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THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVITY
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ABSTRACT: A review is given of the recent developments in the use of transient hot
strips for measuring thermal transport properties of materials. Depending on the particular
materia and the desired probing depth in a particular measurement the length of the current

pulses of the transient recordings has been vaired from 10 nsto 100 s.

In order to extract information on both thermal conductivity and thermal diffusivity from
the recordingsit is necessary to vary the strip sizes from 0.01 * 20 * 500 cu mm?®to 0.00001 *

0.005 * 0.5 cu mn?.

The microstrips are made by vapour deposition on the surface of insulating materialsand
used for the so called PTHS (Pulse Transient Hot Strip) technique, primarily designed for

studies of deposited layers of thicknesses down to half a micrometer.

1. Introduction

Information on therma transport properties has
become increasingly important in a wide range of
engineering fields. It is aso important in understand-
ing the very basic properties of materials at different
temperatures and pressures.

Thermal conductivities vary extensively depend-
ing on the structure, density, porosity etc. of different
materials. In some cases also very large temperature
dependencies have been recorded. Extreme situations
that can be mentioned are the thermal conductivity of
loose powderswith low interstitial gas pressure which
typicaly is of the order of 0.01 W/mK (Saxenaet al.,
1986) while the thermal conductivity of dense single
crystals at temperatures around 10 K may be as high
as 10000 W/mK or higher.

Because of the large variation of the thermal con-
ductivities (and also the thermal diffusivities) anum-
ber of different experimental techniques have been
used for different materials in different experimental
conditions. The introduction of the transient hot strip
(THS) techniques was made with the specific
intention of covering as large ranges of therma
conductivities as possible. This has been achieved by
the use of strip sizes which range from vapour
deposited microstripsto cm-wide strips made of metal
foils as well as widely varying recording or charac-
teristic times of the experiments.
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Maximum applicability aswell asconvenienceis
achieved with this experimental method by the use of
the hot strip both as a heater and as a temperature
sensor. By recording the voltage increase over the
strip while it is exposed to one or several current
pulses it is possible to get information on the re-
sistance increase of the hot strip, which is made of a
material with ashigh TCR (temperature coefficient of
theresistivity) as possible.

In typica stuations the TCR is of the order of
0.001 (V/K), which means that a mean temperature
increase of about one degree in the hot strip is
sufficient for precise recordings of both the thermal
conductivity and the thermal diffusivity.

So far the THS- (or single shot) method has been
applied to studies of a large number of different
materials with therma conductivities ranging from
0.01 to 100 W/mK. The PTHS-method on the other
hand has made it possible to study thermal transport
properties of materials that have not been accessible
to any thermal conductivity measurements before. By
the introduction of vapour deposited microstrips with
the approximate dimensions: length 0.5 mm, width
0.005 mm and thickness 20nm and by limiting the
duration of the current pulses through the sensor to a
submicrosecond range it is possible to study the
thermal properties of dielectric coatings with thick-
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nesses down to 0.5 micrometers if the thermal diffu-
sivitiesarein the range of 1 mm sg/s.

With the PTHS-technique there are also obvious
possihbilities of measuring therma conductivities
which are orders of magnitude higher than what con-
veniently can be achieved with the single shot THS-
method. This makes the PTHS-techniques a very in-
teresting candidate for thermal conductivity measure-
ments of pure single crystals at cryogenic temper-
atures.

2. Theory
2a. Single current pulse

The theory needed to describe the temperature
increase in a hot strip during a transient recording is
dependent on both the electrical circuit and how the
recordings are most conveniently made.

Thefirst Situation to be discussed hereiswhen the
strip is exposed to a single current pulse (single shot)
and during this pulse a number of recordings of the
strip resistance or the mean temperature increase of
the strip are being made.

The temperature increase in an infinite solid due
to a quantity of heat, Opc, instantaneously generated
at thetimet = ¢'a apoint (x’, y', z'), is, for an aniso-
tropic material with principal conductivities L 4, Lo,
and L3 in the directions of the x-, y-, and z-axis,
respectively, given by

0
8(p2k,k ok 5 ;2(;- 9%
(p*kikzks) 3
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whereki=Li/pc and pc isthe specific heat capacity per
unit volume (Cardaw and Jaeger, 1959).

Assuming that the point sources are distributed
over an area in the form of an infinite strip of the yz
plane and that the power supplied to the strip is practi-
cally constant over theentireareaand variesvery little
asafunction of time, we can write an expression of the
temperature distribution in the strip accordingly

P
T(y,t)- 0
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where 2d isthe width of the strip, Py isthe total output
of power in the strip and its actual length is 2h.
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Theresistance variation (R) of the strip dueto the
temperature increase given by eg. (2) can be

expressed as
—_ -1 \d -1
Ry/R=(2d) "¢ d{1+a[1(y.0)- 1.} @
where a is the temperature coefficient of the resis-
tivity (TCR) of the strip and Ry isits resigtivity at the
temperature T, before any heating has taken place.

