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Abstract-A new method for the simultaneous measurement of thermal conductivity and diffusivity, based 
on the analysis of the amount of heat which penetrates a sample, has been set up. Two metrological 
systems for integrated circuit package samples have been miniaturized. The first concerns resin samples 

and the other ceramic samples. A sensitivity analysis has led to the optimization of the process. 

1. INTRODUCTION 

THIS RESEARCH aims to develop a thermal measure- 
ment system for the design and exploitation of mini- 
ature electronic components. Except for the flash 
method, which requires heavy equipment, standard 
systems do not operate with small sample sizes meas- 
uring a few millimetres square and thick. We have 
chosen to set up a new method allowing the sim- 
ultaneous measurement of the thermal conductivity 
and diffusivity of integrated circuit package samples 
as well as the miniaturization of the measurement 
devices used. This method concerns thermal insulating 
elements of the epoxy resin type and also better con- 
ductors of the ceramic type. The originality of the 
principle is that it is based on the analysis of the 
amount of heat which penetrates the sample. This 
report presents the method and the main experimental 
results. 

2. THE PRINCIPLE OF THE SIMULTANEOUS 

MEASUREMENT OF THERMAL CONDUCTIVITY 

AND DIFFUSIVITY 

2.1. The simpl$ed theoretical model (Fig. 1) 
A step cooling process from temperature 0,(O) to 

0,( co) is carried out upon the cold side of the sample 
S initially penetrated by a heat flow P,. The heat flow 
introduced from the hot side is therefore auto- 
matically controlled during the experiment to main- 
tain its initial temperature tl,. 

The measurement consists of analyzing the change 
in the amount of heat which penetrates the hot side. 
A standard calculation gives the heat flow variation 

P-P, 

P,-P, 
_ 1 +2 f (_ 1)” e-n*&rlr*) (1) 

n= I 

where P, and P, denote its initial and final steady- 

state values. The integration of P leads to a theoretical 
expression of the amount of heat Q 

Q-Q, 
Qz-QI 

1 + ; f y e-n*n%wr’) (2) 

?I=, > 

in which Q, = P, t and Qz = P,t. Q is a linear function 
oft after the transient event and the asymptotic value, 

Q m1 is 

Qm = P2t-;(P*-P,). 

The value of t,, the point of the time axis which 
intercepts Qm, and the ratio Q,/QZ determine the 
diffusivity 

initial steady 

FIG. 1. Variation of Q vs time showing principle of proposed 
method. 
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NOMENCLATURE 

a thermal diffusivity, /2/cp Q amount of heat 

Bi Biot number, hljl 4 heat pulse energy 

c specific heat R, thermal contact resistance 

K 

sample thickness At heat pulse duration 

exchange coefficient V voltage. 

I current 

I sample half square Greek symbols 

n pulse number 0, hot side temperature of the sample 

nt initial pulse number per second 02 cold side temperature of the sample 

ti, final pulse number per second 0, cold plate temperature 

P heat flow 0” heating element temperature 

pi initial heat flow i thermal conductivity 

p2 final heat flow P density. 

(4) 
giving flB and (3; controls the regulating system which 
synchronizes the emission of a series of short identical 
heat pulses. The succession of pulse trains has to be 

The value of conductivity is given by the measurement 
of Q2 and by the final temperature difference between 
the two sides of the sample 

2.2. Experimental model (Fig. 2) 

The sample S is fitted between an isothermal heating 
element H and a cold plate C the temperature of which 
passes from e,(O) to @,(a) by means of the successive 
circulation of two thermostated fluids. A conducting 
plate B, called the thermal barrier, acting as a guard, 
envelopes H and is separated from H, by an insulating 
space. The circulation of a thermostated fluid brings 
B to 0, and a heat control system maintains H at this 
temperature in such a way that 8, = 0, and 0; = &. 
The measured amount of heat is that which penetrates 

the sample. 
The temperature deviation supplied by sensors 

compatible with the theoretical model of continuous 
variation from the initial steady state. It has been 
shown that this is obtained if the damping of the 
periodic signal corresponding to the succession of 
pulse trains is higher than n at one seventh of the 
sample’s thickness. It follows that control parameters 
must be selected in order to operate in the pulse train 

frequency range 

If q is the energy of a heat pulse and n, the number 
of pulses produced between t = 0 and t, the dissipated 
amount of heat is Q = nq. The diffusivity measure- 

ment is consequently given by an energy ratio equi- 
valent to a pulse number ratio. ti, and fiz denote the 

pulse numbers per second during the steady states. 
The conductivity measurement requires, on the 

other hand, an accurate determination of q 

Heat control 

Putse tmin 

Feat pukes 

11 

I \ , 

D 
Fluid flow \ 

C 

FIG. 2. Experimental model: S, sample; C, cold plate; G, lateral guard; B, thermal barrier; H, heating 
element; z, location of temperature sensors ; I, insulating space. 
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Q* = ti,qt. (7) 

