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Abstract. Two different methods for the measurement of the thermal conductivity have been applied to a glass (borosilicate)
bulk sample. The first method was in the steady-state using an arrangement of gold wires on the sample to create a thermal
gradient and to measure the temperatures locally. This allows one to calculate the in-plane thermal conductivity of the sample.
The same wire arrangement was also used for a 3@-measurement of the direction-independent bulk thermal conductivity. The
3w-approach is based on periodical heating and a frequency dependent analysis of the temperature response. The results of
both methods are in good agreement with each other for this isotropic material, if thermal and radiative losses are accounted
for. Our results demonstrate that especially in the case of thin-film measurements, finite element analysis has to be applied to
correct for heat losses due to geometry and radiation. In this fashion, the wire positions can be optimized in order to minimize

measurement errors.
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I. INTRODUCTION

The determination of the thermal conductivity of materi-
als is important for the optimization of their thermoelec-
tric figure of merit. The measurement of bulk materials
is well understood, whereas for thin films the measure-
ment methods are more complex and a simple transfer of
bulk methods is usually not possible. Currently, different
approaches for the determination of the thermal proper-
ties in cross-plane and in in-plane direction of thin films
are being developed and tested. Many methods for the
in-plane thermal conductivity measurement are steady-
state methods of various designs or methods based on
a van-der-Pauw approach. Methods for investigating the
cross-plane thermal conductivity are the 3@-method and
the derivate time-domain thermoreflectance method.

The main principle of the steady-state methods is the
establishment of a constant heat flow in the sample. The
analysis is typically based on measurements of local
temperatures at defined distances from the heat source
[1,2,3.4,5, 6, 7]. Depending on the chosen geometry
cross-plane and in-plane thermal conductivity can be de-
termined. However usually heat losses are unavoidable
due to the finite geometry of the heater and sensor ar-
rangement.

The principle of the 3®-method and time-domain ther-
moreflectance differs from that of the steady-state meth-
ods. A dynamical approach is used where the sample is
perturbed by periodical heating either by an electric cur-
rent or by laser radiation. The analysis of the response
signal as a function of modulation frequency yields the
thermal conductivity [8, 9, 10]. As these are perturbative

approaches, radiation losses are minimal. These meth-
ods are mainly established for cross-plane thermal con-
ductivity measurements and usually yield only little or
uncertain information about in-plane properties.

The van-der-Pauw method is applicable only for mea-
suring the in-plane thermal conductivity of isotropic thin
films. Resistors are located at the four corners of the thin
film which serve at the same time as temperature sensors
and heaters. A heat current is injected at one corner and
extracted from the neighboring right corner. The temper-
ature difference of the two opposite corners is measured.
Afterwards the same procedure is carried out with the
neighbor on the left. The thermal conductivity is deter-
mined by combining the results of both measurements
135 12;43]

Here, we compare steady-state in-plane measurements
of the thermal conductivity of an isotropic bulk glass
sample with corresponding 3@-measurements.

II. METHOD

The principle of the steady-state in-plane thermal con-
ductivity measurement is illustrated in Figure |. The
broad wire on the top of the borosilicate glass test struc-
ture serves as the heating-wire. The other three wires are
temperature sensors. All the wires are operated in four
terminal sensing. To heat the sample a DC-current is ap-
plied to the broad wire. For an infinite wire in an ideal
two-dimensional plane, the Joule heat causes a heat flux
in one dimension (to the right and to the left) from the
middle of the wire to the sensor wires located parallel to
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the heater. In the steady-state the temperature gradient is
constant and perpendicular to the wires. The three sensor
wires located at defined distances x; from the heater are
used to determine the local temperature 7;. For this pur-
pose a calibration curve (resistance versus temperature)
needs to be determined for each sensor wire. From the
temperature values determined for any pair of heaters i
and j, the thermal conductivity x of the sample can be
derived as [14, 15]:

Xj—Xj
2(Ti-T;)
where g = P/A is the heatflux which is equal to the power
P divided by the cross-section A = L -d, where L is the
length of the heater and d the sample thickness. The
factor of 2 in the denominator of Eq. 1 accounts for equal
heat flows to the left and to the right of the heater wire.

In the experiment, this ideal situation may only be ap-
proximated because of the finite thickness of the spec-
imen and the finite lengths of heater and sensor wires.
Furthermore heat losses due to radiation and along the
contact metallization cannot be avoided. The length of
the heater wire needs to be long compared to the dis-
tance of the sensor wires from the heater (L > x;) and the
sample should be thin (d < x;) to approximate the ideal
situation, The specimen is coupled to heat sinks located
on the left and on the right at a large distance from the
wire arrangement.

The specimen holder is attached to a heating block,
which is fixed on a nitrogen reservoir. A copper box en-
closes the specimen holder to minimize radiation effects.
This assembly is mounted in a vacuum chamber. The
measurement parameters are computer controlled.

The same set-up is used for the 3@-measurements
where the sensor wires were used for the measurement
[8, 9]. In this case the whole backside of the sample is in
contact with a copper heat sink.