Neglecting second and higher orders of a and
remembering that the temperature increase of the
strip is kept around one Kelvin equations (2) and (3)
can be combined to give

1)) @

R/Ry=1+— 0%
o 4h(pL1L2)1/2

where t, = (t/q,)"?, with the characterigtic time g, =
ko and

@)=t (@) [ e )]
- (@ ']/ZEi(-t' )

The following definitions of the integral functions
apply:

erfu=20"Y2 exp( )dv (6)

—Ei(— u) :o v’ exr{—v)dv @)

The derivation of eg. (4) is made with the assum-
ption that the strip is located inside an infinite medi-
um. When the strip is evapourated on or in some other
way is attached to the surface of a semi-infinite
substrate and the heat loss of the surroundings, other

than that to the substrate, can be neglected, the theory
shows that R, in eg. (4) should be replaced by 2P,.

In asingle shot experiment recordings of thevolt-

age or resistance increase are made a a number of
times measured from the start at the current pulse.

The procedure use for obtaining the dual infor-
mation on therma conductivity and thermal diffu-
svity from one such transient event, was to make a
computational plot of R vs. f(t,), using an arbitrary
Op-value. Since this plot should be a straight line
according to eqg. (4), the maximization of the correla-
tion coefficient has been used in the iteration
procedure to find the best value of g, or

k2: dzqu (8)
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The intercept of the final R vs.£{t 2) plot givesRg

and the slope of the line is proportional to (L L )"
with the constant of proportionality known.

By making three independent measurements with
the orientation of the strip along the principal direc-
tions of the crystal we get the following information
(seeFig. 1)

Lilo=a Ky = by (9a)
Lols=as ko = bs (9b)
Lsli=ac ks=lc (%)
Using the genera relation
Li=kpc with i=1,2,3

we get
L= (anadfag)” (10a)
L 2= (agan/ad)’ (10b)
Ls= (acag/an)"” (10c)
pe=(anadas)'4ba

= (agn/ac) by
= (acae/an)"Ibc (1)

Eq. (12) is giving three different expressions of
pc, which can serve as an excellent check of the
internal consistency of the measurements.

In case of isotropic materials

L1=L2=L3=L (12)
and the equations are smplified accordingly. This
meansthat it is possibleto extract information on both
thethermal conductivity and the thermal diffusivity of
anisotropic materia from one single transient record-
ing.

The possibility to extract this dual information is
actually based on the choice of arecording timewhich
isof the same order of magnitude as the characteristic
time. This can be seen if we look alittle more closely
at the f(t )-function, which in principle is valid for all
t-values.

For very small t -values (infinite plane source) we
seethat

A) =t (13)
and for very large T-values (hot wire solution) we get
f(t) = (4p)**(3-g+ 2Int) (133)

whereg=0.5772 ...

Using eg. (13) theresistivity as expressed with eqg.
(4) will vary as £2 and eq. (13a) will result in an

18

Fig. 1. Orientations of the hot strip in relation to the
principle directions of a single crystal.

increase proportional In t. In none of these limiting
cases it is possible to obtain both the transport
coefficients. To be able to do that one must work in
the"strip source” range (Gustafsson et a., 198 1) with
observation times of the same order of magnitude as
the characteristic time

=Pk
An approximation of considerable practical im-
portanceis

At) =t - (4p) V4 (14)

which is valid with good accuracy for t-values less
than 0.7.

Using this approximation it is possible to write
downtheresistancevariation asafunction of timeas

R = a, +at¥? + agt (14a)

A second order fit of R vs. t“?will give the three
coefficients &, a and ag by which the thermal trans-

port coefficients can be calculated accordingly
(Gustafsson et al., 1982)

L = algX(-a’a3/a?)/2h (14b)
k = 4pd”(ag/ay)” (140)

2b. Train of current pulses

In experimentswiththe THS method it ispossible
to design experiments with awide range of character-
istictimes () smply by varying the strip width (2d).
It is obvious that as the observation times of the
experiment are restricted to less than say kg, where k
is of the order of unity, only a part of the specimen
will be heated during the transient event and only the
properties of this part of the specimen will determine
the value of the measured thermal conductivity and
thermal diffusivity.
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In order to estimate the thickness (D) of the heated
region along the x-axis (this thickness will be referred
to as the probing depth) we assume that by placing a
perfect thermal insulator or perfect conductor a a
distance D from the strip and parallel with the plane of
the strip the temperature of the strip will only be
influenced to a degree, which is well below the
expected experimental precision (Gustafsson, 1982).

Based on these assumptions one obtains the
following expression of the probing depth

D= 1.4(kkop)Y? (15)

where it is assumed that experimental recordings of
theresistance variation have been madefor timesupto

but not beyond kap. Eq. (15) can be rewritten to read
D= 1.4d(kky/kp)"? (16)
From this equation we see that, if k=2 and the
diffusivities in the directions perpendicular and par-
alel with the surface of the strip are not too different,

the probing depth will be amost exactly the same as
the strip width.

