N

N

Numerical simulation of the 3w method for measuring
the thermal conductivity
A. Jacquot, Bertrand Lenoir, A. Dauscher, M. Stolzer, J. Meusel

» To cite this version:

A. Jacquot, Bertrand Lenoir, A. Dauscher, M. Stolzer, J. Meusel. Numerical simulation of the 3w
method for measuring the thermal conductivity. Journal of Applied Physics, 2002, 91 (7), pp.4733-
4738. 10.1063/1.1459611 . hal-03996365

HAL Id: hal-03996365
https://hal.science/hal-03996365
Submitted on 19 Feb 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03996365
https://hal.archives-ouvertes.fr

Numerical simulation of the 3w method for
measuring the thermal conductivity

View Online Export Citation

L]
o Cite as: Journal of Applied Physics 91, 4733 (2002); https://doi.org/10.1063/1.1459611
Submitted: 08 March 2001 « Accepted: 09 January 2002 - Published Online: 28 March 2002
|
m A. Jacquot, B. Lenoir, A. Dauscher, et al.
L l’ \I ?
3 W &S

Applied Physics

ARTICLES YOU MAY BE INTERESTED IN

Thermal conductivity measurement from 30 to 750 K: the 3w method
Review of Scientific Instruments 61, 802 (1990); https://doi.org/10.1063/1.1141498

Data reduction in 3w method for thin-film thermal conductivity determination
Review of Scientific Instruments 72, 2139 (2001); https://doi.org/10.1063/1.1353189

Measurement of thermal conductivity of silicon dioxide thin films using a 3w method
Journal of Applied Physics 91, 9772 (2002); https://doi.org/10.1063/1.1481958

Learn More
Journal of

Applied Physics Special Topics Open for Submissions

AIP

é Publishing

Journal of Applied Physics 91, 4733 (2002); https://doi.org/10.1063/1.1459611 91, 4733

© 2002 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1817972&setID=378286&channelID=0&CID=668197&banID=520703472&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5e5b24fe487255bebf407dc8b9c33e4ba6873140&location=
https://doi.org/10.1063/1.1459611
https://doi.org/10.1063/1.1459611
https://aip.scitation.org/author/Jacquot%2C+A
https://aip.scitation.org/author/Lenoir%2C+B
https://aip.scitation.org/author/Dauscher%2C+A
https://doi.org/10.1063/1.1459611
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1459611
https://aip.scitation.org/doi/10.1063/1.1141498
https://doi.org/10.1063/1.1141498
https://aip.scitation.org/doi/10.1063/1.1353189
https://doi.org/10.1063/1.1353189
https://aip.scitation.org/doi/10.1063/1.1481958
https://doi.org/10.1063/1.1481958

JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 7 1 APRIL 2002

Numerical simulation of the 3 @ method for measuring
the thermal conductivity
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A four-pad 3» method was developed for determining the thermal conductivity of bulk and thin film
materials. The heat conduction in the sample geometry was investigated by numerical simulation
employing the finite volume technique. As a result, the conditioes sample geometry, frequency
range can be predicted when conventional analytical formulas are suited to determine the thermal
conductivity of bulk and thin film material from the data measured. Experiments were performed
that confirm the validity and accuracy of the numerical calculations20©2 American Institute of
Physics. [DOI: 10.1063/1.1459611

I. INTRODUCTION ters in thickness, deposited on high thermal conductivity sub-
strates, and furthermore to superlattice:?%?!Attempts to
extract the in-plane thermal conductivity were also consid-
ered using this techniqu8!:2?