Otherwise, the sample is laterally insulated by 

means of a soft guard G. It is adapted to the sample’s 

thickness and provides by means of a simultaneous 
contact with B and C, the same temperature gradient 
as through the sample. 

3. MODIFICATION OF THE THEORETICAL 

MODEL, DESCRIPTION OF THE METHOD FOR 

SIMULTANEOUS MEASUREMENT OF 

THERMAL CONDUCTIVITY AND DIFFUSIVITY 

The theoretical model which has been presented to 
expose the principle of the method is too schematic. 
It has to be modified to take into account on the one 
hand, the unavoidable inertia of the cold plate C and, 

on the other hand, the imperfect contact between the 
sample and the elements C and H. These two peculi- 
arities imply that the temperature 0, upon the cold 
side of the sample is not subjected to a step variation 
but to a quick and continuous evolution 0,(t) from 
R2(0) to e,(co). The final value 0,(co) is obtained 
after a duration corresponding to the end of thermal 
stability of the plate C. This duration is short but not 
always negligible compared to the time constant of 
the sample. Likewise, because of contact resistance, 
the temperature 0, upon the hot side of the sample 
evolves slightly with time. The recording of the tem- 

perature difference M(t) = B,-0, and the use of 
Duhamel’s theorem allow to take into account these 
overall variations and lead to the corrected expression 
giving heat flow 

where 

M(O) - M(t) 

Ao = M(O)-M(co)’ 

The corrected expression of the amount of heat Q 
may be deduced, by integration in relation to t 

Q = P,t-(P -P,) 2 
s 

‘ ABdr-(P 2 -P )<A0 
0 ’ 6a 

d(A@ 
x dzdr. (9) 

The new asymptotic value Qm becomes 

Q, = P,t-(P,-P,) (10) 

where t, is a parameter which possesses time dimen- 

’ 88 = 8, - e2 

I 

i 
0. 

time 

FIG. 3. Representation of the parameter t,. 

sion and which is linked to the evolution of (0, -0,) 
by the relation (Fig. 3) 

(11) 

The evaluation oft, from experimental curves M(t) 
added to the time to, the point intersecting Qm on the 
t-axis, and Q,/Q2 measurement give the new 
expression of diffusivity 

e2 
(12) 

This new model takes into account the inertia of 
the plate C and makes the determination of contact 

resistance between the sample and elements H and C 
unnecessary. This means that sensors must be 
implanted on each side of the sample. This require- 
ment constitutes obviously an important drawback 

because the implantation is difficult. 
If the approximate value of R, is known and if, 

furthermore, ARC/e << 0.04 then, this implantation 

may be avoided. The direct measurement of the tem- 
perature differences of plates H and C allows the 
determination of 1 and a by the following approxi- 
mate relations : 

e2 
(13a) 

(13b) 

where ti is a parameter similar to t,, based on the 
difference S& = On--Bc between the surface tem- 
perature of plates H and C. 

This approximation is even more appropriate when 
the samples have a high internal resistance (epoxy 
resin for example) and when the contact resistances 
are weak. 

One of the means to reduce these resistances is to 
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Table 1 

Minimal value Maximal value 

2 mm square 
12 mm square 

lo-’ 3 X lo-. * 
jxl0 ’ 8 x lo- ( 

ensure the planeness of the sample’s sides and to use 

whenever possible a fluid or a conducting grease to 
improve the contact. An estimation of R, may be thus 
obtained using the relation 

(14) 
*B 

where 0, and g1 are r.m.s. roughncsses of surfaces 
and & the conductivity of grease. Table I gives some 
approximate values of R, (in m2 K W- ‘). 

4. EXPERIMENTAL ARRANGEMENTS (FIG. 4) 

The experimental arrangement consists of a test 
device in which the sample is fitted, a heat control 
system with a stabilized power supply, a data acqui- 

sition and calculation processing system. In addition, 
two hydraulic valves are associated with two water 
flow thermostats, regulated at f0.02’ C, to carry out 

the temperature step. 
The sample must be taken from the largest dimen- 

sion of the package of the electronic component which 
is tested. There are two sorts of samples. The insu- 
lating epoxy resin type are flat and thin (I-3 mm 
thick). The conducting ceramic type are lengthened 
with small sections (4-10 mm’). 