The concept of a probing depth in transient
thermal conductivity measurementsis very important
since it opens up the possibilities that by varying
recording times and the strip widths experiments can
be designed to probe materias at different depths.

Based on this concept a transient method for
measuring thermal conductivity and thermal diffu-
svity of solid surface layers with low electrical con-
ductivity has recently been described. The technique
is based on the THS-method and by reducing the strip
width to between 5 and 10 micrometersit is possible
to limit the probing depth so that direct measurements
of the thermal transport properties of vacuum deposi-
ted insulating layers can be made. These kind of
studies are presently not possible to perform with any
other experimental technique.

To perform experiments with these microstripsin
a single shot mode would require that the current
pulse would be limited to the microsecond or
submicro-second ranges.

The actual mapping of the voltage-versus-time
trace over this time period, while possible, would
regquire quite expensive eectronic equipment. To re-
duce this problem of time resolution we have used
pulse non-linearity measurements, an elegant tech-
nique developed and used for studies of thermal time
constants of non-linear resistors (Hebard ez al., 1978).
The technique is based on a procedure by which a
string of pulses is applied to an AC-coupled circuit
containing the hot strip actually acting asanon-linear
resistance.

If acircuit is constructed which contains a large
blocking capacitor in series with the hot strip, its RC
time constant will be long compared to the pulse
width and the strip will be exposed to atrain of square
pulses.

Because of the AC coupling there will appear a
base-line shift of the instantaneous voltage over the
strip. Thisisaconsequence of thefact that the current
is changing direction twice during one period. By
working with duty cycles in the range from 0.02 to
0.05 the reverse current during the time between the
positive pulses can be made very small with the
essential heating of the strip during the positive
excursions of the current.

Because of the non-linear part of the strip re-
sistance, an average voltage, rocorded over anumber
of periods across the strip, will develop and theory
shows that it is inversely proportiona to the thermal
conductivity of the substrate on top of which the thin
film resistor has been deposited.

Thetheoretical description of the heat dissipation
from the strip also shows that by making measure-
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Fig.2 a) The electrical circuit with a large blocking capacitor and the hot strip as the non-linear resistor R
b) Base-line shift introduced by the blocking capacitor
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ments at more than one pulse frequency it is possible
to derive information on the thermal diffusivity of the
substrate.

If an AC coupled network consisting of linear
componentsis exposed to atrain of square pulses, the
time average of the output voltage over a number of
whole periods will be zero. However, if weinclude a
non-linear resistance in the circuit, the zero net charge
condition which prevails will give rise to a smilar
baseline shift, but the average output voltage will not
be zero. The average voltage will as a matter of fact
adjust itself to avalue which reflects very directly the
nonlinear part of the resistance.

The circuit used is shown in Fig. 2. The generator
imposes the pulse train on the THS probe through the
large blocking capacitor. If the rectangular current
pulseshaveamagnitude | and aduty cycle F, wehave

= 1"+ (17)

where I and I are the positive and negative excur-
sions of the current, respectively.

From the zero net charge condition it is required
that

FI*=(1- B (18)

As we will see below the most interesting arrange-
ment isto useasmall duty cycle, which meansthat the
probe (hot strip) will be exposed to a strong current
pulse during the first part of the period while the
reverse current during the second part of the period
will be rather small. The fact that there is a reverse
current during the second part of the period will,
however, mean that the temperature of the strip will
not relax back to itsinitial temperature but will after
each full period have experienced a small but finite
temperature increase.

Considering aseries of pulsesfrom the generator,
the average voltage, U, over n periods may be ex-
pressed as

U, (nP) u(t)dt (19)

where P is the pulse period and u(t) is the instan-
taneous voltage over the THS probe. Because of the
compl exity of Uy, we may write

T, (20)

QJO:

n

k

1

where Uy is the average voltage over the period
number &, or more explicitly
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U, P“]*(‘gll)F)PR (0)de- I k(t)d%

(21)

where R’(t) and R/(t) are the time-dependent re-
sistances of the strip during the positive and negative
excursions of the current, respectively. These resis-
tances are directly dependent on thetwo different heat
dissipations, Q" and Q, which with good accuracy
can be given by

Q" =Ro(I")? (22)
and
Q =Ry(I)? (23)
From eg. (18) we have
Q/Q" =r’ (24)
where Ry istheinitial resistance of the hot strip and
r=F(-F (25)

If we assume that along, resistive strip of negligible
heat capacity on the surface of a solid substrate is
eectrically heated so that the output of power, Q, is
constant, the time-dependent resistance, R(t), can be
given (Gustafsson et a., 1984) as

= éz(t - 1dt¢
(26)

R(1) =RO!'1+ ag
i 16pd2h(LlL2)

y-y9° “P
4k (t Z‘@Hb
Thisequation isgeneral inthe sensethat it isassumed

that the output of power inthestrip only lastsfrom the
timet; to t,.