Although the method was extended to more complex
mples, the data analysis was still undertaken using the ana-

The thermal conductivity in thin-film structures has re-
ceived particular attention in recent years in both fundamen
tal and applied researéhl’ The thermal properties of these
low-dimensional structures are basically involved in severaga

applications, such as in small-scale thermoelectric devices Ytical formulas proposed by Cahitit al 8 which were de-

eIectro_nlc, . and optoel_ectronlc devices. Understanding i ived under binding hypotheses such as the semi-infinite size
heat diffusion mechanisms as well as a careful thermal de-

. fth devi is b o aly i tant f of the sample and the infinite length of the heater. It would
sign of these devices 1S becoming increasingly important 1of,q ¢ great interest to predict the conditions for which these
improving their performance and reliability. Therefore, the

T - : .~ analytical formulas are appropriate and to complete previous
thermal conductivity is cruc!al |nformat|on..B.>ut to datg ',t developments in the case of a real sample of limited size.
suff_e s _from a lack of experimental data arising from diffi- These problems were already investigated by the finite ele-
culties in the measurement. . ment technique in @ sensors used in dynamic heat capacity
Standard measurement techniques used for bulk mater(

| the steadv-stat thod wh heater | asurements A similar approach would be highly desir-
as, €.g., Ine steady-state method where a heater IS Connecéﬁﬁe in the case of thermal conductivity.

at one end of the sample while the other end is in goo In this article, numerical simulations of thev3nethod

thermal con_tact W.ith a heat sink, are particularly imp_racticalbased on the finite volume technique are presented. These
for measuring thin films, because of the_sgbstantml hea'gimulations take into account the geometry of the strip, the

Iosges through the substrate and/or by radiation. Among th?ample boundary conditioné.e., isothermal or adiabalic

&nd the thermal properties of both the heater and the sample
under investigation. Consequently, the influence of these fac-

8 .
as the I3) metrk:od Pa.s y:gldefirr:hedmost gctcurstg data fortors on the experimental results can be studied. The results of
cross-plane characterization. This dynamic technique Usesg. ,,narical simulation will be compared to experimental

thin metal strip on the surface of the sample acFing as both & ata obtained on a thick Kapton foil sample and on a,SiO
electrical heater and a thermometer. A sinusoidal current q yer on a silicon substrate.

frequencyw is applied and the measurements are performe
within a frequency range. The use of an ac current allows fo[I STATE OF THE ART
working with relatively small sample volumes because the -

reach of the thermal waves inside the sample is far smallef. Principles of the 3 ® method

than the reach of a stea_dy temperature field. A narrow metal strip of width B (typically 2<2b
The 3w method was initially developed for thermal CON- ~100,m) and lengthl, with two or four pads, is prepared
ductivity measurements of amorphous bulk materials exhibg, he sample surface using generally thermal evaporation

iting low thermal conductivity value¥ It was then inten- and photolithography(Fig. 1). An ac driving current,|

sively applied to determine the cross-plane thermal.) cosey) heats the metal strip and the sample at fre-
conductivity of films, ranging from nanometers to MICrome-3uency 2o. Due to the temperature rise of the stugT

=ATycos(wt+¢), the resistanceR varies asR=Ry(1
dElectronic mail: alexandre.jacquot@Ipm.u-nancy.fr +aAT), where a=1/R(dR/dT), and oscillates also at a

thermal conductivity of thin films, the technique referred to

0021-8979/2002/91(7)/4733/6/$19.00 4733 © 2002 American Institute of Physics
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or from the out-of-phase component. In practice, the first
approach is generally used because of its better accuracy.
For a film-on-substrate sample, the total temperature rise
at the heater is composed of two parts: one is the temperature
rise in the substrate and the other is the temperature drop
across the film. If the metal line is wide compared to the
thickness of the film, the heat flow in the film will be mainly

FIG. 1. Geometry of the four-pade«3method. A metal strip serves as both in the cros_s-plane direction, and t_he film S|mply adds a
the heater and the thermometer. The four pads are the connections for cffequency—independent thermal resistdnce

rent leads [, ,1_) and voltage leads\{, ,V_). | is the distance between

the current leads, I2 is the strip width, and A-A the cross section of the

sample. AT

_ P.e
C2bng’

wheree is the thickness and; is the cross-plane thermal
frequency 2. With regard to the frequency used in the conductivity of the film.
heater, the phase shiftdepends on both the geometry of the This approach requires that the thermal conductivity of
heater and the thermal properties of the medium. Accordinghe film must be much smaller than that of the substrate.
to Ohm’s law, the voltage dro=RI| measured across the Note that in this case the accuracy of the measurement is
metal strip is amplitude-modulated and has a small compohighly dependent on the accuracy of the strip dimensions.