K=—q %)

III. SAMPLE FABRICATION

The used borosilicate glass has the dimensions of
1.4 emx 1.8 cmx50 pum. A thin glass is necessary for
a good approximation of the 2D-measurement situation.
The wire arrangement is defined on the sample by pho-
tolithography followed by a metallization and a lift-off
step. The metallization consists of a 5 - 8 nm thick
chromium layer which serves as a primer and 100 -
110 nm silver layer used as the actual wire material. Fig-
ure 2 shows an optical image of the fabricated arrange-
ment of the silver wires. The heater wire and the sensor
wires are basically located in between four crosses. The
horizontal bars on the left and on the right serve as heat
sinks. Each of the thin sensor wires is connected to four
contact pads.
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FIGURE 1. (a) Schematic illustration of the top surface of

the wire arrangement. The heater wire is located in the middle
of the illustration. The three other wires (5}, 5>, §3) are sensing
wires located at different distances from the heater wire. (b)
Corresponding cross section of a borosilicate test structure with
the wire arrangement on it.

EEIG

20110710
WIEID

012017 T500m

Ly

FIGURE 2. Optical image of the top surface of the wire
arrangement made of metall on 50 um thick borosilicate glass.

IV. RESULTS

The results of the temperature-dependent measurements
from 240 K to 320 K by the steady-state approach and the
3w-method are shown in Figure 3. The solid line with the
star symbols depicts the results of the 3w-measurements.
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FIGURE 3. Thermal conductivity k of a 50 pm borosilicate

glass measured with the 3@ and a steady-state method. The
three sensor configurations are corrected to k*.

The values of K obtained by the 3w-method are increas-
ing with increasing temperature are typical for glass [16].
The three solid curves with the black symbols denote the
results of the steady-state measurements derived using
Eq. | for the three combinations of sensor pairs (5,52),
(5153). and (S253). The thermal conductivities obtained
by the steady-state method for all three pairs of sensors
are lower than those of the 3@-measurement. Further-
more the results for the three sensor pairs show a clear
trend. With increasing mean distance of the sensor pair
from the heater wire, i.e. 150 nm for (§,55), 200 nm for
(S153), and 250 nm (S,53), the thermal conductivity de-
rived using the equation for the idealized situation de-
creases. The reasons are heat losses parallel to the wire
direction and radiation losses perpendicular to the sam-
ple plane which become more important with increas-
ing distance from the heater. These are not accounted
for in Eq. 1 where the heat flow only takes place in x-
direction, i.e. in-plane and perpendicular to the wires.
To estimate the heat losses due to finite geometry, we
performed a finite element calculations using the soft-
ware package Ansys. In the model the sample is ide-
ally 2-dimensional with the heater wire embedded in the
sample plane. The sensor wires and contacts have been
neglected. The temperature distribution about the heater
wire due to the finite length of the heater is shown in Fig-
ure 4. The isotherms are no longer parallel to the heater
wire as expected. The reduction of the temperature at the
positions of the sensor wires has been estimated by tak-
ing corresponding temperatures along a line perpendic-
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TABLE 1. Correction factors ¢ ac-
counting for heat losses due to finite ge-
ometry of the wire arrangement.

Correction

Value

a2
0.895

a3

0.91

023

0.92

ular to the heater, which crosses the heater wire at its
center. The curves of the temperature decrease as a func-
tion of position x for the ideal case (1D-model) and for
the finite element model (2D-model) are plotted in Fig-
ure 5. The two curves deviate with increasing x due to
the heat losses. The effect can be empirically accounted
for by modifying Eq. 1 using a scaling factor o;

Xi—Xj
K =451y )

I —Tj)- o
where ¢;; = 3712 with ATip and AT>p denoting the tem-
perature differences between the positions x; and x; in
the two models. The values derived for the sensor pairs
are given in Table 1. Applying Eq. 2 to the experimental
data yields the corrected values of the steady-state mea-
surements. These are plotted as the three dotted curves
with the open symbols in Figure 3 for all sensor pairs.
After this correction the data for the sensor pairs (5;52),
whose mean distance from the heater is smallest, are in
good agreement with the 3@-results. The results for the
two other sensor pairs are still smaller than those of the
3@-measurement and still show a decrease with increas-
ing mean distance from the heater. These findings sug-
gest that radiation losses are no longer negligible at larger
mean distances of the sensor wires from the heater. The
radiation losses are difficult to estimate as they not only
depend on the specimen and its thermal coupling to the
heat sink, but also on the absolute temperatures of the
heater, the heat sink, and the surrounding shielding.

V. CONCLUSIONS

We measured the thermal conductivity of an isotropic
borosilicate glass sample by a steady-state method and
by the 3w-method using the same wire arrangement on
the sample surface. An agreement between results ob-
tained by the two methods can be obtained when cor-
recting the steady-state measurements for heat losses,
as long as radiation losses are negligible. The latter is
only the case if the sensor wires are located close to the
heater. The results on this isotropic sample demonstrate
that steady-state approaches are prone to errors. These er-
rors can only be minimized by a careful design of sensor
and heater wires accompanied by theoretical modeling
using finite element techniques. A verification is partic-



FIGURE 4. A picture of the 2D simulation for the 2mm long
heater wire by the software Ansys shows the 2D heat flow.
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FIGURE 5. Development of the temperature decrease AT

versus the distance from the heater wire for the ideal 1D case
and the 2D case corresponding to a finite wire.

ularly difficult in the case of anisotropic samples where
a comparison with established methods such as the 3w-
method is not possible.
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