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We experimentally studied the in-plane thermal and electrical properties of a suspended platinum nanofilm in

thickness of 15nm. The measured results show that the in-plane thermal conductivity, the electrical conductivity

and the resistance-temperature coefficient of the studied nanofilm are much less than those of the bulk material,

while the Lorenz number is greater than the bulk value. Comparing with the results reported previously for the
platinum nanofilm in thickness of 28 nm, we further find that the in-plane thermal conductivity, the electrical

conductivity and the resistance-temperature coefficient decrease with the decreasing thickness of the nanofilm,

while the Lorenz number increases with the decreasing thickness of the nanofilm. These results indicate that

strong size effects exist on the in-plane thermal and electrical properties of platinum nanofilms.

PACS: 68.60.Dv, 85.85. 4j, 44. 10. +i

There have been increasing studies on the ther-
mal and electrical properties of nano-sized thin films
because of their wide applications in the modern mi-
croelectronic industry and MEMS technology.!!] A va-
riety of methods have been developed to study these
properties, including the theoretical calculations, !
the molecular dynamics (MD) simulations*~¢ and
the experiments.l”) Most results show that the ther-
mal conductivity and the electrical conductivity of the
thin films are less than those of the corresponding bulk
materials, even down to one or two magnitudes, and
tend to decrease with the decreasing thickness of the
films. However, these studies were mainly focused on
dielectric thin films, in which the phonon scatterings
on the surface boundary and/or the grain boundaries,
as well as the interactions between phonons them-
selves, were considered. There exist greater difficul-
ties in obtaining the thermal and electrical properties
of metallic thin films in the theoretical calculations
and the MD simulations, since the electron scatter-
ings on the surface boundary and/or the grain bound-
aries, as well as the interactions with lattice vibra-
tions, should be considered. Also, there are much
fewer experimental results about the thermal and elec-
trical properties of metallic thin films, compared with
those of dielectric thin films. Recently, we provided
an experimental method called the one-dimensional
steady-state electrical heating method (1-D SSEH)
to measure the in-plane thermal and electrical con-
ductivity of metallic thin films simultaneously.[® In
this Letter we use this method to measure the in-
plane thermal conductivity, the electrical conductiv-
ity and the resistance-temperature coefficient of a

suspended platinum nanofilm in thickness of 15nm,
which is the thinnest one among the suspended plat-
inum nanofilms. The results show that these proper-
ties of the studied nanofilm are much less than those
of the corresponding bulk material, and tend to de-
crease with the decreased thickness of the nanofilm.
The Lorenz number, however, is much greater than
that of the bulk value predicted by the Wiedemann—
Franz law,[ and tends to increase with the decreasing
thickness of the film. These results demonstrate that
there are strong size effects on the in-plane thermal
and electrical properties for the platinum nanofilm.
The platinum nanofilm involved in the experiment,
with 8.9 ym in length, 496 nm in width, and 15nm
in thickness, was fabricated by the electron beam-
physical vapour deposition (EB-PVD), as shown in
Figs. 1(a) and 1(b), which are the views taken by scan-
ning electron microscopy (SEM) from the top and side,
respectively. We can easily see from the side view that
the nanofilm has been suspended from its silicon sub-
strate, which eliminates the effects of the substrate on
the measured properties of the nanofilm. The corre-
sponding fabrication processes in detail can be found
in Ref.[8]. In the experiments, the silicon chip hav-
ing the suspended nanofilm is mounted on the sample
holder of a liquid nitrogen cryostat, where the sam-
ple chamber is continuously evacuated to be about
10~ Torr by a vacuum pump and a molecular pump,
and the temperature of the sample holder can be con-
trolled from 77 K to 500 K. The tested nanofilms were
annealed at 413 K for two hours before experiment. In
the 1-D SSEH method, the nanofilm serves both as a
heating unit with homogeneous heat generation and
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as an electrical thermometer. When a heating direct
current flows through the nanofilm, the temperature
of the nanofilm will rise rapidly by the Joule heating.
Since the heat sinks at both the ends of the nanofilm
are kept at the constant temperature Tp, the generated
heat will be conducted away along the nanofilm length
direction, without the heat losses caused by convective
heat transfer for its vacuum circumstances or by radia-
tive heat transfer for the present temperature range.
Therefore, the heat transfer of the nanofilm is dom-
inated by one-dimensional steady-state heat conduc-
tion along the length direction, and the relationship
among the thermal conductivity A\g at T, the volume
average temperature rise ATy and the heat power IV
can be drawn from the analytical solution!!?! by