XO dyo dyﬂéxpe—

Starting with these equations it is possible al-
though somewhat tediousto derivearecussion formu-
lafor Uy accordingly

J (f+1)s§' [1+ @ 2) (1 )
+(1+r)J(k-1+F)s +r(1- rz)J(k-F)s-ers>

(27)
wherek =1, 2, ..., n. It should be noted that whenever
the upper limit of the summation in this equation is
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less than zero the sum should be con-sidered
identically zero.

Further more
C =a(1-F)® U3,(24phRy) (L L) ™2 (28)
and U;, isthetotal pulse height given by
Ui=Ro(I™+17) and I"=Uj(1-F)/Ry
We have further that
s =P/,
3= 8", erf t, -, exp(-t, )
-3t 1L - exp(-t )] -(1 +6t,°) Ei(-tx?) (29)
and
ty = (x/q)¥? (30)
These derivations lead to an average voltage over

aspecified number of periods, which can be expressed
&

U,=CF(n,F,s) (31)

Experimentally it is observed that U, tendsto stabilize
very quickly and become very little dependent on the
number of periods particularly for small F-values.
This fact can also be verified from eq. (27), which
shows that it is possible to design experiments with
very small contributions to the average voltage from
all but the very first period.

Because of this fact a convenient way of
performing measurements with the PTHS-method is
to fix the duty cycle F and then measure the average
voltage as a function of the length of the period, P.
Making then a computational plot of U, vs. F(s) itis
possible to find by iteration a characteristic time o
such that the plot represents a straight line through the
origin with aslope equal to C according to eg. (31).

Animportant aspect of these measurementsisthat
short current pulses are being used and that the
probing depth may be orders of magnitude smaller
than in al previous measurements.

For asignal shot measurement the probing depth
has been defined according to eg. (15). However, in
PTHS measurements it seems reasonable to assume
that the total time in this equation corresponds to say

2FP. The probing depth of a pulse measurement (D)
would then be

D, = 2(kFP)*2 (32)

An interesting experimental observation from
pulse measurements is that one can work with FP
values which are appreciably smaller than g, and still
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get thermal diffusivities with good precision. Thisis
very likely due to the AC coupling of the electrica
circuit.

3. Mathematical Model and Experimental
Arrangements

The mathematical model given above presup-
poses that the strip sensor/heat source isidea in the
sense that: a) it has no heat capacity, b) the electrical
contacts do not disturb the measurement, c) all energy
is transported by diffusion and not by radiation, d)
there is no therma contact resistance between the
heater and the substrate and 3) the electrical power
delivered to the strip is constant throughout the
current pulse(s).

The present section will deal with these devia-
tions from the mathematical model, and it will be
shown that in some cases it is possible to neglect the
effects by a proper design of the experiments and in
other cases it is necessary to dlightly modify the
equations used for evaluating the transport coef-
ficients.

3a. Heat capacity of the sensor

A basic assumption in the theory aboveisthat the
hot strip does not have any heat capacity. The actual
influence from this heat capacity can be estimated by
calculating the power (Ps) needed to raise the
tem-perature of the strip itself accordingly

P =8dhwp c, @ (33
e

where 2v is the thickness of the strip, pcs is the
specific heat per unit volume of the strip material and

Qi

H & L t
Fig. 3 Assumed time dependence of the power deli-
vered to the sample. After atime tq the power is assumed
to be constant, that is the processes consuming energy
at the beginning of the transient have died out and
cannot be resolved experimentally.
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Dr=——2° ___71(t, 34
4h(pL1L2)]/2 /(t2) 39

cf. eq. (4).

Itisobviousfrom eg. (33) aswell asfrom amore
complete treatment of this effect (Gustafsson, 1985)
that the heat capacity of the strip is influencing the
recording only at the beginning of the current pulse.
The detailed theory aso shows that the disturbance
increasesif theratio of the heat capacity of thestrip to
that of the sample material islarge.

The situation with aloss of power ddlivered to the
sample can be depicted asin Fig. 3, where the power
of Q(t), delivered to the sample is assumed to have
reached a constant value, P, only after acertaintime,
to. The word constant is here taken to mean that any
variation of the power input to the substrate after the
time to cannot be resolved experimentally.

If thelength of the current pulseistmax, Wwe canfor
any time less than to give the temperature increase,
T(y, t) - To, of the hot strip (Gustafsson, 1967) as

T(v.t) - T, =(16pdh) *(L,L,)
ﬁdt@(t@(i- 19" (35)
0, ] - (- v9” [4,(1- 9]}

where a strip shaped heat source with the same
dimensions as the hot strip, but without heat capacity,
isassumed to be placed on and in perfect thermal con-
tact with the surfaces of two semi-infinite samples.