Two miniature devices have been thus designed. A 
first device has been studied for samples of 12 mm 
square, the thermal gradient being established across 
the thickness. The second device has been provided 
for samples of 2 mm square, the thermal gradient 
being established across the length. 

4.1. Test deaice 

The heating element of the first device (resin 
samples) is an electrical resistance held in contact with 
B by means of an insulating ring. The heating element 
of the second device (ceramic sample) is a diode fitted 
between two copper elements. A cavity allows the 
embedding of the sample. A guide holds each com- 
ponent in position. A good contact pressure is 
obtained by compression of an alveolar material by 
means of a screw. The position of the crushing ensures 
the contact reproducibility. 

The devices comprise four K thermocouples 
inserted on the surfaces of the conducting plates. In 
the case of important contact resistances, a thermo- 
electric element is mounted over the sample sides. 

4.2. Heut control system 

A generator and assembly unit produces a series of 

pulses by means of an 8 MHz quartz oscillator. Pulses 
are identical and reach their peak values after 15 ns. 
The differential voltage of thermocouples giving 
(Q, = Q,!,) controls a logic gate which synchronizes the 
emission. An amplifier raises the output voltage level. 
The system can set and measure the heat pulse ampli- 
tude. It is possible to select its duration and that of 

V '72 " 

n, ri, 'h2 Fuk ~E3 -+‘I counter 

R3 

88 = e,-8, v, I Digital 
voltmeter 

e,,= e,- 8, 

Computer 

FIG. 4. Experimental arrangement 
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the two successive emissions with a 200 ps step. If the 

pulse duration is At, its energy is q = VZAt. 

4.3. Data acquisition andprocessing system 

It is composed of a temperature recorder for 
60 = U, -f3* or 6& = & -0, measurements, a pulse 
counter, a digital voltmeter for V and Imeasurements. 
Data are transmitted and processed on a computer. 

5. OPTIMIZATION AND ACCURACY OF THE 

SIMULTANEOUS MEASUREMENT 

5.1. Optimization of the d$fusivity measurement 

For extremely thin samples a few hundred micro- 
metres thick, the temperature variations lead to a 
weaker sensitivity. In this case, the measurement of 
diffusivity carried out on the transient part of Q, which 
precedes the asymptotic phase. is more accurate. This 
is achieved by identifying experimental and theoretical 

curves, over the part 0.10 < (Q-Q,)/(Qz-Q,) < 
0.17. The diffusivity value that minimizes the quad- 
ratic deviation ((Q - Qmcasured 11’ by an iterative method 
of the Newton-Gauss type is calculated. An initial 
value a,, taken from the simplified model of Section 

1 ensures rapid convergence. For example, the time 
measurement to 5 corresponding to half down vari- 
ation of the heat flow and for which (Q-Q,), 
(Q2-Q,) = 0.168 gives directly 

a, = 0.139$. (15) 

5.2. Optimization of the samples for a conductivity 

measurement (Figs. 5-7) 

Because of imperfection of the guard systems, the 
temperature distribution within the sample is never 
strictly one-dimensional. The analysis of the difference 
between heat flow P dissipated in the sample and its 
theoretical value, denoted by P,, necessary to main- 
tain the same temperature difference, assuming there 
is no heat loss, allows the definition of the thickness 
compatible with an accurate ,l measurement. The con- 
duction and radiation transfer between the sample 
and its lateral guard is characterized by an exchange 
coefficient h. In the least favorable case, the guard 
temperature is considered uniform, equal to 
(0, + eJ2.t The resolution of the heat conduction 
equation gives for a sample of 21 square 

(u,~+u,+Bi)(uK+u,,+Bi)u~u,S;sinh c,/( *+ ‘) ([ 4, U”, ) 

(16) 

t In reality the temperature distribution in the guard fol- 
lows a continuous variation from temperature f& to Bc. 

lateral guard 

Qir space / 
sample 

FIG. 5. Heat transfer between the sample and its 
guard. 

lateral 

where u,, and u,, are roots of u tan u = Bi with 
Bi = hi/i,. Figures 6 and 7 allow the definition of 

sample sizes. 
These calculations show that : 

(a) for insulating samples, the semi-empirical 
approximate relation 

P-P, 
----0.16 s *Bi 
PO 0 

permits the direct determination of thickness; 
(b) for conductor samples, a rod model leads to an 

approximate expression which is slightly more com- 
plicated than the preceding relation and in which 

(P- WPC is expressed as a function of (e/l)J(Bi). 
For (P-P,,)//‘,, < 1%. limit values of thickness thus 

deduced are given as a function of n in Table 2. 