©)

nent at the third harmonica3 By reducing the heater width, the heat flow becomes 2D
Rl because of significant heat flow in the in-plane direction.
V=Ryl, coswt + ﬂam’o cog wt+ @) Therefore, using two metal strips of different width, the in-
? plane and the cross-plane thermal conductivity values can be
Rolg obtained!%1122
+ TCYATO cog3wt+ o). (1) If the thermal conductivity of an electrical conducting

film has to be investigated, an additional insulating layer

The third harmonic in Egl) can be extracted from the total between the film and the metal strip is required. The system
signal using a lock-in amplifier and can be used to measurander consideration now consists of the substrate, two con-
AT, and the phase shifs, if « is known. tinuous films, and the metal strip.

B. Temperature rise: Analytical formulas

In the case of a strip deposited on an insulating materiallll. NUMERICAL SIMULATION

Cahill*® has shown that the complex temperature ASeat

the heater can be calculated from We have solved the time-dependent heat transfer prob-

lem of a 3v -experiment by a numerical simulation technique

A':r_i = sirf(kb) dk @ based on the finite volume method. The general problem
N Jo (kh)A(KE+gd) T2 should be solved using a three-dimensiof&) grid. How-

. . _ . . ever, in the case of a very long metal strip, it can be reduced
whereP is the heating power input to the strip per unit of 1, 5 5 problem, considering only a plane perpendicular to
length, A is the thermal conductivity of the sample under e giip. Because of the high computational power required,
investigation, and1/q| is the wave penetration deptWPD) e ysed the 3D model only for investigating the influence of

defined by a limited strip length, whereas all calculations of real sample
1 N geometries where carried out in 2D only. In particular, the
a = 2pCa0’ 3 influence of the finite sample size, heater heat capacitance,
p

and heat spreading inside the heater has been considered.
wherep andc, are the density and the specific heat per unit  Figure 2 shows the grids used in the calculations. In 2D
volume of the material, respectively. geometry[Fig. 2(a), cartesian coordinatgshe heat flows in

Equation(2) is based on the assumptions that the stripa plane normal to the axis of the strip. In 3D geometry
thickness can be neglected, the strip length is infiftit®-  [Fig. 2(b), cylinder coordinatels the strip is assumed to be a
dimensional2D) heat flow, the sample size is semi-infinite, rod with a finite diameter. In both cases, a temperature field
and the thermal conductivity of the material is isotropic.  will be obtained at each time step.

When the WPD is large compared to the strip width, Eq.  The simulation takes place on half of a sample cross-
(2) can be well-approximated By section aredcross section A-A, Fig. Jland a quarter of a
B 1 1 A - cylinder in 2D and 3D geometry, respectively. The af2@

AT=—"|-=InRw)+ s IN—=+n—i—|, (4)  geometry and the volumg3D geometry are typically di-

7| 2 2" pCob 4 vided into 900 cell§Fig. 2). In each cell, a linear equation is

where 7 is a constant. derived from the condition that the sum of all heat fluxes

This analytical formula resulted in the thermal conduc-coming in, coming out, being stored and created is zero. All
tivity of the studied material that can be extracted either fronthese equations form a matrix that is solved with an iterative
the slope of the in-phase temperature rise versusong®t,  process based on Gauss—Seidel method.

Py
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TABLE I. Physical properties of materials used for the simulations accord-
ing to litterature?

