domain were determined for each amewidered. These characteris-
tics (fig. 4.7) are the input data for the GA.

5 Reaults

5.1 Parameterschosen for computations

Values of thermal properties of materials [7, 9tevehosen for computations
(table 5.1). These properties were the followitggrinal conductivityA, density of
materialp, specific heat. They were used to determine thermal diffusivitynd
thermal effusivitye using formulas (7).

”zél e=JApc (7)

Next, boundary values of parameters of particidgets in the thyristor structure
were computed (table 5.2). Thickness’ of layeraiere assumed according to the
data taken from the manufacturer, with a certaierémce.

Table5.1. Nominal values of thermal properties of materials

A p c al10°® £
Material WK kgl JRg'K? | @t | wEmTIK!
silicon (Si) average 12b 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
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Table 5.2. Boundary values of parameters of layers in theigtor structure

di1o% m a [10° nfis® g, WIS m2K?
Layer d d

Imin Imax A min Uma> Emin Emax
1 | silicon (subsurface) 0.001 20 10 120 4000 18000
2 | silicon (internal) 30( 400 60 120| 12000 18000
3 | eutectic Si-Al 44 100 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 (figc)d2thermally thick, and effusivity
of glass is 12061500 W= K. Using data from table 5.2, boundary values of
variablesdpa (diai‘°'5) andeps., i (€+1/€;) were computed using equations (8a) and
(8b).

i 0 di min ’ di max (8a)
\/;i \/ ai max \[ai min

£i+1D Ei+1min €i+1max 51 0 glmin Elmax (8b)
£ & . & £ £ '€

i i max imin ref ref max ref min

The quotient of optical radiation absorption caséfntsp,e1<0, 10> was assumed.

5.2 Analysisof thermal properties

Obtained results of the fitting procedure for clesedstics of the model
(solid line) and measured characteristics Bk area (fig. 4.6) are presented in
fig. 5.1. A method for determination of parameteftayers in the thyristor structure
(fig. 5.2) will be demonstrated using an exampledeiof four-layer structure that
representsriormal’ areaN1 (fig. 3.2a) and using an example model of fiveelay
structure that represents areas of defedt<D2, D3 (fig. 3.2b).

Amplitude contrast AC, % ® measurement Phase contrast PhC, deg ® measurement
' — model — model
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Figure5.1. Results of the fitting procedure fbxl area
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Figure 5.2 Algorithm for computation of parametersof layers

It was assumed, that thermal effusivitys the quantity for determination of other
properties. It was also assumed, that thermal igffusof silicon is known
(e, = 14000 W8 mK™). Thermal effusivities of other layers were congulibas-
ing on quotients;.,/€; using formulas (9b).

g=—tm (92)
epPS.;
&, = gepl &, = £,ep82 £, = £,epA3 (9b)

For silicon and molybdenum layers, it was assurttead,thermal capacit§, = pc is
constant and known. For these layers, computati@re performed using the pro-
cedure shown in fig. 5.2. Unfortunately, conditi®g, = constis not satisfied for
delamination and eutectic. Therefore, it is notgilue to determine other parameters
of these layers except thermal effusivityUsing the procedure in fig. 5.2 and bas-
ing on values of independent variables determinethe GA, parameters of layers
of the thyristor structure (table 5.3) were comguteconsidered areas (fig. 4.6).

Table 5.3. Averaging values of parameters of selected arettsistructure

Thermal effusivitye Thermal conductivity\
Layer WE 2K WK™
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 15208 16040| 13793| 15109| 90.1] 100.3| 74.2] 89.0
Thermal diffusivitya [ 10° Thicknesd
Layer m’s? um
D1 D2 D3 N1 D1 D2 D3 N1
silicon (subsurface) 272 32.4| 23.7| 285 9 7 4 6
silicon (internal) 78.5| 785| 785| 78.5| 307 326| 313| 395
molybdenum 35.1 39.1| 28.9| 347

Basing on values of thermal effusivitiegtable 5.3), a reflection ratio of the thermal
wave between particular layers was computed. Tfiect®n ratio of the thermal
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waver,; between a layer 1 and a layer 2 can be definewjwesjuation (10), where
€1 andg; are thermal effusivities of adjacent layers.

L=laal | 4 (10)
€1+£2 1+i
gl

The valuer = 1 indicates that total reflection of the thermalve takes place. Ob-
tained results (table 5.4) confirm that internafedés exist in examined thyristor
structure between eutectic and molybdenum layeedués of the reflection ratio
close to 1 indicate that these defects are probatitis or delaminations.

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

Interface Reflection ratio of the thermal wave

D1 D2 D3 N1
r,1 | subsurfaceinternal silicon 0.29 0.24 0.32 0.29
r3; | internal silicor-eutectic 0.46 0.44 0.47 0.48
r43 | eutectie-delamination 0.95 0.96 0.95 051

rs4 | delaminatioarmolybdenum 0.99 0.99 0.99 )
fez | molybdenumsubstrate 0.97 0.74 0.97 0.57

The most important conclusions from analysis oaotgd results are the following:

a) There is a subsurface layer of silicon in the thtgni structure (thickness
4+9 um) of worse thermal properties than internal silico

b) It was confirmed, that thermal effusivityof silicon—aluminium eutectic
is smaller than both silicon and aluminium effusivi

c) Very small effusivity of a layer between eutectitdamolybdenum indi-
cates, that this layer is delamination or highlynmiform eutectic with
defects.

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

The value of thermal effusivity of internal silicaa was taken as a radix
value to determine effusivities of other layers andcompute other properties.
Therefore, it should be underlined, that in thehmdtproposed, it is very important
to properly measure and assume thermal effusivigfioon.

In order to verify obtained results destructivedstigations of the thyristor
structure were performed. Imaging ar&fs D2, D3using a scanning electron mi-
croscope showed that these areas are delaminations.

Studia Informatica 1(10)2008
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6 Conclusions

The new method of determination of thermal propsrtiepth profile in lay-
ered structures was presented. The method is loesBiting theoretical characteris-
tics of the thermal model and measured charadterief the examined object. The
procedure of fitting is performed using the GA. &bed results permit to analyse
thermal properties of each layer in detail. Thehmndtcan be applied for investiga-
tion of thermal properties of various layered stuues.
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