5.3. Accuracy of simultaneous measurement 
Beyond bias introduces by deviation between exper- 

imental and theoretical model, accuracy of measure- 
ment is mainly related to random errors from the 
various parameters which occur. It may be shown 
that uncertainty on the measurement of a is given 
approximately by the expression 

+$ ‘(l-AN)dr$ 
s 

(18) 
cl , 

in which An/n is the uncertainty of pulse count and 
Ati/ti the uncertainty from integration of the surface 
delimited by the temperature differences, 68 or 6B,,, 
from 0 to t (Fig. 8). 

Examination of each term indicates that optima1 
experiment is obtained for an initially isothermal sam- 
ple (Q, = 0). This is not the case in practice. The first 
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2 

FIG. 6. (P-PJP, (%) vs e/I for insulating elements of resin type (0.05 W mm ’ Km ’ < i < 5 W mm ’ Km ‘) 

FIG. 7. (P-P,)/P,, (%) vs e/I for conductor elements of ceramic type (5 W ii-’ Km’ < 1 
< 50 W mm’ Km’). 

Table 2. 

Square (mm) 

2 4 6 8 10 12 

Conductor sample (mm) 
Insulating sample (mm) 

3.47Ji 4.9JL 6,/i 6.94J‘l 
1.77 Ja. 2.16,/i 2.5Ji 2.79JA: 3.15 JA 

emissions of the pulse train are as a matter of fact too The uncertainties of An/n and At/t are low (of the 

far apart for compatibility of the experimental signal order of 0.1%) compared to Ae/e and At,/&. It may 

with the continuous model of the heat flow ensured. be ensured de/e N 1%. To reduce Atilt, requires a 

To enable better conditions and if it is possible, the large number of data recordings from the temperature 

measurement is made with a low Q ,/Qz (of the order differences ; accuracy of the numerical integration has 

of 0.1) ensuring the correct pulse train frequency to be better than 1% In addition, a plate C carrying 

during the initial phase. It is the reason why it is out to a shorter duration of temperature variation 

worthwhile to use pulses as short as possible. than time constant of the sample must be taken. If 
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ttme 

FIG. 8. Representation oft, parameter. 

Table 3. Some experimental results 

Material Plexiglas Epoxy resin 

Thickness (mm) 
Heat pulse duration (ps) 
4 (mJ) 
ri, (SK’) 
til (s- ‘) 
Pz (mw) 
i measured (W mm ’ K ‘) 
a measured (m’ s- ‘) 
i standard (W mm’ Km’) 
a standard (m2 s- ‘) 

1.50 
200 

0.135 
414.5 

1566.4 
212 

0.20 
1.13x10-’ 

0.19 
1.1 x lo-’ 

1.71 
200 

0.670 
221.1 
835.8 
560 

0.71 
0.53 x lo-” 

c’p’e’ indicates the heat capacity of the plate C and h’ 
the exchange coefficient of fluid flow, it may be shown 
that if c'p'e'lh' 6 O.l(e'/a), the imprecision of the 
diffusivity measurement is about 34%. 

The uncertainty of the measurement of i is mainly 
due to errors from thickness, temperatures, pulse 
energy and from defect of the balance between the 
heating element and its thermal barrier. The precision 
of the measurement of 1 is about 6-7 % 

6. EXPERIMENTAL FINDINGS 

(TABLE 3, FIGS. 9 AND 10) 

The heat control system gives a temperature equality 

of B and H of around f0.02”C on briefly transient 
events. Pulse durations of 200 ps have been used. The 
measurement of Plexiglas material is consistent with 
its reference characteristics. The results obtained on a 
package resin and on stainless steel lS/lO (thermal 
properties similar to ceramic materials) are 
satisfactory. 