Density Specific heat Thermal conductivity

Material (kgm™3  [Jkg'k™Y (Wm ™K™Y
Glass 2500 775 11
Silicon 2330 711 148
Kapton 1420 1090 0.32
FIG. 2. Geometry of the models used in the numerical simulations to solvesjjicon dioxyde 2500 775 1.4
the heat transfer problem i@ 2D and(b) 3D. Due to the symmetry, the  Nickel 8900 440 45

analysis is reduced to a half cross section in 2D and to a quarter of a
cylinder in 3D(gray part$. In 3D, the strip is assumed to be a rod. Note that apata taken from Refs. 25—28.
the density of cells near the heater or the end of the strip is higher to bettéioyr work.

calculate the temperature distribution. °As the electrical resistivity of the nickel strip is twice its bulk value, the
thermal conductivity was fixed to half its bulk value, as a consequence of
the Wiedemann-Franz laysee Ref. 28

Each temperature oscillation is typically divided into

200 time steps. The steady amplitude of temperature oscilla-

tion is reached after about three temperature oscillations. 1t 1w voltage. The resulting signal is digitalized and the 3

2D simulation, the boundary conditions are adiabatic at th¢art(amplitude and phagés extracted by means of numeri-

symmetry line, isothermal at the right border, and finallycal lock-in technique. The integration is carried out over

either isothermal or adiabatic at the bottom of the sampldypically ten periods. More details of the experimental setup

(Fig. 3. Assuming an isothermal boundary condition meanscan be found elsewhef@.

the sample is mounted on a perfect heat sink whereas assum- Measurements were performed at room temperature on a

ing an adiabatic boundary condition simulates a bad thermal25-um-thick Kapton foil and on a 570-nm-thick thermally

contact between the sample and sample holder. For the simgrown silica layer on a bare 23@m-thick silicon wafer. The

lations performed in 3D geometry, a constant temperature iggmperature oscillation amplitude is less than 3 K.

assumed on the surface of the cylinder.

V. RESULTS AND DISCUSSION

V. EXPERIMENT A. Effect of a finite strip length

A nickel heater whose geometry is shown in Fig. 1, was - . .
sputter deposited on the surface of the sample and patterne% inThtieegelci:rg dor{cgl ﬂg;emztt?prLeenn%?anzsbz?oerg S‘IE\l/JvcciJli,?mtl)}f
by photolithography. Nickel was chosen because of its larg i g h vyb N ?f m dyntw distinct sub .tr ¢ whib-
temperature coefficient of resistivity. Typically, the strip ations have been periormec o 0 distinct substrates e

thickness is about 400 nm, the lengtis 4 mm, the distance iting a large difference in thermal conductivity: glass and
between the voltage pad’s is 2 mm and t’he width i silicon. The thermal properties used in the calculations are

20 um. mentioned in Table I. The lengthwas 4 mm as in our

The 3w experimental setup to measure the thermal Ccmfr_1e:;1surements. The size of the cylinder considered in the

ductivity is based on a technology using differential amplifi- f;':‘nu':::;ﬂrgiissgeen chosen such that it does not affect the
ers (four-pad 3, method. The signal at frequency, free E)rhe chan eé of the in-phase temperature oscillation am-
from harmonics, and the voltage containing thesdgnal are litude al ?h i pl tted f gﬁ if o

acquired across a reference resistor of low-temperature d liude along [he strip are plotted Tor difierent frequencies in

pendence and the inner pads of the strip, respectively. A dif- igs. 4a) and 4c) for gla_ss gnd S'“C(.m’ respectively. The
ferential amplifier is used to increase the ratio af @ltage in-phase temperature oscillation amplitude averaged over the

length of the strip and between the voltage leads is plotted as
a function of frequency in Figs.(d) and 4d). The average

I amplitude over the length of the strip represents the value
Heater that is commonly measured using a two-pad geometry, i.e.,
when the same pads are used for passing the current through
the strip and as voltage probes, whereas the average ampli-
tude between the voltage leads represents the value that is

Substrate measured in a four-pad geometry, i.e., in the geometry of our
Flux=0 T=cst experiment.
—> The amplitude drop at the strip ends becomes sharper

when the frequency increases from 1 to 1000 Hz, meaning

that the heat flow becomes more two-dimensidFas. 4a)