With these assumptions the time varying
resistance of the strip can then be given (Gustafsson et
al., 1979) by

g“a(%dzh) (Lika) ™ (36)

é@dt@(t@Y (1.19 E

R_

where
Y (1,00) =(z- tﬂ) O dy
0, dydExp{ (- 79° [ 4, (- m)]}

This theoretical approach means that the actual strip
with a certain heat capacity and with inevitable diffi-
culties of defining aprecise start of the current pulseis
being replaced by ideal strips on the sample surfaces

but having a variable output of power, which,
however, in its entirety is delivered to the sample.

It is then assumed that whatever disturbances at
the beginning of the current pulse will die out rather
quickly so that Q(t) will become constant, R, after the
time f, we can, using the mean-value theorem for
integrals, find atime, t., such that

ész(r@Y(t,ﬂI) =P, édﬂb((t,ttl) (38)
and consequently
R=Ro[1 +aPo(4h) Y(pLaL2) At )] (39)
where the/{t o)-function has been defined earlier and

te=[(t- t/q2"” (40)

Eq. (38) does not require Q(t) to behave in any
particular manner other than that the mean vaue
theorem can be applied. The time correction, t, can
be both positive and negative depending on the actual
time history of Q(t).

When applying thistheory it is necessary that the
equipment is designed so that the time correction is
much smaller than the characteristic time, qp, of the
transient experiment in order not to reduce appre-
ciably the time available for data collection. it should
be remembered that g, can beincreased by making the
strip wider.

It should be noted that any process, that would
cause a short time variation of the power delivered
from the strip to the sample at the beginning of the
transient event, is covered by this theory.
3b. Thermal radiation

The heat loss per unit area of the strip due to
radiation into a*“ black” enclosure can be given by

= sdeTy*-apTy) (42)
where T, is the strip temperature and T, is the

temperature of the enclosure, s is the Stefan-Boltz-
man constant and the emissivity e » a .

Since the temperature increase of the strip in
room temperature measurements is typicaly around
one Kelvin, we have

Qr=s£TD) (42
Here DT can be taken from eqg. (34).

A rather ssimple analysis of this equation indicates
that the power dissipated as radiation is indeed very
small and the reason for this fact is that only arather
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small temperature increase is necessary for transient
recordings of the thermal transport properties.

However, at temperatures approaching 1000 K
one might have to consider radiation effects parti-
culary when looking at materials that are transparent
to such radiation.

3c. Finite length of the strip

The theory developed so far is based on the as-
sumption of an infinitely long hot strip. To cover a
morerealistic situation one can solveeq. (1) for astrip
of finite length (Chohan, 1987). However, there is
also the additional complication with the sometimes
heavy electrical contacts that have to be attached to
the strip. This problem has been discussed elsawhere
(Gustafsson et al., 1979).

The theoretical work as well as experimental
results indicate that the length should be about thirty
times the width of the strip in order to keep the ac-
curacy of thermal transport coefficients around one
percent.

The deviations from the simple mathematical
model due to the end effects as well as from thermal
radiation tend to increase as the temperature of the
strip (heater/sensor) is raised, which means that a
disturbance if any would appear at the end of the
current pulse.

3d. Thermal contact resistance

When evapourating a thin metal strip on the
surface of aninsulating material to bestudied, al indi-
cations are that the thermal contact between the
sensor/heater and the material isvery good. However,
there are situations when athermal contact resistance
cannot be avoided. A casein point iswhen electrically
conducting materials are to be studied and thereisa
need to electrically insulate the hot strip.

When describing this situation we refer to the
theoretical model given under section 3a with an
"ideal" strip on and in perfect thermal contact with the
metal surface but with a variable output of power at
the beginning of the current pulse. Thetime correction
so introduced will take care of the heat capacity of the
strip as well as the insulating material and other
effects at the beginning of the current pulse which
prevent the output of power to develop instant-
aneoudly.

However, in addition to the rise time problem we
must also consider the fact that the combined heater
temperature sensor is thermally displaced from the

23

ideal strip. Let usnow assumethat the thickness (d) of
theinsulating layer ismuch lessthan the width (2d) of
the hot strip and that after a certain time, to, we can
assume that all the power produced in the hot strip
will be delivered to and released from the insulating
layer into the metal. This means that after a certain
time we can assume the temperature difference be-
tween the two surfaces of the insulating layer to
become constant although the mean temperature of
thelayer will keep increasing throughout the transient
event. Thistheoretical pictureisadirect consequence
of the assumption that after a certain short interval of
time at the beginning of the transient the influence
from the heat capacity of the insulating layer can be
neglected.

According to Tyrrel (1961), the time it takes to
establish a linear temperature distribution across a
dab with the boundaries kept at constant but different
temperaturesislessthan d%k;, wherek; isthe thermal
diffusivity of theinsulating material.