The diffusivity measurement on transient and 

asymptotic states does not show a significant devi- 
ation over the thickness range l-2 mm. Thinner 
samples should be used to perceive sensitivity differ- 
ences. The conductivity measurement is sensitive to 

the pulse train frequencies. The criterion of Section 2 
has been checked experimentally. This must be 
respected in order to eliminate the systematic errors 
which may exceed 10%. In practice, it is sufficient to 

scan several pulse durations and amplitudes to find 
the correct frequency. A pulse count lasting a few 
minutes during the steady states gives ti, and ti2. It is 
difficult to obtain ti2 higher than 5ri, because of the 

4 

3- 

I I I I I 
0 5 IO 15 20 25 30 35 

s 

FIG. 10. Pulse number variation on resin sample (t, = 
1.26 s). 
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FIG. 9. Variation of pulse number (a) and relative temperature difference (b) on Plexiglas sample (rC = 
0.806 s). 
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frequency imposed on ri, and the final temperature 
difference which has to be about 5510°C for measure- 
ment of 1. This is the reason why the heat control 
system has been adapted to cut up the signal into 

smaller units. In the future, IO ps pulse durations may 
be used. 

7. CONCLUSION 

An original method of simultaneous conductivity 

and diffusivity measurement, based on the analysis of 
the amount of heat which penetrates a sample, has 
been developed. This has allowed the setting up of an 
efficient heat control system through the generation 
of short pulses. Its sensitivity and the precision of 
pulse counting give the diffusivity measurement at 3- 

4 % and the conductivity at 67 % 

Two measurement devices in accordance with the 
theoretical model. have been miniaturized for micro- 

electronic component package samples. A sen- 
sitivity analysis has led to the optimization of the 

method. Moreover, this method is suitable for other 
materials used in electronics such as insulating 
deposits or substrates several hundred micrometres 
thick. 
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MESURE SIMULTANEE DE LA CONDUCTIVITE ET DE LA DlFFUSIVlTE 
THERMIQUE D’ELEMENTS DE DIMENSIONS REDUITES: APPLICATION A LA 

CARACTERISATION D’ECHANTILLONS DE BOITIERS DE CIRCUITS INTEGRES 

R&um(_Une m&hodc originale de mesure simultanke de la conductivitk et de la diITusivit6 thermique, 
fond&e sur I’analyse de la quantitt de chaleur qui p&&e dans un &chantillon, a et& mise au point. Deux 
dispositifs mCtrologiques pour la caracterisation d’tchantillons de boitiers de circuits intt_grCs ont t-t& 
miniaturists. L’un concerne des tchantillons de r&sine, I’autre des &chantillons de ctramique. Une analyse 

de sensibilitk a conduit g I’optimisation du pro&d&. 

GLEICHZEITIGE MESSUNG DER W;iRMELEITF;iHIGKEIT UND DER 
TEMPERATURLEITFWHIGKEIT KLEINER ELEMENTE: ANWENDUNG AUF DIE 

CHARAKTERISIERUNG VON CHIPS 

Zusammenfassung-Es wird ein ncucs Verfahren zur gleichzeitigen Messung der Warmeleitfiihigkeit und 
der Tcmperaturleitfihigkeit vorgeschlagcn, das auf der Untersuchung der Warmemenge beim Durchgang 
durch eine Probe beruht. Zwei mefitechnische Systeme fiir integrierte Schaltkreisanordnungen wurden 
miniaturisiert. Das erste besteht aus Harz, das zweite aus Keramik. Eine Untersuchung der Empfindlichkeit 

hat zu einer Optimierung des Prozesses gefiihrt. 

OAHOBPEMEHHOE M3MEPEHWE TEI-IJIOIIPOBO~HOCTH H 
TEMI-IEPATYPOIIPOBOflHOCTM 3JlEMEHTOB MAJIOI-0 PA3MEPA: MCIIOJIb30BAHME 

fiJIR OHPEAEJIEHHR XAPAKTEPHCTHK OEPA3uOB I-IAKETOB BHTEI-PAJIbHbIX 
CXEM 

AtIuoTa~Pa3pa60TaH Hoabrti cnoco6 OnHoepeMeHHoro n3MepeHan Tenno- A TeMnepaTyponpoeoA- 
H-W ~a ocHoBe amuni3a KOJIW~~CTB~ henna, nocTynalolqero B o6pa3es. ki3roToeneHbI nse MBmiaTH)p- 
m.Ie MeTponorarecKae CHCT~M~I, npeMeHneMble B o6pasuax naKeTOB HHTerpaJIbHblx CxeM. nepBaK 

CHCTeMa uCnOnb3yeTC,3 &!T,, CMOn, a BTOpaK--QnK KepaMHYWKHX 06pWOB. &yIJWTBJIeHa OlITHMH3a- 

wirr npouecca ki3MepemiK. 