$ T=cst or Flux=0 and 4c)]. The agreement between the slope of the curve
calculated with Cahill's formul@Eq. (4)] and the slope given

the thermal soncuciviy meascrement applied to a conducting hin fim_, <, Lmerical simulation becomes better when the fre-

deposited on asubstrat}t;, using therﬁethog.pThe boundary condigons are quency mcrgasesﬁFlgS. 4b) and 4d)]' Nev.erthele.ss, .It

adiabatic at the symmetry line, isothermal on the right lateral surface, an§hOUId be pomted out that the effect of the finite strip width

either isothermal or adiabatic at the bottom of the sample. is neglected in the simulation because of the cylindrical sym-
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“ |/(\7V)PD WPD [pm]
18.8 595 188 595 257 130 40 1I3 4
205 20 4.0 L L 1.0
4 Hz
10 Hz 354
15 40 Hz 151 08
100 Rz, g 3.0 kU
~ 400 Hz — = 2.V
5 10 To00 iz 5 101 3 =
@ g . S 25 06 @
—_— eat flow (cahill formula) = O 0
0.5 054 ----4-pad 3o method -4 :-
«++s+- 2-pad 30 method £ 2.0 4 "E
- 04 @
0.0 0.0 T T S 1.5 vt o
00 05 10 15 20 25 30 1 10 100 1000 = @
X[mm] Frequency [Hz] g i =
s 1.0 00 O
1 . .
(c) (d) o ..
1/WPD 054 .-
oo1ed 47 15 47 .
0.016 01
0.0 T T T 0.0
0.25 1 10 100 1000

0.012: 0.012

Frequency [Hz]

0.008. 0.008

Re(AT)
Re(aT)

) FIG. 5. Measurement and numerical simulation using a heating power per
—— 2D Heat flow {Cahill formula)

0.004 0.004{ - - -~ 4pad 30 method unit length of 0.77 W m* on a 125um-thick Kapton foil. The two arrows
""" &rpad 3o method separate the oscillation amplitude from the phase shift cullesExperi-
0.0004 0.000 mental pointgoscillation amplitude and phaséotted lines: amplitude and
0.0 05 1.0 15 20 25 3.0 1 10 100 1000 . . .
X{mn] Frequency [Hz] phase calculated assuming an isothermal boundary condition at the bottom

of the sample and neglecting the strip thickness. Dashed lines: amplitude
FIG. 4. Effect of a finite strip length on the in-phase ac temperature riseand phase calculated assuming an adiabatic thermal contact at the bottom of
Modeling for (a), (b) glass andc), (d) silicon as a function ofa), (c) the  the sample and taking into account the strip thickness. Solid lines: calculated
distance along the metal strip£4 mm) for different heater frequencies and amplitude and phase shift using the integral form of Cahill's formula as
(b), (d) the heater frequency. The dotted and dashed curves are obtained §i¢fined by Eq(2).
simulating a 3D heat flow, the temperature being averaged along the entire
strip and the inner voltage pads, respectively. The solid curves are calculated
according to Eq(4) by adjusting to fit the calculated curve at high fre- _ .
quencies. The heating power input to the strip per unit length is 1 W m _SUbStr.ate of finite thickness has been deyel&ﬁaﬁe have .
The difference at low frequencies is found to be larger for materials havingnvestigated the boundary effects numerically and experi-

a high thermal conductivity. mentally. The two different types of samples, Kapton and
SiO, on Si, have been considered again. The Kapton foil was

metry used. The wave penetration depth then remains Iargé:Jrlu'EOI on the copper sample holder with silver paint, ensuring

than the width of the strip, whatever the frequency is. For® good thermal contact, while the silicon was glued with

silicon grease.

silicon, the disagreement with Cahill's formula appears be-
: For Kapton, measurements were performed between
low 10 and 100 Hz in a four- and two-pad geometry, respec-