This means that provided d7k; is less than to, we
can express the resistance of the hot strip outside the
insulator as

R=Ry[1+aDT;+ CAt)] (43)

If R*=R*1y® is the power output of the hot strip
after thetimeto then

DTi=Py*d(8dhL ;)™ (44)

L; is the therma conductivity of the insulating
layer. The hot strip is assumed to be placed between
two samples of the same material.

Since it would be inconvenient to measure this
constant temperature difference, DT;, across the insu-
lating layer, we can rearrange eqg. (10) accordingly.

R =R*[1+ CAty)] (45)
where

C=aRy o?(4h) Y(pL,L )2 (46)
and

R* = Rg[1 +aDRol #(8dhL;)™]. (47)

lp is the constant current through the hot strip
during the transient event and in deriving eg. (47) we
have used the fact that R* isonly dightly larger than
Ro.

It should be noted that both C and R* are
constants during atransient recording for timeslarger
than to. This means that if the insulating layer is thin
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Fig. 4 Circuit to obtain constant power in the non-
linear resistor, R, (hot strip). R; is introduced to
achieve stabilization of the driving voltage and the
series resistance.

and its thermal conductivity not too small, R* will be
very nearly equal to R and eg. (45) can be used
directly for evaluating the results. To achieve ahigher
accuracy it is necessary to make at least two transient
recordings at the same initial temperature but with
different currents. A plot of R* versus | o> should then,
according to eg. (47), give a straight line with an
intercept equal to Ry, which then may be used for
caculating the thermal conductivity from egs. (45)
and (46).

Note that the determination of the therma diffu-
svity is completely independent of the temperature
difference acrossthe insulating layer.

It is dso important to note that the experimental
information is derived from eg. (45) which isin its
formidentica to the equation for studying insulators.
The only difference being that we are not getting the
trueinitial resistance R but rather the apparent initial
resistance R*, which is a function of the current, I,
through the strip.

3e. Current variation and electrical matching

In al the discussions above we have assumed an
electrical circuit such that the current after a short
initial period is essentially constant. However, this
assumption would in some cases lead to very incon-
venient voltages and extremely poor matching of the
pulse generator to therest of the electrical circuitinall
PTHS measurements.

The circuit that has been most commonly used for
transient recordingsisdepicted in Fig. 4.

If theinitial resistance R, of thestripisof thesame
order of magnitude as R, (assuming for the moment
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that R, and Rg in the circuit are infinitely large) the
increase of the resistance in the nonlinear component
(heating strip) will cause the current to decrease and
by that serioudy affect the resistance recordings
during the transient event.

The traditional way of avoiding this difficulty is
to arrangefor R to be about one hundred times larger
than R, and connect the circuit to a constant driving
voltage (constant current source). In this way one
assures that the resistance increase of the nonlinear
component isso small compared with thetotal circuit
resistance that the current may be considered
constant. However, if the resistance of the strip is
around 50 ohms and an output of power in the strip of
0. 5 W is needed, then we would require a series
resistance, R, of around 5 kohm and adriving voltage
in excess of 500 V which israther inconvenient.

In order to deal with this general problem with a
time varying resistance in a circuit, we write eg. (4),
€g. (26) or eqg. (45) as

R=R + TR (49)

where R is the time varying part of the strip
resistance.

We can smilary write
I=lo+ 11 (49)
for the current through the circuit.

The voltage U measured over the strip can, with
these variables, be expressed as
é IS
U :Uoél+ﬂ_R +ﬂ +achae|l% (50)
e Ro Io Ro Io (%8

and we seethat two additional terms appear within the
brackets.

Introducing the constant driving voltage V, the
general expression of the current becomes

lo+ 1= VI(Rs + Ro + 1R) (51)

where R, is assumed to be constant. From this equa
tion one gets the most genera expression of the
current variation and its relation to the resistance
change accordingly

i R

IO Rs +RO

(52)

Introducing this expression in eg. (50) we get
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R, OTR & R, )
U=U, é+§R gR 7 ngE(%)

+R, QR
With Ry and Rs of the same order of magnitude and
TR/Ry typicaly of the order 0.001, the third term
within the brackets can be neglected, which yields
® R, OﬂRU
R, +R, 3R,

é
U=U,d+

&

and the constant in egs. (4), (26) and (45) in front of

the time varying function should al be multiplied by
thefactor RJ/(Rs+ Ry).

Since this factor appearsin eqg. (26) it should aso
beincluded in eg. (31).

It can also be shown (Gustafsson et al., 1984) that
by choosing Ry = Rs the output of power in the strip
can be kept extremely constant throughout the transi-
ent event beyond t = t.

