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ABSTRACT

The measurement of thermal properties of solid materials at different temperatures above ambient is
investigated using a set of microresistors. Samples consisted of suspended films with sets of long, parallel
resistive wires deposited on their surfaces. One resistive wire was heated by an alternating current.
Surface temperature changes in DC and AC regimes were then detected by measuring the change in
electrical resistance of the other wires deposited on the surface. The length of wires was chosen so that
they may be assumed isothermal and such that heat diffusion acts perpendicularly to their axes. By
measuring the dependence of the surface alternating temperature oscillation on the modulation
frequency f and on the separation between the heating wire and the probing wires, the thermal
diffusivity of the sample was determined. Through adjustment of the alternating current amplitude in
the source wire, the temperature at which the thermal diffusivity of the sample was evaluated was finely
controlled. For the validation of the method, pure silicon samples were first studied. An experimental
bench was set up and resistive source and probes were experimentally characterized. Results obtained
from ambient temperature to 500 K for pure silicon are in accordance with reference data found in the

scientific literature.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Characterization of the thermal diffusivity and conductivity of
bulk materials and thin films is very important in various applica-
tion domains (microelectronic, nuclear, materials for aeronau-
tics...). To achieve such a determination, different methods have
been developed. They can be classed in two main groups, the non-
contact optical methods, also called photothermal methods and
the contact methods using contact electrical means.

For the non-contact methods, the thermal source is usually
photothermally created. In many cases, the sample is illuminated
by a pump modulated laser beam. This laser causes heating of
the sample through absorption and subsequent thermalization of
energy. By covering the surface with a thin layer that is optically thick
at the wavelength of the light, the heating at the sample surface is
localized. A spot, a straight line or a domain of the surface can be
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illuminated. They correspond respectively to cylindrical, plane, and
1D propagation regimes of thermal waves. The analysis of the
temperature of the sample surface as a function of the modulation
frequency of the thermal source or the distance to the thermal source
allows the determination of the sample thermal properties. Pulsed
heating sources are used also as in the flash method [1,2]. Through
numerous detection schemes available nowadays such as mirage
setup [3,4], photoreflectance microscopy [5-8] or photothermal
radiometry [9,10], the variations of the surface temperature are
measured. Thermal parameters are then extracted from fitting these
measurements with curves calculated with the model of heat
spreading in the sample.

Considering now the thermal methods using contact electrical
means, various methods discussed in Ref. [11] are based on the
transient hot strip source technique proposed by Gustafsson [12]
and the 3w method of Cahill [13]. Both methods were initially
developed for measuring the thermal conductivity of bulk materials.
In these methods, the sample is heated by a thin metal strip deposited
on the sample surface. The metal strip is used as a heater and also as
temperature sensor. The sample heating is either transient (transient
hot strip method) or modulated (3w method). The measurements of
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the heater temperature are coupled with heat transport modeling.
Through these measurements, the sample thermal properties are
estimated. The uncertainty in the estimations depends then on the
parameters used in the thermal modeling of the experiment. Para-
meters such as contact resistance between the heating strip and the
sample, the design and dimensions of the metal strip and substrate
can in particular play a major role and have to be taken into account
[11,14]. However, characterization of the thermal conductivity of thin
films requires certain adaptation of the methods. Using these methods,
sufficient heat should pass through the sample for an adequate study
of the thermal properties of the sample and a simplified interpretation
using straightforward analytical approaches. To address these issues,
solutions include adjustment of the sample geometry or fabrication of
sophisticated and delicate suspended structures. Moreover, transient
methods such as the membrane method have been developed [15,16].
As the method used in this work, this technique includes separate
heater and temperature sensors and has been developed for the
identification of the in-plane thermal conductivity of thin films [15,16].

Despite their large applicability, all the methods given above need a
particular heavy conditioning of set-ups for measurements at different
levels of temperature above ambient [7,15,17-19]. Moreover, they
need specific apparatus for these measurements. Based on the
principle of the membrane method, this paper approach demonstrates
the successful extraction of thermal properties of highly diffusive bulk
materials above ambient using only a set of microresistors. Quite
simple, it can easily be implemented by other investigators.

Section 2 is dedicated to present the method. Section 3 describes
the sample under test and the different steps of fabrication. To prove
the method applicability, the case of a sample of pure silicon has
been chosen. The numerical simulations used to design the samples
and to estimate the uncertainty in the thermal parameters determi-
nation are given in Section 4. Section 5 describes the different parts
of the experimental set-up with their functionality. Our experimen-
tal results are analyzed and compared with data found in the
scientific literature. Finally, we conclude and give the perspectives
of this work.

