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Abstract

In this paper a methodology is presented to correct the sys-
tematic error of structure function based therma material pa-
rameter measuring methods. This error stems from the fact
that it is practically impossible to avoid parallel heat-flow
paths in case of forced one-dimensional heat conduction.

With the presented method we show how to subtract the
effect of the parallel heat-flow paths from the measured struc-
ture function. With this correction methodology the systematic
error of structure function based thermal material parameter
measuring methods can be practically eliminated.

Application examples demonstrate the accuracy increase
obtained with the use of the method.
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Nomenclature

Cs [Ws/K] cumulative thermal capacitance along a heat-
flow path

d denominator coefficients

G [WIK] thermal conductance

n numerator coefficients

R [K/W] thermal resistance

Rs [K/W] cumulative thermal resistance along a heat-
flow path

s [ld jw: complex frequency

t [9 time-constant

z [] logarithmic time, t = exp(2)

Z [K/W] thermal impedance

1. Introduction

The structure function based evaluation of the therma
transient response functions 1 opened new avenues in the
thermal transient testing of microelectronics structures. With
the help of the structure functions die attach failures of pack-
ages can be determined [2], and they can be used to determine
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partial thermal resistances in a heat-flow path [3]. The struc-
ture functions can be obtained by direct mathematical trans-
formations from the measured or ssimulated thermal transient
response functions of the system. For a more detailed intro-
duction to structure functions see [8] in this volume.

Several methods have been developed to measure thermal
material parameters, based on the structure function evaluation
[4]. In these measurements it is exploited that the values of the
structure functions and their slopes depend, among others, on
material parameters. If we know the geometric parameters we
can determine from the structure functions the material pa-
rameters from fast and simple thermal transient measurements.

The structure functions are one-dimensional representa-
tions of the heat-flow path. One dimensional heat-flow can be
forced in most of the practical cases in order to facilitate the
structure function evaluation, but there is aways a certain er-
ror in these measurements. This stems from the fact that there
is always a certain amount of parasitic heat-flow, that is mov-
ing in other directions than the considered one dimension.

In this paper we present a procedure that can be used to
consider the parasitic heat-flow that is always present in the
case of structure function evaluation based measurement
methods, and enables correcting the measured results.

2. A procedureto correct theregular error of structure
function based thermal measur ement evaluation

2.1. Thesourceof theregular error

The common feature of the structure function based mate-
rial parameter measuring methods is that one dimensiona
heat-flow is forced in the examined structure, by the applica-
tion of appropriate boundary conditions. Heat is switched on
at the t=0 time instant at a spot in the structure, and from that
on the temperature of the same spot is recorded as the function
of time, until steady state is reached. From the measured tran-
sient curves the structure functions are determined by direct
mathematical transformations.[5]

As it was mentioned in the introduction, besides the main
heat-flow path, where we force the one dimensional heat-flow,
there are always more or less important parallel heat-flow
paths where a part of the heat is lost. This lost heat is respon-
sible for the error of the measurements. This lost heat is shown
in Figure 1.
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2.2. A procedurethat can correct theregular error of
structure function based material parameter meas-
urements

A simplified case is discussed first, when the parasitic
heat-flow is considered with a single R thermal resistance
while measuring a Z(s) thermal impedance. This Z(s) imped-
ance is constituted by the "ideal" Z'(s) thermal impedance to
be identified and the thermal impedance of the shunting heat-
flow path.

Main heat-conduction path:
sample to be measured

Heat source

and sensor T __|_ T
Ambient
iz
Ambient

Parasitic heat-conduction path:
fixture, natural convection, etc.

Figure 1: Themain (Z*) and the parallel parasitic (Z,)
heat-flow pathsin case of structure function based ther-
mal material parameter measurements

z
(s) Z%s)

Figure 2:" Ideal" Z (s) thermal impedance to beidentified
together with a shunt thermal resistance R

The measured thermal impedance — described by a Foster-
model derived directly from the time-constant spectrum — can
be written as follows [6]:

2(9=8 —

where R, and t; are the resistance (time-constant magnitude)
and time-constant values of the Foster-stages, respectively,

s=jw, the complex frequency. Rewriting it into a quotient of
two polynomialsyields
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where n; and d; are the coefficients of the numerator and de-
nominator polynomials, respectively. In case of parallel im-
pedances the effect of R can be easily accounted for if the im-
pedances are replaced by their reciprocals:

1 — 1 — i=0 i=0 I —
* TN b N1 T UN-1 -
Z(s) Z(s) R 601 ns 601 ne
i=0 i=0
N-1
a (d - Gn)s' +d,s"
i=0 o (3)
ans

i=0
where G = 1/R. [7] The correction accounting for the effect of
R is to be carried out in the phase of generating the structure
functions, when the thermal impedance is available in the form
as given by formula (2) —that is during the Foster-Cauer trans-
formation of the RC model of the impedance [1]. According to
(3) the following transformations need to be done in the coef-
ficients of the numerator and denominator polynomials:

d =d-Gm if
dy =d,

i=0..N-1
(4)

If the parallel branch is considered with a Zg(s) excess
thermal impedance function, the corrected structure function
may be constructed as follows:

=i (5)

where Z(s) is the excess thermal impedance that is the source
of the error. This is the thermal impedance represented by all
the heat paths outside the measured path.

If the value of Z(s) is known, based on the the analogy of
expression (3) for the purely resistive parasitic heat-flow path,
1/Z’(s) can be represented by

b oot ;0 e ;0

1 ca ds “¢a NyS' - ¢a ns ¢a dejs <
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Z*(S) ayt ot 0
¢a ns¢a ngs'~
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(6)

where d, and n; represent the denominator and numerator coef-
ficients of the measured impedance, while dg and ng represent
those of the thermal impedance function describing the meas-
urement error.
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The procedure to be used in order to eliminate the system-
atic measurement error is now as follows:

1. Measure the transient response of the parasitic heat-flow
path, construct the structure function, or determine the to-
tal steady state thermal conductance of the parasitic path,

2. Measure the transient response of the fixture with the sam-

ple, construct the structure function,

Make the corrections according to Eq.(3) or Eq.(6).

4. If there are severa parasitic heat-flow paths, repeat 1-3 for
each of these.

5. Cdlculate the material parameters from the corrected struc-
ture function.

w

3. Practical implementation of the correction method

3.1. Thecaseof asingle parasitic thermal resistance

In case of a purely resistive parasitic heat-flow path for-
mula (3) isto be used. This formulais simply a slight modifi-
cation of the (2) polynomia representation of the measured
thermal impedance. This representation always used in the
chain of the a(z) ? R(t) ? Foster model ? Cauer model
transformations, needed to obtain the Cs(Rs) cumulative and
the dCs/dRs differential structure functions. After the substitu-
tions given by (4) the standard a(z) ? structure functions
conversion procedure can be used. In the transformation pro-
cedure the Cs or dCs/dRs value at a given Rs value of the nu-
merical representation of the structure functions is directly
obtained from the n; and d; coefficients of the numerator and
denominator polynomials of the thermal impedance function.
These numerator and denominator polynomials are ill-behaved
for any Z(s) thermal impedance.

On one hand, during atypical a(z) ? structure functions
conversion procedure the degree of these polynomias is
around 150. On the other hand their coefficients (the n; and d
values) span over 200-300 orders of magnitude. For this rea-
son the implementations of formulae (2) and (3) need a high
precision arithmetics. The evaluation of formula (2) needs
150-200 decima digits of precision in the mantissa. Since
formula (2) can be well represented with such a high precision
mathematical library, application of the substitutions given by
(4) does not lead to any implementation problem (only the d,
coefficient values are modified).

3.2. Considering a complex parasitic thermal impedance

In expression (6) the products of sums yield polynomials
of N+M-1 and N+M-2 degree. If both the Z(s) measured and
the Z(s) parasitic thermal impedances are accurately repre-
sented, formula (6) results in numerator and denominator
polynomials of a degree of about 300! Even if M is restricted
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to 3..15, the distribution of the magnitudes of the coefficients
in the numerator of (6)is such that the subtraction during the
computer calculations results in false values. This means that
structure function values generated from the numera
tor/denominator coefficients obtained by the direct application
of formula (6) may be uselessly erroneous.

For obtaining the corrected Z'(s) thermal impedance value
according to formula (5), both Z(s) and Z(s) have to be repre-
sented such that no numerical representation problems arise
during calculations. This can be obtained in the complex fre-
guency domain. In the complex frequency domain any Z im-
pedance is represented by a set of an R and a t; values, that
are the resistance (time-constant magnitude) and time-constant
values, as presented in (1):

1 1 1
Z0°f R ¥ R "
a
i=
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By using (7) we can calculate the corrected thermal im-
pedance using standard |EEE 8-byte (double precision) float-
ing point numbers — represented in the complex frequency (s)
domain. Unlike the polynomial representation, the s-domain
description of the corrected thermal impedance can not be
used for the direct generation of the structure functions. Fortu-
nately, there exists another transformation that converts a
thermal impedance given in the complex frequency domain to
the time-constant representation [5]:

R(z)z?pllmZ(s:— exp(- 2)) . 8)

Once we have the time-constant spectrum available, we
can generate the corresponding structure functions as in case
of any other thermal impedance.