(>4)

In certain situations where one cannot arrange to
meet the condition expressed by Ry = Ry, it is
necessary to arrange aparallel resistor Ry, asindicated
inFig. 4. With such aresistor in placethefactor RJ/(Rs
+ Rp) should be replaced by

RO_ l/ ( RO_1+ Rs_1+ Rp_l) (55)
To minimize the power variation the condition
Ro'=Rs™+R,™ (56)
applies.
The facility to work with a time varying current
makesit possibleto arrange for necessary matching of
the circuit to the power supply/pulse generator which

is particularly important for PTHS measurements
when working with submicrosecond pulses.

4. Experimental

In addition to what has been said under section 3
abovethere are afew rather essential thingsthat must
be remembered when arranging transient measure-
ments of thermal conductivity.

The sample preparation is rather straight forward
for liquids and powders, which normally require a
container with a suspented metal strip (fail). It isaso
possible to arrange a hot strip as a probe by double
folding along metal strip and glueit to the outer sides
of an extended piece of insulating materia (e.g. mica).

When studying solid samples the first step in the
sample preparation is to obtain one or two pieces of
the material with aflat surface. The question"what is
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a flat surface” is not possible to specify for al
situations since work has been done with large strips
(600 x 20 mm? as well as microstrips (0.5 x 0.01
mm?). An obvious requirement is that the surface
roughness or the granularity of the materia is much
less than the strip width (2d).

When evaporating athin film strip on the surface
of apieceof electrically insulating material, the actual
measurements have to be performed in vacuum to
avoid heat losses to the surrounding gas. For most
solid materias the heat loss by therma conduction
through the gas is negligible, however, thermal
convection does serioudy affect the recordings.
Measurements with evaporated strips are normally
very easy and convenient to make becauseit iseasy to
arrange a convenient resistance (Ry) of the strip. The
only important thing to remember is that at least two
recordings at different temperatures must be made.
The reason being that for thin filmsit is normally not
possible to get a stable ot value (TCR) when cycling
the temperature unlessthefilmis very well anneal ed.
However, by arranging at |east two measurements and
making the first one at a higher temperature than the
subsequent ones, very stable values of DR/DT or Rpa
can be calculated from the Ryvalues obtained from
the recordings at the different temperatures.

The evaporated strips are obviously more ideal
both as heaters and sensors than any other
arrangement, because a higher Ry-value means a
lower current pulse and less "strain” on other circuit
components (see below). At the same time there is
excellent thermal contact between the strip and the
sample surface.

Other experimental arrangements for studying
solid samples are to @) clamp a strip, made of athin
(0.01 to 0.02 mm) metal foil, between two pieces of
the same material or b) pressametal foil strip against
aflat surface of the sample with the help of a piece of
material with a thermal conductivity much less than
that of the test sample. In most of these cases the
electrical leads have been attached with some kind of
pressure contacts, however soldered contact have aso
been used. The electrical contacts at the ends of the
strip must be made with a certain amount of care in
order to avoid any disturbances during the transient
recording. At the sametime the strip must have awell
defined length.

The éectrica contacts to thin film strips have
been fixed by the use of pressure contacts, with or
without indium on the contact pads or some other
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standard technique developed by the electrical
industry.

When designing an electrical circuit for transient
recordings, it isvery important to make sure that those
components (active or passive) which are assumed to
behave in a particular way, do not change ther
properties during the transients (e.g. resistors, elec-
trical leads etc.). One particularly important compo-
nent isthe power/voltage supply, which during ashort
period of time sometimes is exposed to a heavy load.
The constancy required can be expressed by DV Ry(Ro
+ R9 which must be of the same order of magnitude as
the least count of the voltage recording instrument.
DV in this expression is a possible variation of the
output voltage from the power supply. A way to
sometimes avoid this problem is to arrange a loading
of the voltage source (see figure) prior to the
initiation/triggering of the current pulse.

The eectrical circuits used so far for THS- and
PTHS-measurements have been simple DC circuits
andtheonly additionto Fig. 4 isastable offset voltage
introduced to approximately match the initial voltage,
Uo, and by that making the voltage recordings more
convenient. If the driving voltage and the constant
resistancesin thecircuit are not known, it is necessary
to introduce some kind of arrangement for measuring
the initia current, lo. A smple way to do that is to
introduce asmall standard resistancein serieswith the
strip and read the voltage across.

The most elegant way of avoiding the
comparatively largeinitial voltage jump is to include
the strip in one arm of asimple bridge asindicated in
Fig. 5.

When working with this bridge, it would first be
baanced by passing a current small and short enough
not to heat the strip. This can be achieved by selecting
a convenient value of the resistance Ra. After balan-
cing the main switch would be thrown from the
preloading of the power supply to the position which
initiates the transient recording. This means that the
bridge is then actually working off balance and is
essentially used only as an offset facility.

When working in this mode it is necessary to
anayse how the voltage variation recorded by the
digital voltmeter is related to the resistance variation
of the hot strip.