. : . : 0.25 and 1000 Hz corresponding to a WPD variation be-
tively. The discrepancy is as large as 8% at 1 Hz, in a two- ,
- . : . tween 260 and 4m. The thermal properties of Kapton and
pad geometry for silicofiFig. 4(d)], whereas there is quasi . . . . .
i : . nickel used in the calculations are listed in Table I. The ther-
no noticeable discrepancy for glagsig. 4(b)] at the same

frequency. A slight discrepancy for glass is observed at 1 HZrnal conductivity of Kapton used in the numerical simulation

at al/WPD ratio of about 18, in the two-pad geometry. was adjusted .to fit the experlmgntal data. .
. : . The experimental and the simulated amplitude and phase
The discrepancy with Si can be understood by compar- . :
. : . of the temperature rise on the metal strip versus frequency
ing the thermal wavelength with the length of the strip. The . . T
. : . L obtained for the Kapton foil are shown in Fig. 5. Rather than

lower the ratiol/WPD is, the higher the deviation from Ca- .

. . . o the in-phase and out-of-phase components of the temperature
hill's formula is. For Si, the deviation becomes lower than fise. the amolitude and phase are used. because thev are di
1%, whenl/WPD is larger than 4.710 H2) in the four-pad : P P ' Y

geometry and 15100 H2 in the two-pad geometry. It is rectly measured and because E4).is not used to interpret

clear that the use of a four-pad geometry is more suitable t})he data. The pair of dotted curves are calculated assuming
pad g Y an isothermal boundary condition and neglecting the thick-

reduce the effect of heat spreading in 3D, as the heat flowy ss of the heater. The pair of dashed curves are calculated
tends to be 2D between the inner pads. Note that the effect g . P

heat spreading in 3D is noticeable at roughly the sgm&sSsuming an adiabatic boundary condition and taking into

[/WPD ratio for glass and silicon. For other geometries, it isaccount the strip thickness and the heat spreading inside the

. : : strip. The pair of solid lines are the amplitude and phase shift
?;(t?c?aed that the discrepancy scales simply withl i#é>D calculated from the integral form of Cahill's formula

: , o holEd- (2)].

Ir_1 the next parts a two-dimensional heat transfer will be As shown in Fig. 5, the amplitude of E®) does not fit
considered only. . .

the experimental curve very well, especially at low frequen-

cies. In the low-frequency limit<1 Hz) the assumed iso-
thermal boundary condition at the bottom of the sample

Effects of the finite thickness of both, strip and substrateagrees well with the experimental data. In this frequency
are real problems that can affect experimental measurementange, the WPD exceeds the sample thickness. As a result,
at both low and high frequency. Although an analytical for-the heat penetrates into the copper sample holder resulting in
mula for extracting the thermal conductivity of films on a a decrease of the temperature rise due to its high thermal

B. Influence of boundary conditions
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WPD [um] resistance between the Si substrate and the sample holder,
(088 428 267 133 84 2 42 26 leading to an increase of the temperature oscillation ampli-
tude at the heater. As expected, the silica layer introduces a
_ frequency-independent thermal resistance. The thermal con-
£ 127 ductivity of the silica layer, extracted from this figure by
@ Se o . .
2 e means of Eq(5) supports also the value used in the simula-
= | TTT==r- L ;
S 8- tion.
©
s AT, =Pe/2bAg,
% 044 el C. Effect of a finite strip thickness
a | el ) ) )
° The previous section has shown that both the experimen-
0.0 . tal results and numerical simulations deviate from E).
10 100 1000 even at frequencies high enough so that boundary conditions