2. Method used
2.1. Principle

For the experiments, the material to be studied is shaped in a
flat suspended film. As shown in Fig. 1, an array of parallel and
long resistive wires is deposited on the surface of the sample. One
of the resistive wires is heated with an alternating current I of
magnitude I, at angular frequency @w=2zxf. The power P dissipated
in this wire may be written as

P=RI>=RI2/2+RI%/2.cos Qwt) 1)

where R is the electrical resistance of the heated wire.

Y
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Fig. 1. Schematic of the implemented sample. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)

In the material, conductive diffusion of this heating produces a
continuous temperature variation called ATpc and alternating
temperature oscillations at angular frequency 2w called AT,
The length of all the wires is chosen large so that they may be
assumed isothermal along their length (in the Y direction in Fig. 1).
However, the probing wires are shorter than the heating wire to
detect mainly the lateral heat spreading from the heating wire.

By measuring the electrical resistance change of the probing
wires AR»,(x), the surface temperature AT,,,(x) is detected

ARZ{H(X) = RO (X)ﬁAT2w (2)

here Ixl is the distance from the heating wire, Ro(x) is the electrical
resistance of the probing wire at ambient temperature T, and /3 is
the temperature coefficient of the electrical resistivity. A direct
current iy of small magnitude is generated through the probing
wires for the AR,,,(x) measurements. Using a lock-in amplifier, the
second harmonic voltage at the probing wires is measured

AV34)(X) = ARy, (X)ig = Ro(X)BAT 2, (X)ig 3

By measuring the AT(x) dependence on the modulation frequency
F=2f and on the distance Ixl, the sample thermal properties are
determined.

2.2. Modeling

The thermal diffusivity of the sample o is given by
a=2/(py0) )

where 4, po, and C are the sample thermal conductivity, density,
and heat capacity respectively. The thermal diffusion length y in
the sample material is given by

1= (a/Q2xf)'? )

Identifying « is all the easier as u is large compared with the thickness
d of the suspended film. This condition is verified while working at
small frequencies. In this case, the thermal gradient in the sample
thickness may be assumed null (in the Z direction). Moreover, d is
chosen so the Biot number defined as Bi=hd/k is much less than 0.1,
where h is the convective heat transfer coefficient.

With the fact of us>27w where w is the width of the wire, the
heating wire is considered punctual. From the resolution of the heat
transfer equation, the second harmonic temperature decay measured
along a distance x from the heater may then be written as

ATy (%) = A exp(—x/ w)exp(—ix/u) (6)
where
A=P/QdIA(a/Qw))'? 7

here P is the electrical power dissipated in the heating wire and [ is
the sample width.

The thermal diffusivity « is deduced from the attenuation of the
magnitude exp(—x/u) and the variation of the phase (—x/u), both
as a function of x. Let ay,, and ag the thermal diffusivity extracted
from the magnitude attenuation and the phase lag respectively. Then
A could be deduced from A in Eq. (7). By measuring the signal of the
probing wires and using Egs. (3)-(6), the thermal properties of the
sample are estimated. This needs a good knowledge of the electrical
properties of the material composing the wires. Adjusting the
amplitude I, in the source allows controlling the sample DC
temperature at which the thermal properties are identified. Deposit-
ing many wires at the sample surface allows the estimation of the DC
temperature

Tpcexp = (1/N). ;l (R(xi)—Ro(x1))/(Rox))+ Ta (®)

where N is the number of the probing wires and i is an index for a
considered probing wire. A careful design of the sample thickness
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and width should guarantee isothermal samples in the DC regime
while the measurements in the modulated regime are performed.

3. Description of the sample under test
3.1. The reference material

Because of its well-known thermal properties versus the tempera-
ture, we used a sample of pure silicon as reference material. Table 1
gives the values of the thermal properties of silicon determined in
literature at different levels of temperature. The value of p, was
determined equal to 2329 kg/m? for highly pure silicon at a tempera-
ture of 298 K [20]. As the thermal expansion coefficient does not
exceed 1% at temperature below 600 K [21], we considered it constant
as a function of temperature in our work.

For the test and the method demonstration, a specific sample
made of silicon was prepared. Its thickness, width and length were
200 pm, 7 mm and 10 mm respectively. These geometric proper-
ties were determined to satisfy the conditions of our model.