This is most readily done in the same way as
indicated under section 3¢ above, taking into consi-
deration all the resistances in the circuit. It turns out
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that the voltage variation, U- Uy can, irrespective of
the combinations of resistors, be expressed as

U-Uo=[RJ(Rs + Ry]IoTR (57)
where lg istheinitial current through the strip, Rsis
the resistance of one main part of the bridge, Ry isthe
initia resistance of the strip and R is defined by egs.
(4) and (48).

When analysing the bridge a little further one
finds that the most senditive arrangement, as far as
voltage recordings are concerned, is to select R; to
approximately match the initial resistance of the hot
strip.

An additional advantage with the bridge isthat it
gives a precise value of R* - R, when working with
electrically conducting materials and applying the
theory for weaker thermal contact between the strip
and the surface of the substrate.

Animportant aspect of theimplementation of the
THS- and the PTHS-methods is the way the experi-
mental recordings are treated and the thermal
transport coefficients are calculated. There are
obvioudy many different ways that can be used and
we will here only indicate the ways we have found
most convenient.

Referring for instanceto eqg. (4), it isobviousthat
an iteration procedure in which the characteristic
time, g5, is varied so that a straight line plot of R- or
U-values versus f(t,) is achieved, would automati-
caly give both the therma conductivity and the
therma diffusivity. The maximization of the
correlation coefficient can be used asameasure of the
best fit of astraight line.

When applying eg. (45) a similar procedure can
be used (provided the time correction, t, has been
estimated in advance).

t. can be estimated by the use of egs. (14) and (40)
and experimental points with times larger than ty or
say 2 t. but less than g2/2. For these points a second
order least squares fit can be made of resistance or
voltage recordings as a function of (t-t)"? and by
iteration determine t. so that the sum of the squared
deviations assumes a minimum.

When evaluating a PTHS-experiment it should be
noted that the average voltages being recorded are
strictly zero for vanishing pul se periods, which means
that alinethrough the origin with minimization of the
sum of the sguared deviations will give the best
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Fig. 5 Bridge circuit to offset the initial voltage over the hot strip.

E
{stri pfl] L

J -

characterigtic time/therma diffusivity and subse-
quently the thermal conductivity.

As a guide for designing experiments it may be
mentioned that strips have so far been made of the
following materials:

Strips made of metal foils:

- Platinum

- Silver

- Nicke

- Aluminium

- Tantalum

- Brass

- Stainless stedl

Strips made by vacuum deposition:
- Gold (Fig. 6)

- Silver

- Aluminium

When there is a need to electrically insulate the
strip one should of course use a material as thin and
with as high thermal conductivity as possiblein order
to reduce the difference between R* and R, and
achieve as good a thermal contact between the strip
and the surface of the substrate as possible.

Conclusions

The THS-method as described above has been
successfully used for measurements on a number of
different materials. The follwing can be mentioned:

- Glasses
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Fig. 6 Evaporated thin film strip on the surface of a
piece of insulating material together with attached
electrical leads.

- Ceramics

- Minerals

- Building materials

- Metals

- Alloys

- Powders

- Liquids

- Wood

- Fabrics

The PTHS-method has been used for measure-
mentson:

- Silicon dioxide (fused)
- Silicon dioxide (produced by aPV D technique)
- Gallium Arsenide
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- Liquid crystals

The successful use of this particular experimental
technology has been made possible by the use of
sensors of widely different sizes and experimental
recording times that has been varied over nine orders
of magnitude.

The PTHS-method in particular has opened up
fields of studies of thermal transport propertieswhich
have not been accessible before. Thisis obviousfrom
the fact that the probing depth, in studies of materials
with typical thermal diffusivities, has been reduced by
more than two orders of magnitude as compared with
any other experimental technique and has even made
vacuum deposited insulating materials accessible for
measurements.

This new method has opened up possibilities of
interesting transient measurements of thermal con-
ductivities also at cryogenic temperatures particulary
in crystals with aminimum of defects.

As hasbeen elaborated above the restriction of the
length of the heating pulses guaranties that only the
solid immediately under the probe (hot strip) will
determine its temperature increase. The strip only
"sees’ its immediate surroundings and behaves as if
placed on the surface of an infinite solid.

By increasing the probing depth and by that the
width of the strip by say two orders of magnitude and
still keep the pulse length in the microsecond or
submicrosecond range it should be possible at least in
principle to study materials with thermal diffusivities
approximately four orders of magnitude higher than
typical values at room temperature.

The particular interest in these kind of studies,
which are in the process of being started, is connected
with the possibility of making measurements without
any boundary or Casimir scattering of the phonons at
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appreciably lower temperatures than with other
experimental techniques.

In spite of the possibilities outlined here the
guestion till remains whether or not we in the future
will be able to measure the "thermal super-
conductivity" that should exist ininfinitely large and
perfect crystals. The answer to this question can only
be sought in the further development of transient
techniques, which in these lower temperature ranges
might give us a quite different picture of the thermal
conductivity than what we have at present.
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