Frequency [Hz] do not have to be considered. The reason is that Cahill's
FIG. 6. M . _ _ _ gerivation ignores transverse heat flow and heat capacitance
. 6. Measurements on silicon using a heating power per unit length o . .
37.6 Wm'L. Dotted line: simulated temperature oscillation amplitude vs of the heater. By varying the thermal properties of the heater
frequency due to the silicon substrate only with the assumption of an infinitdN our simulation, i.e., the thermal conductivity and the heat
resistance at the bottom of the sample. Dashed line: simulated amplitude Qfapacity of the heater, it is possible to appreciate the role of
a s_ilicon wafgr covered with a 570-nm-thic|_< silica layli, expgrimental  these two parameters in the two extreme regimes of fre-
points. The difference between the dotted line and the experimental points . .
corresponds to the temperature drop through the, Biger. quency. Several conclusions can be drawn from the simula-
tions performed on the Kapton system.
We observed that at low and high frequencies the tem-
perature amplitude oscillation is lower and the phase shift
conductivity. At frequencies above 40 Hz, the WPD ishigher than those predicted by E®), whatever the thermal
shorter than the strip width; the thermal wave is then conprgperties of the heater. At low frequency, the decrease of the
fined near the metal line. The experimental phase shift is "ﬂemperature amplitude can be seen as a decrease in the con-
between the two calculated curves neglecting and taking int@ignt 7 in EQ. (4). In this regime, the thermal mass of the
account the heater thickness, respectively. This suggests thadater can be neglected because the WPD is far larger than
the thermal properties of the heater disturb the temperatur@e heater thickness: the heater is in a quasisteady state re-
profile in the sample and will be discussed in the next part.gime. 5 then is a function of the thermal conductivity and the
Figure 5 also demonstrates the sensitivity of the simulaheater geometry only. The heat spreading arises because of
tion, regarding the phase shift. An excellent agreement ighe nonhomogeneous temperature along the width of the
observed between the calculated curves and the experimenigater.
data: in the two extreme regimes, low- and high-frequency, At high frequency, the conclusions are different. The am-
calculations using appropriate assumptions allow the data tgjitude of the complex temperature rise is constant along the
be interpreted. If the thermal properties of the heater arqyigth of the heater at each time and therefore there is no
neglected, the calculated phase stifttted ling tends to be  ransverse heat flow in the heater. The amplitude is not a
—ml4 at high frequencies. This is consistent with E&)  fynction of the thermal conductivity of the heater but of its
when analyzing it at a high frequencgolid line).*° heat capacity, its geometry and frequency. The heater’s heat
The comparison of calculation and experiment on thecapacity and thermal conductivity can then be measured in-

consideration consists of a 230m-thick silicon wafer cov-

ered with a thermally grown 570-nm-thick silica layer. Mea-
surements of the temperature oscillation amplitude from th,, ~oncLUSION
ac heating were performed between 10 and 1000 Hz. Figure
6 shows the experimental data for the metal strip deposited A heat conduction model for thexd3method based on the
directly on the SiQ film, simulated curves for the SidSi  finite volume technique has been developed. The simulation
system, and the contribution of the Si substrate alone to this free from binding hypotheses and completes the numerical
temperature oscillation amplitude. An adiabatic boundaryapproaches first developed by CafffiliThe possibilities of
condition at the bottom of the sample was assumed. the numerical simulations coupled to the experiment to ana-
The agreement between the simulated and experimentalze the experimental data and extract the thermal conduc-
results is fairly good in the whole frequency range based otivity by fitting, have been demonstrated. The simulation ap-
literature values for the thermal conductivity of bulk Si and pears as a powerful tool for predicting which geometry of the
SiO,. The value of 1.4 Wm!K ™! used for silica is in ex- heater strip and which range of frequency are the most suit-
cellent agreement with previous resuit8.At low frequen-  able to analyze a given system by means of analytical for-
cies(below 100 Hz, as seen previously, the finite thickness mulas. We hope that the simulation developed in this study
of the silicon is responsible for the deviation from the linearwill contribute to the analyzing of systems exhibiting a low
dependencéthe WPD exceeds the width of the substrate thermal conductivity contrast as well as to extracting the
However, in this case, the silicon grease introduces a therm#éhermal conductivities of anisotropic materials.
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