3.2. The wire array material

As illustrated in Fig. 1, the heating wire (in red) is located in the
middle of the sample surface. The probing wires (in blue) are
located on both sides of the heating wire. The main process chosen
for fabricating this wires array is photolithography and lift-off.

Table 1
Thermal properties of pure silicon at different temperature levels.

Temperature C A Qref Qexp

(K) (J/kgK)[22] (W/mK)[23] (x10-5m2[s)* (x10~> mz/s)[24]
300 703 148 9.03 8.8

400 760 105 5.93 5.33

500 800 80 4.29 3.8

@ Data calculated with Eq. (4) and values of k and C from Table 1.

a
Illllllllil

The schematic diagram of the fabrication process flow is shown in
Fig. 2.

After a substrate cleaning, a 2 pm-thick nLOF negative photo-
resist is spun on the silicon wafer. The resist is baked on a hotplate
at 110 °C for 1 min. A UV exposure is then carried out (Fig. 2a). A
post bake is performed at 110 °C on a hotplate for 1 min. This bake
is immediately followed by the resist development in a AZ-351B
solution for 60 s, leaving an array of line openings into the resist
layer on top of the sample. After the photolithography step, a
chromium/gold bilayer, respectively of 50 nm-thick (Cr) and
450 nm thick (Au), is deposited on top of the sample by sputtering
(Fig. 2b). The chromium is used as an adhesion layer to stick the
gold on silicon. Finally the lift-off step is performed in an acetone
bath under ultrasonic excitation (Fig. 2c).

3.3. Characterization of the wires

Table 2 gives the value of the wires section S, electrical resistivity
p and the coefficient f. Using Atomic Force Microscopy (AFM)
in tapping mode, S was measured. Fig. 3 shows an example of the
section measurements. As noticed, the wire real section obtained
after the process fabrication is uniform but not square as expected.
The wires length L is of several millimeters and was measured with
optical microscopy. By measuring the wire electrical resistance R
by 4-point probes method (4-probe sensing) at ambient tempera-
ture, p was determined. The chip (sample+ wires) was placed in a
specific oven and heated to different temperature levels. Then,
p was determined from the wire resistance measurements:
R=Ro(1+A(T—To)).

Table 2
Properties of the wires.

Coefficient of
temperature g (K~ 1)

Electrical
resistivity p (Q m) at T,

Section S (m2)

1.66 +0.15 x 10~ 12 415+01x10°8 8.8+0.05x 1074

[ ] sisubstrate
I:l photoresist
:I gold

- chromium

7 mm

>
< >

Fig. 2. Process flow for the deposition of the metallic wires array: (a) photolithography; (b) metal deposition; and (c) lift-off process.
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Fig. 3. AFM 2D image of a gold wire. At the top right corner 3D
corresponding image.

4. Numerical model and simulation results

Using COMSOL Multiphysics, numerical simulations of the thermal
behavior of the Si sample were performed to design the electrical
chip. The design includes the determination of the distances between
the heating wire and the probing wires as well as the frequency
domain where the simple 1D approach is applicable. Assuming in a
first approximation that the temperature is uniform along the length
of the wires, a 2D model is used.

4.1. Description of the system

As the heating wire is located in the middle at the sample
surface, the sample may be assumed symmetric. Using the data of
Table 2, a volumetric term of the power P, is inserted in the
section of the heating wire. Thermal losses by natural convection
and radiation play an important role on the variation of the sample
temperature when the sample is heated to temperatures above Tj,.
This includes the variation of the two temperature components
AT,,, and Tpc as shown in Fig. 4a and b. The emissivity ¢ of the
sample material at a given temperature and the convective heat
transfer coefficient h are then required. These two parameters
affect directly the determination of the term A in Eq. (6) and then
the direct determination of A.

Since the sample temperature is experimentally determined,
this part is just dedicated to the 1D approach validation. Far from
the real values, h is supposed equal to 5Wm~2K~! and the
sample material is here assumed to be a black body.