Equation (8) suggests that the jw imaginary frequency has
to be replaced only by the s = - exp(- 2) complex frequency,
and then the imaginary part of the calculated complex re-
sponse multiplied by 1/p provides the time-constant spectrum.
In order to avoid poles on the negative real axis in the com-
plex plane the numerical implementation of formula (8) is not
straightforward — for details refer to [5].

The correction procedure in practical implementation is as
follows:

1. Measure the transient response of the parasitic heat-flow
path, construct the structure function, or determine the to-
tal steady state thermal conductance of the parasitic path,

2. Measure the transient response of the fixture with the sam-
ple, construct the structure function,

3. If the effect of the parasitic heat-flow path can be well de-
scribed with alumped thermal resistance,

correct the coefficients of polynomias according to
formula (4)
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and identify the structure function of the corrected
thermal impedance function with the standard proce-
dure, continued from the polynomial representation of
the thermal impedance.
4. If the parasitic heat-flow path is far more complex than a
single, lumped thermal resistance do the following:

. calculate the Z'(s) corrected thermal impedance in the
complex frequency domain with s = - exp(- 2), accord-
ing to EqQ.(7) by using Foster representation of the
measured and parasitic thermal impedances,
convert the Z'(s) function to its time-constant represen-
tation based on Eq.(8), using the numerical procedure
described in[9],
perform the standard structure function generation pro-
cedure starting from the time-constant spectrum repre-
sentation.

5. If there are severa parasitic heat-flow paths, repeat steps

1-4 for each of these.

6. Calculate the material parameters from the corrected struc-
ture function.

4. Application examples

To demonstrate the importance of the correction method
two examples are presented: the application of the correction
in the measurement of the effective thermal conductivity of
printed circuit boards, and in the measurement of small ther-
mal resistance values.

In order to ease understanding the examples, we restrict
ourselves to considering the parasitic heat-flow paths as purely
resistive ones. Examples for subtracting complex heat-flow
paths like elimination of a parasitic DCP4 path from eg. a
DCP1 result of a PROFIT/DELPHI therma transient meas-
urement will be presented elsewhere.

4.1. Example 1: Measuring the effective thermal conduc-
tivity of patterned PCB-s

The measurement of the effective thermal conductivity of
boards is based on the evaluation of the cumulative structure
function. The board to be measured is inserted in afixture that
is based on an isothermal ring (see Figure 3). A transistor in
the heater/sensor head acts both as heater and sensor. This
arrangement assures radial heat-flow in the board between the
tip and the isothermal ring. From the thermal transient of the
heating/sensing transistor captured by the thermal transient
tester equipment the cumulative structure function is derived.
The section of the structure function that corresponds to the
radial spreading in the PCB is a straight-line segment next to
the singularity, at the end of the function 4.

In this measurement the natural convection taking place at
the board surface causes a parallel heat-flow path on one hand,
on the other hand the a parallel path is generated by the meas-
uring fixture itsdlf, via the powering structure as shown in
Figure 4.
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Heater/sensor head

: Isothermal ring

/

Radial spreading in the board

Figure 3: Schematic of the setup for measuring board
thermal conductivity

Conduction through the measuring probe

Natural convection in the air

Main path:
radial heatflow in the board

Isothermal ring

Figure 4: Parasitic parallel heat-flow pathsin the effective
board thermal conductivity measur ement setup

The effect of all these can be lumped into a single shunting
conductance. Both effects can be exactly identified if a cali-
bration board is placed into the fixture and is measured in
vacuum and in a still air chamber: the shunting conductance in
the latter case is the correction value to be considered in all
subsequent measurements of other boards. This shunting con-
ductance represents both the conduction through the fixture
and the heat-loss through natural convection.

In the following example the correction is done with the
effect of the parasitic heat-flow upward in the fixture only.
The correction with the losses caused by the natural convec-
tion needs a vacuum chamber, but can be done similarly, and
will be donein the final version of the paper.

In Figure 6 the differential structure function of the fixture
is presented, measured without a sample. The value of the
parallel heat conduction represented by the fixture itself is the
reciprocal of the (257 K/W) steady state thermal resistance of
the fixture, readable at the right hand side end of the function,
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that is G=3,89 mK/W. This value was used in the correction
formula of Eq. (4) for several measured samples, see Table 1.

