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Designing low thermal conductivity of RuO, for thermoelectric applications

Denis Music,"® Oliver Kremer,' Gilles Pernot,? and Jochen M. Schneider’
'Materials Chemistry, RWTH Aachen University, Kopernikusstr. 10, 52074 Aachen, Germany
zUniversity of Bordeaux, LOMA, CNRS UMR 5798, 33405 Talence, France

We have applied Umklapp phonon-phonon and phonon-defect scattering to calculate the thermal
conductivity of unalloyed as well as Fe- and La-alloyed RuO, (P4,/mnm). These models are com-
putationally efficient and parameter free as they are supported by density functional theory. We
predict an order of magnitude drop in the thermal conductivity upon alloying, which is beneficial
for thermoelectric applications as it increases the figure of merit. Thermal conductivity data
obtained by thermoreflectance on magnetron sputtered thin films are consistent with the calcula-
tions. The here employed research strategy may also be beneficial for designing phases that require

manipulation of entangled properties.

Efforts have been dedicated to investigate solids with
desired thermal properties.'* One such property of interest is
thermal conductivity. In thermoelectric devices>* and wear-
resistive coatings,”® a low thermal conductivity is required
to increase the figure of merit and protect the tool, respec-
tively, while in nanoelectronics and optoelectronics'’ heat
needs to be promptly removed to prevent damage to the
functional layers, thus large thermal conductivity is required.
As the thermal conductivity is governed by transport of both
charge carriers and phonons as well as their interplay with
micro- and nano-structural features,'> it is challenging to
obtain predictive data from theoretical modeling. Especially
in thermoelectric devices, it is central to decouple phonons
from charge carriers to maximize the figure of merit.**

RuO, (space group P4,/mnm, prototype rutile) is an
appealing candidate for applications in thermoelectric devi-
ces owing to its surprisingly large electrical conductivity of
25%x10° Q' m 1, which is peculiar for oxides, and large
thermal and chemical stability,8 and hence it is used in
microelectrical devices. Single-crystalline RuO, exhibits a
very large thermal conductivity of 50W m ' K '.° which is
consistent with electrical conductors such as Cr and Pt.'°
However, as the grain size is reduced, both phonon and elec-
tron scattering reduce the thermal conductivity. For 29 nm
grains, a thermal conductivity of 19Wm 'K ' was
reported.'’ Further reduction of the thermal conductivity to
IWm 'K ! can be achieved by dilute alloying with La."'
All these data were obtained at room temperature. This enor-
mously large 50-fold reduction not only opens up possibil-
ities for thermoelectric applications but it also enables other
uses of this oxide such as high-power transistors and nano-
assemblies with mechanical contacts, if this modulation can
be understood and then further exploited.

In this work, we apply the so-called Slack model'* and
classical kinetic theory of phonon scattering to explain the
difference in the thermal conductivity of unalloyed RuO,
and La-alloyed RuO,. We then predict the thermal

Y Author to whom correspondence should be addressed. Electronic mail:
music@mch.rwth aachen.de

conductivity of Fe-alloyed RuO, and validate this by ther-
moreflectance measurements on magnetron sputtered thin
films. This strategy is efficient to design solids with desired
thermal properties such as thermoelectrics where low ther-
mal conductivity is required.

Within the Slack model,'? the thermal conductivity (k)
can be obtained as follows:

M65n'/3
= A —a 1
K "/ZT ? ( )
where A is a constant which can be determined as
243 %10 °
A . @)

T 1-0514y 1 +0.228) 2’

with y being the acoustic mode Griineisen parameter.m’]4 M
in Eq. (1) is the average atomic mass and 0, is the Debye
temperature of acoustic phonons calculated as

0,=6n /3. (3)

Further parameters used above, such 53, n, and T designate
the volume per atom, number of atoms in the cell, and abso-
lute temperature, respectively.'” The values for y and 0, can
be obtained from elastic constants.'>'> The elastic constants
in this work were calculated using density functional
theory,'® as implemented in the Vienna ab initio simulation
package (VASP) with projector augmented wave poten-
tials,'”'” which were parameterized within the generalized-
gradient approximation by Perdew, Burke, and Ernzerhof.°
The Blochl corrections were applied for the total energy®'
and the integration in the Brillouin zone was carried out on
converged Monkhorst-Pack k-points.** Full structural opti-
mization was carried out for every system probed. The con-
vergence criterion for the total energy was 0.01 meV within
a 500eV cut-off. The elastic constants were calculated by
deforming the cells.* >

As the Slack model was originally derived for dielectric
phases describing the thermal processes close to 0, namely,
Umklapp phonon-phonon scattering,'* it is important to test
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if the Slack model provides reasonable estimates of x at
room temperature for various systems. We have chosen typi-
cal thermoelectrics, such as Bi,Te; and ZnO, as well as ele-
mental Ge and Si as they are usually alloyed for
thermoelectric applications.” Furthermore, we have also
selected diamond since it possesses the largest 0, value.'®
Figure 1 shows the comparison between the calculated and
measured thermal conductivity. The measured data stem
from the literatures.'®***” It is worth noting that the data
spread over three orders of magnitude. Even though the devi-
ation between the measured and calculated data is within
21% to 88%, the right order of magnitude is obtained.
Hence, the data obtained with the Slack model are consistent
with the experimental data. It should also be observed that
these data were obtained from elastic constants and no com-
putationally demanding phonon or non-equilibrium molecu-
lar dynamics methods are used here.