v 1
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where [, w and d represent the length, width, and
thickness of the nanofilm, respectively. The current
I and voltage V' of the nanofilm can be measured
by two digital multimeters (Keithley 2002). When
the heat power IV increases, the resistance R of the
nanofilm that is measured by a four-wire method
also increases, caused by the temperature rise of the
nanofilm. The experimental results show that there
exists a linear relationship between the heat power
and the nanofilm resistance, which can be expressed
in terms of R = aIV+Rg. The interception with the R
axis, which corresponds to the zero heat power, is the
resistance Ry of the nanofilm at the set temperature
To. The electrical conductivity g and the resistance-
temperature coefficient By at T can be readily ob-
tained by

11
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In Eq. (3), R* is the base resistance at T™* for the calcu-
lation of the resistance-temperature coefficient, which
is often assumed to be the value at 293.15 K. The vol-
ume average temperature rise ATy can be related to
AR = R — Ry through ATy = AR/ByRy, and then
the relationship between ATy and IV can be obtained
from ATy = alV/BoRo, since AR = alIV. Thus the
thermal conductivity of the nanofilm Ag can be writ-
ten in experimental parameters as

_BoRo 1 W
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For the metallic materials, the relationship between
the thermal conductivity Ag and the electrical conduc-
tivity og is usually related by the Wiedemann—Franz
Law, ! which shows that the ratio between )y and o
is proportional to the absolute temperature Ty and the
Lorenz number Lo = Ag/0¢Tp is a constant. Since the

thermal conductivity Ag and the electrical conductiv-
ity og of the nanofilm can be obtained simultaneously
in this method, the Lorenz number Ly can also be
calculated by

X _ BoR3
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Fig.1l. Scanning electron micrographs of the suspended
platinum nanofilm: (a) view from top, (b) view from side.
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Fig. 2. Dependence of the thermal conductivity on
temperature.

From Egs. (2)—(5), the electrical conductivity g,
resistance-temperature coefficient 3y, thermal conduc-
tivity Ao and the Lorenz number Lg at the set tem-
perature T can be readily obtained. The measured
results are shown in Figs. 2-5, compared with those of
the nanofilm in thickness of 28 nm reported in Ref. [8]
and those of the bulk material. From the comparisons,
some conclusions can be drawn:
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(1) The thermal conductivity Ag, electrical conduc-
tivity o9 and resistance-temperature coefficient (y of
the nanofilm in thickness of 15 nm are much less than
those of the bulk material along the whole range of the
experimental temperature from 80K to 340 K. They
are 27%, 10%, and 16% of the corresponding bulk val-
ues at 300 K, respectively. While the Lorenz number
Ly is much greater than that of the bulk material,
with even 2.6 times of the bulk value at 300 K.
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Fig.3. Dependence of the electrical conductivity on
temperature.
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Fig. 4. Dependence of the resistance-temperature coeffi-
cient on temperature.

(2) The above three properties of the nanofilm in
thickness of 15nm, Ao, o¢p and [y are less than those
of the nanofilm in thickness of 28 nm at the temper-
ature ranging from 80K to 340 K, while the Lorenz
number increases with the decreasing thickness of the
nanofilm from 28 nm to 15 nm.

(3) The thermal conductivity Ag of the nanofilm in
thickness of 15 nm increases with the increasing tem-
perature from 80 K to 340 K, and becomes flat around
300 K, which is very different from the tendency oc-
curred in the bulk material. While the electrical con-
ductivity o and the resistance-temperature coefficient

Bo decrease with the increasing temperature, just as
the cases occurred in the bulk material.
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Fig.5. Dependence of the Lorenz number on temperature.

In summary, the thermal and electrical proper-
ties are experimentally measured by the 1-D SSEH
method. The results show that the thermal conductiv-
ity, electrical conductivity and resistance-temperature
coefficient of the nanofilm in thickness of 15nm are
much less than those of the bulk material, and tend to
decrease with the decreasing thickness of the nanofilm.
However, the Lorenz number of the nanofilm is greater
than the bulk value, and tends to increase with the de-
creasing thickness of the nanofilm. The thermal con-
ductivity of the nanofilm increases with the increas-
ing temperature from 80 K to 340 K, which is different
from the tendency occurred in the bulk value, while
the electrical properties, including the electrical con-
ductivity and the resistance-temperature coefficient,
decrease with the increasing temperature from 80K
to 340 K, which shows the similar tendency as that of
the bulk material.
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