The interface thermal resistance R, between the wires and the
substrate is given by

Rth = RAu/Cr+RCr +RCr/Si 9

where Raycr, Rer and Reysi are the thermal resistances at Au/Cr
interface, within the Cr layer and at Cr/Si interface respectively. Rc,
is equivalent to e/Ac;, where e is the thickness of the chromium
layer and A, is the chromium thermal conductivity. This resistance
is about 10" m? KW=, Ray/cr and Reys; are dependent on the
interface geometry, the materials properties, the process of
deposition of the wires on the substrate, etc. However, the values
of the thermal resistances found in the scientific literature for
metal/semiconductor lie in the range of 1078 m? KW', They
include the determination of R, at Au/Si interface with transient
thermo-reflectance [25,26], with picosecond optical technique
[27], and with simulations of molecular dynamics at Si/Au [28]
and Si/Pb [29] interfaces. Besides, Gundrum [30] measured Ry
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Fig. 4. Effect of the variation of ¢ and h on the amplitude of the temperature
components (a) Tpc and (b) AT, (I,c=40 mA, f=40 Hz).
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Fig. 5. Variation of the heating wire temperature as a function of time (f=80 Hz).

at Al/Cu interface equal to 0.25x 10~° m?> KW~ ! using thermo-
reflectance.

Then, numerical simulations with values of Ry, ranging from 0 to
5x 10~8m? KW~ were performed. The corresponding variation of
Tpc is almost negligible and lower than 1%. AT,,,(x) varies with a ratio
leaving nevertheless the same exponential variation of AT, as a
function of x. As a consequence, the determination of A through the
term A in Eq. (7) requires the determination of Ry but @ can be
determined without this data.
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Let us note that the simulations presented in the next part of
this section concern the case of perfect contact between the wires
and the substrate (R;z=0m?KW~1). The thermal properties of
silicon (k, d and C) and their dependence on temperature were
used for the calculations.

4.2. Simulation results

Heating currents with different magnitudes and different frequen-
cies are used in the simulations. The number of the elements in the
mesh is equal to 1300. The time between two steps is at least two
hundred times less than the heat power period. The temperature

a
-40
y = -0.1925486x - 31.1040000
-60
o -80 AN
® \\ e
§.: -100 )
2 \ —Linear (®)
o -120 \
-140 \
-160
-180
0 100 200 300 400 500 600 700 800
Distance from the heating wire (um)
0.16 -
= 3.193631E-01e3325618E-03x
0.14 \ Y
0.12
< 041 1
£3 + AT(2w)
& 0.08 -
z ——Expon. (AT(2w))
0.06 \\
0.04 ~
0.02
0 r r r . v .
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Distance from the heating wire (um)

Fig. 6. Simulated variations of (a) the phase lag, (b) AT,, as a function of the
distance from the heating wire for I,,=60 mA and f=80 Hz (a=4.6 x 10 °m?s~!

and 1=85Wm~ 'K~ ).
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components Tpc and AT, were extracted for the wires. Fig. 5 shows
the simulated temperature variation versus time at x=0 for a
frequency of 80 Hz and a magnitude I, of 60 mA. As the difference
in Tpc between the heating wire and the furthest probing wire does
not exceed 1 K, the sample may be assumed isothermal along x. AT,
is three orders of magnitude less than Tpc The very low cut-off
frequency of the system, estimated about 5 mHz, justifies this
difference.

Fig. 6a and b show the magnitude AT,, and the phase lag @
respectively as a function of x. The input values of the thermal
properties of the sample are @=4.6x10">m?s~ ' and 1=85
Wm~!'K~!. Using Eq. (6), the thermal properties may be
extracted. The distance between the heating wire and the closest
probing wire Il and the frequency domain were determined.
For IXminl=225 pm and 20 < f < 80 Hz, the 1D approach is valid and
the uncertainty is less than 4%. In fact, the lines of the heat flux
become parallel to the sample surface for distances larger than the
thickness 200 pm. For distances less than the sample thickness d,
the Z part of the heat flux cannot be neglected and as a result the
one-dimensional conduction model is not valid anymore, in
analogy with the scale analysis showed by Bejan [31]. Considering
the identified frequency range, the sample thickness d tends to be
smaller than 4 when f decreases. When the frequency exceeds
80 Hz, the sample temperature along Z is not uniform anymore
and so the 1D model cannot be applicable.

5. Experimental set-up

The experimental set-up is shown in Fig. 7. In this set-up, the
AC generator (1) is connected to the current amplifier (2) to
generate an alternating current I, through the heating wire. This
wire in red is deposited on the mask (3) and mounted in series
with a resistance of 1K€ (4). The resistance is linked to an
ampere-meter (5) for an accurate measurement of I,.. A DC current
generator (6) produces iy of small magnitude through the probing
wires in yellow. Synchronized with the AC generator, the lock-in
amplifier (7) detects the signal V5, and the phase lag & at the
probing wires.