One of the plausible reasons for the deviation between the
measured and calculated data provided in Fig. 1 may be due to
extrinsic effects such as structural defects. This becomes more
pronounced when samples with smaller grain sizes are consid-
ered, e.g., those synthesized via sputtering and other non-
equilibrium techniques. To account for these effects, we use a
straightforward estimate based on classical kinetic theory of
phonon scattering.® Thus, x can be obtained as

A

K= gcpv, “4)

where 1 is the phonon mean free path, which can be esti-
mated from
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where i, gs, and a designate intrinsic, grain size, and alloying
effects, respectively. The average phonon velocity (v) can be
computed from the elastic constants'®> and the specific heat
capacity (c,,) is more demanding to calculate. Here, we use
the intrinsic k data from the Slack model to obtain the prod-
uct of ¢, and 2; '. The first term in Eq. (5) was obtained
from Eq. (4) as follows. Based on Eq. (4), it is clear that the
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FIG. 1. Calculated and measured thermal conductivity for several dielectric
phases. The Slack model was used.
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FIG. 2. RuO, (P4,/mnm) alloyed with Fe or La.

thermal conductivity and mean free path are proportional.
One of the proportionality constants is the average sound ve-
locity, which was obtained from the elastic constants"” and
the other, namely, the specific heat capacity, was fitted from
the Slack data for the unalloyed RuO,, which is then
assumed constant. For unalloyed RuO,, no further correc-
tions of the Slack model values in Eq. (5) were made as
RuO, grows in the form of single-crystalline rods perpendic-
ular to the substrate,”® ! which is exactly the same direction
the thermal conductivity was measured, see below. The sec-
ond term in Eq. (5) was estimated based on a basic grain size
consideration inspired by the Thornton structure zone
model.>> We assume that the mean free path is equal to the
grain size, which we estimate to be 20 — 0.5%(T}/c) in nm,
where T), is the homologous temperature (synthesis tempera-
ture divided by the melting point) and c is the alloying con-
tent. These constants (20nm and 0.5 nm) were obtained by
fitting the grain size data for Cu alloyed with Nb,>* ZnO
alloyed with Mg,** and y-Al,05 alloyed with Si.** The grain
size data obtained here for alloyed RuO, are consistent with
our direct observations.''*® The third term in Eq. (5) was
obtained using the classical kinetic theory for scattering and
hard sphere approximation,’ where the cross-section was
estimated from the size of the alloying elements. Both the
Slack model and the classical kinetic theory are then applied
for unalloyed RuO, and La-alloyed RuO,. The rutile
2 x 2 x 2 supercell containing 48 atoms, as treated in VASP,
can be seen in Fig. 2. One Ru atom was replaced with La,
resulting in the alloying content of 2.1 at. %. All elastic con-
stants are provided in Table I. The bulk modulus data for
unalloyed RuO, are consistent with the literature.?’ No liter-
ature data are available for the alloyed RuO,.

Figure 3 contains the calculated and measured data for
unalloyed RuO, and La-alloyed RuO,. The measured data
stem from the literature.'' The experimentally obtained grain
size was used. The calculated thermal conductivity decreases
from 11.0 to 40W m ' K ', which is approximately a
threefold drop. Even though the experimental decrease is
approximately 20-fold, both calculated and measured values
indicate an order of magnitude decrease thereby achieving
consistency. Possible improvements of the calculated values
may be obtained by including the electronic contributions to
k. As there is a substantial competition between majority and
minority charge carriers in RuO,?° and the relaxation times
are challenging to estimate using density functional theory,
we do not include such effects. It is clear that the electronic
effects would improve the agreement as La-alloyed RuO,



TABLE I. Calculated bulk modulus (B) and elastic constants (Cyq, Cy2, C13, C33, Ca4, and Cee) for RuO, as well as RuO, alloyed with La and Fe.

B (GPa) C,, (GPa) C,» (GPa) C,3 (GPa) Cs3 (GPa) Ca4 (GPa) Ces (GPa)
RuO,* 265 324 247 170 553 147 239
RuO,® 270 297
RuO, La® 249 301 228 162 524 130 217
RuO, Fe* 264 325 242 204 532 165 231
*This work.

Reference 37.

possesses a twofold lower electrical conductivity than unal-
loyed RuO,."" Based on the electrical conductivity of unal-
loyed RuO, and La-alloyed RuO,'' and the Wiedemann-
Franz law with the Lorenz constant of 2.44 x 10 *WQ
K 2% the electronic contribution to the thermal conductivity
can be estimated to be 16 and 6W m ' K ! for these oxides,
respectively. The Wiedemann-Franz law is in part valid for
Fermi gas in metals. Here, band structure and additional scat-
tering effects are clearly important. Still, if any electronic
contributions to the thermal conductivity were present, they
would give rise to improve the agreement between the pre-
dicted and measured thermal conductivities for these oxides.