Figure5: Thefixturein reality

Measured Corrected Change in the
effective effective value, re-
thermal thermal sulted by the

conductivity  conductivity correction
samples w*lambda w*lambda
[WIK] [WIK] %
Sample_4a 0.01273 0.00889 30
sample_4b 0.01222 0.00846 30
sample_4d 0.01227 0.00870 29
sample_6_via 0.01370 0.00955 30

Table 1: Results of effective board thermal conductivity
measur ements'

Taster: differential structure function(s)

K [W2srKz]

i i i | i
o 50 100 150 200 250 300
Rth [KAW]

Figure 6: the differential structurefunction of the fixture

without the sample. The value of the parallel heat conduc-

tion represented by the fixtureitself can beread from the

right hand side and of the figure: 1/257 W/K ~ 3,89*10°3
K/W

1 In the table the sample_4 samples were all measured on a board of 470mm,
sample_6 on a board of 1510mm thickness, patterned on both surfaces, meas-
ured at different locations. The sample_6_via contains a thermal via. wisthe
thickness of the samples.
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The structure functions of the sample of the last row of
Table 1 are presented in Figure 7. Asiit is shown in the table
and in the figure the correction results in this case in an about
30% modification of the measured result, eliminating the error
caused by the parallel heat-flow paths.

T3Ster Master. cumulative structure function(s)

i
/
WITHOUT correction /

/

pemse WITH correction

Cth Weilq

) © ®

2
Rih kW]

Figure 7: Enlarged details of the structure functionswith
and without correction, for the sample presented in the
last row of Table 1.

5. Example 2: Measurement of thermal resistance of in-
terface materials

The measurement of the thermal resistance of interface mate-
rials [2], [3] is based on the use of the differential structure
functions. In the methodology, presented in [2] the sample to
be measured is placed in a fixture, which has two separable
parts, within which the sample to be measured has to be
placed. The fixture itself is such, that it produces two well
distinguishable sharp peaks in the differential structure func-
tion, and the sample to be measured has to be placed between
the surfaces, represented by these peaks.

Parasitic parallel heat-flow in the sample,
outside the cross-section of the fixture

Sample

Heater transistor

Parasitic heat-flow in
the back of the fixture

Cold plate

15

Main heat-flow

Figure 8: Fixturefor measuring thermal resistance of in-
terface materials, indicating possible par asitic heat-flow
paths.

During the measurement first the reference function of the
empty fixture is identified, then the one with the sample. The
measurement principle is based on the shift of peaks in the
differential structure function of the fixture as illustrated by
Figure 8 and Figure 9.

20th IEEE SEMI-THERM Symposium



The peak corresponding to section B shifts with respect to
the peak belonging to section A as a sample is inserted into
the fixture. The physica arrangement, together with the main
and parasitic parallel heat-flow paths is also shown in Figure
8. All the heat, that leaves the transistor and arrives to the am-
bient on a path, which is different from the main path across
the sample, is a loss for the measurement and has to be con-
sidered in the evaluation.

Nerenﬂal structure function

TN,
_~

AR: Ry, between
Aand B

B B

K WW2siK2]

The displacement of B gives
the increase in Ry,

01

0.01

0.001
0

Figure 9: Displacement of peak B in the differential struc-
turefunction givesthe thermal resistance of the sample

The losses can be accounted for if we measure the thermal
resistance represented by the parasitic heat-flow without the
fixture, and correct the structure function with this value ac-
cording to the procedure described before. The convection
losses can be also calculated with, if we measure the structure
oncein vacuum [7].

The measured and the corrected results are presented in
Figure 10. As we can see from this figure the correction for
the parallel losses results in an about 18% increase in the
measured thermal resistance value.

6. Conclusions

In this paper we demonstrated, that it is possible to sub-
tract the thermal impedance of shunting branches from struc-
ture functions. This will enable the development of software
tools for separating different 1D structure function projections
of complex 3D heat flow paths, like an |C package.

The method can be used to eliminate the effect of the sys-
tematic measurement errors, present in al the cases when we
use the structure function based evaluation to determine ther-
mal material parameter values from simple thermal transient
measurements.

The advantage of the method is, that the necessary meas-
urements to the correction have to be done only once for a
given fixture, and the corrections after this can be done auto-
matically by the measurement evaluation software, if the
measurements are done in the same conditions.
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T T T

Measured
AR

A
4

K [W2sk2]

Corrected B’

o 1 2 4 [ [

3
Rih k]

Figure 10: The corrected structure function of the
thermal resistance meter
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