As seen in Fig. 8, two Printed Circuit Boards PCB 1 and PCB 2 are
used to integrate the chip into the electrical circuit. Electrical
connections link the chip to the BNC plugs at the PCB 1. Each
deposited wire on the silicon sample has a number at the PCB
1 plugs. PCB 1 is attached to the PCB 2 by small pins. Bonding wires
made of gold of few millimeters in length and 25 um in diameter
connect the pads with PCB 2. As reported by Ji et al. [32], the
electrical resistances of the bonding wires and the bond interfaces do

B
oI )
[ V. T3 |
(2) I o | J
8
]
5 =
g (3)
(1) AC generator g 4) Z |
(2) Current Amplifier E: e = (5)
(3) Wires mask W = = -

(4) Resistance of 1 KQ
(5) Ampere-meter

(6) DC generator

(7) Lock-in amplifier

Fig. 7. Schematic of the experimental set-up.
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Fig. 8. Electrical connections of the measurements.
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Fig. 9. Experimental variations of (a) the phase lag, (b) AT, as a function of the
distance from the heating wire for I,.=60 mA and for different frequencies.

not exceed 100 m€2. In this work, these resistances are supposed
negligible comparing them to those of the wires. Moreover, using a
multimeter, it was verified that the electrical resistances of the
connection between the PCB 1 and the pins of the PCB 2 are of
few milliOhms. Taking all of this into account, it can be said that the
electrical resistances measured at the PCB 1 plugs correspond to the
wires of the electrical chip.

Table 3
Si thermal diffusivity experimentally determined.

Ia,: Qam Agp TDCexp A

(mA) (x107°m2s~ 1) (x107°m2s~ 1) (K)* (Wm~'K™ 1)
40 6.5+0.5 6.8 +0.5 365+5 112+8

60 5401 55+01 465+ 5 91+3

? Temperature experimentally determined using Eq. (8) at the probing wires.

6. Experimental results

Experiments were performed for frequencies between 20 Hz
and 80 Hz. Two different magnitudes I, of 40 and 60 mA were
used to heat the sample. Fig. 9a and b gives an example of the
measurements for I,. of 60 mA for three different frequencies: 40,
55, and 80 Hz. For both I, the exponential tendency of AT,,, and
the linear tendency of @ are found as a function of IxI.

Using Egs. (3) and (6), @gm and ag were extracted. By fitting the
experimental curves with the numerical data, A should be deter-
mined directly. The fitting requires the determination of the heat
loss and the interface thermal resistance as discussed before.
However, A can be determined using Eq. (4) and data from
Table 1. Table 3 gives the values of the estimated thermal proper-
ties of the sample and their corresponding temperatures. Using Eq.
(8), the sample temperature Tpceyp is determined experimentally.
The experimental results obtained are in good agreement with the
literature values listed in Table 1.

7. Conclusions and perspectives

This work reports the first step of validation of a simple technique
based on adaptation of the membrane method principle in modu-
lated regime to highly diffusive bulk materials. It demonstrates the
successful extraction of thermal properties of such a material at
different temperatures from ambient to 500 K using only a set of
microresistors. Using a simple 1D approach, the technique is valid for
a specified frequency range for the case of a silicon sample with an
uncertainty estimated less than 4%. The silicon thermal properties
values obtained at different temperatures above ambient are promis-
ing and are in good agreement with data found in the scientific
literature. Quite simple, the technique can easily be implemented by
other investigators. Characterizing the thermal properties of another
sample material can nevertheless induce the re-dimensioning of the
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system (sample thickness, resistive wire dimensions and the dis-
tances between the resistive wires).

Performing the measurements with this technique requires a
more exact estimation of the uncertainties linked to parameters of
influence. They include the emissivity ¢ of the sample material, the
convective heat transfer coefficient h, and the interface thermal
resistance between the wires and the sample. Direct measurement
of the thermal conductivity should then be also allowed. Char-
acterizing the parameters of influence is part of the perspectives of
this work.

The presented method allows estimating the in-plane compo-
nent of the sample thermal properties. Seeking the thermal
characterization of complex materials such as multilayered mate-
rials deposited on a silicon substrate, the perspectives of this work
are also based on its technical adaptation for such applications.
Therefore, a more realistic model is under development to extend
the frequency domain of use of the technique.
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