We predict the thermal conductivity of Fe-alloyed RuO,
to be 93W m ' K ', as shown in Fig. 3. To critically
appraise our phonon-phonon and phonon-defect scattering
approach, we measure the thermal conductivity of magnetron
sputtered Fe-alloyed RuO, thin films. They were deposited
in a vacuum system with a base pressure of ~5 x 10 °Pa
using reactive magnetron sputtering with a power density of
5.1 and 3.8 W/cm? for Ru (DC) and Fe (pulsed DC, 100kHz)
targets, respectively. The Ru and Fe targets (purity 99.9%)
were mounted on magnetrons with the substrate-to-source
distance of 10 cm and the angle of 19° between the substrate
and plasma source normal. Si(100) substrates were kept at
~400°C during synthesis. A mixture of Ar (99.9999%) and
0, (99.9995%) was used as a sputtering gas with a partial
pressure of 0.6 and 0.3 Pa, respectively. This gas mixture
was selected based on the previous work.>**° The Ru Fe O
thin film composition was determined using x-ray photoelec-
tron spectroscopy (XPS) in a JAMP-9500F system (JEOL)
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FIG. 3. Calculated and measured thermal conductivity for unalloyed RuO,
as well as Fe and La alloyed RuO,. The Slack model and classical kinetic
theory were used.

with a K, Al x-ray source (energy 1486.6eV) and a hemi-
spherical electron energy analyzer with a pass energy of
20eV. The structural analysis was conducted by x-ray dif-
fraction in a Bruker AXS D8 Discover General Area
Detection Diffraction System with Cu K, radiation. A colli-
mator with a diameter of 0.5 mm and an incidence angle of
15° was used. A current setting of 40mA and a generator
voltage of 40kV were applied. The x value was measured
with the time-domain thermoreflectance.*’ Prior to x meas-
urements, the sample was coated with aluminum. The ther-
mal conductivity was carried out by adjusting the
experimental signal with a 3-dimensional heat transfer
model.*> The Fe-RuO, samples exhibit the rutile structure
and the Fe content is 2.4 at. %. The measured and calculated
K values for Fe-alloyed RuO, are 11.3 and 9.3 W m 'k
respectively, which is a deviation of 17% (see Fig. 3). Due to
complexity of transport processes and structural defects pres-
ent in real samples, the prediction of transport properties rel-
evant for thermoelectrics is in the best case within 30%,43
which implies that our predictions are acceptable. Here, we
predict the thermal conductivity using only the elastic con-
stants, which are computationally less demanding than full
phonon calculations, and apply these data in the Slack model
corrected for additional extrinsic phonon scattering effects.
The synergy of theory and experiment, with deviation of the
predicted thermal conductivity of only 17% for Fe-alloyed
RuO,, may lead to valuable speed up in knowledge based
screening for efficient thermoelectrics.

Low thermal conductivity in a crystalline compound can
in part be related to the bonding anharmonicity, which is
related to the Griinesein parameter.** The lowest value of the
thermal conductivity in this work is I W m ' K ' achieved
for La alloyed RuO,. The corresponding Griinesein parame-
ter is 1.59. This is comparable to the value obtained for the
thermoelectric AgSbTe, and PbTe compounds of 2.05 and
1.45, respectively.*> These crystals exhibit the thermal con-
ductivity of 0.68 and 24W m ' K ', respectively.*> Hence,
our data are consistent and the bonding anharmonicity plays
an important role in this oxide as well. Other effects, such as
extensive grain boundary phonon scattering, are also relevant
as unalloyed RuO, and Fe-alloyed RuO, possess similar
Grunesein parameters.

In conclusion, we applied the Slack model and classical
kinetic theory to obtain the thermal conductivity of unal-
loyed and La-alloyed RuO,. This is an efficient approach as
no phonon calculations or non-equilibrium molecular dy-
namics are required, which would in turn be computationally
rather demanding. This methodology was first tested in this
work on standard thermoelectrics, such as Bi,Te; and ZnO,



and then applied to RuO,. Both the calculated and measured
data consistently display an order of magnitude drop in the
thermal conductivity upon alloying of RuO, with La.
Furthermore, we predicted the thermal conductivity of Fe-
alloyed RuO, to be 9.3W m ' K ' and validated this by
measuring the thermal conductivity of magnetron sputtered
thin films. Disregarding electronic contribution to the ther-
mal conductivity, the Slack model together with grain
boundary scattering effects can be used to explain the modu-
lation of the thermal conductivity of RuO, alloyed with La
and Fe by a factor of 20. The obtained agreement of 17% not
only indicates that this correlative theoretical and experimen-
tal research strategy is efficient to design solids with desired
thermal properties but also identifies phonon-phonon and
phonon-defect scattering as important mechanisms defining
the transport properties in RuO, based compounds.
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