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This paper reports on measurements of in-plane thermal conductivities,
electrical conductivities, and Lorentz number of two microfabricated, sus-
pended, nanosized thin films with a thickness of 28 nm. The effect of the
film thickness on the in-plane thermal conductivity is examined by measuring
other nanofilm samples with a thickness of 40 nm. The experimental results
show that the electrical conductivity, resistance–temperature coefficient, and
in-plane thermal conductivity of the nanofilms are much smaller than the
corresponding bulk values from 77 to 330 K. However, the Lorentz number
of the nanofilms is about two times that of the bulk value at room tem-
perature, and even up to three times that of the bulk value at 77 K. These
results indicate that the relation between the thermal conductivity and electri-
cal conductivity of the nanofilms does not follow the Wiedemann–Franz law
for bulk metallic materials.

KEY WORDS: electrical conductivity; Lorentz number; nanofilm; thermal
conductivity.

1. INTRODUCTION

The thermal and electrical properties of thin films play vital roles in
determining the performance of many components and devices used in
modern engineering systems. Many measurements have demonstrated that
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the thermal conductivities of various thin films, as well as the electrical
conductivities of electrically conductive thin films, are much smaller than
those of their corresponding bulk materials [1–6]. The difference in the
conductivities between thin films and bulk materials is considered to be
caused by the structure defect [7], boundary scattering (surface scattering
[8–10], and grain boundary scattering [11–13]).

For metallic thin films, theoretical models based on carrier scatter-
ing have been proposed to predict the conductivities. In most of the con-
siderations, the thermal conductivity of a thin film is calculated from its
proportional relation to the electrical conductivity via the Wiedemann–
Franz law [14–16] or a similar analogy [9]. Several experimental studies
investigated either the thermal conductivity or the electrical conductivity
and used the electrical–thermal relation to determine the other property
[17,18]. Although two methods [19,20] that were used to measure the ther-
mal conductivity and specific heat may also be used to measure the elec-
trical conductivity, very few investigations deal with both conductivities
together. Furthermore, most of the previously studied thin films are depos-
ited on substrates and the considerations of the effects caused by the sub-
strates are not sufficient.

For this reason, we report on measurements of the in-plane ther-
mal conductivity of suspended Pt nanofilms, for which there is no effect
caused by a substrate. Also a four-wire method is used to measure
the electrical resistance. Results show that the electrical conductivity,
resistance–temperature coefficient, and in-plane thermal conductivity of
the nanofilms are much smaller than the corresponding bulk
values, but the Lorentz numbers are larger than the corresponding bulk
values.

2. EXPERIMENTAL

Figure 1 shows the fabrication processes of the suspended Pt nano-
film. These processes include electron beam (EB) lithography, EB physical
vapor deposition (EBPVD), and isotropic/anisotropic etching techniques.
A Si (100) wafer with a SiO2 layer of 180 nm is used as the starting mate-
rial. First, a resist layer is spin-coated to be 320 nm thick. By using an
electron beam lithography system, the patterns of the nanofilm and the
leads are directly drawn on the resist. In the next step, a titanium film of
5 nm and a platinum film of 28 nm are deposited subsequently with the
EBPVD method. The titanium film is used only for adhesion. Then a lift-
off technique is applied, in which the chip is immersed in a liquid resist-
remover to leave only the Pt/Ti pattern on the SiO2 layer. An isotropic
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Fig. 1. Fabrication processes of nanofilm.

etching using a buffered hydrofluoric acid is applied to remove the SiO2
layer around the Pt nanofilm. The titanium layer is also etched away in
this process. The Si is partly etched out using KOH solution, leaving a gap
of 6 μm between the suspended nanofilm and the substrate.

Figure 2 illustrates the scanning electron micrograph of the suspended
Pt nanofilm and an electrical circuit for measuring the electrical and ther-
mal properties. The thickness of two prepared nanofilms (image in Fig. 2a)
is 28 nm, and the width and length of the nanofilms are 332 and 339 nm,
and 5.37 and 5.31 μm, respectively. As shown in Fig. 2b, the measurement
system consists of the nanofilm sample, two digital multimeters (Keithley
2002, 8.5 digits), a standard resistance (Yokogawa 2792), and a power sup-
ply (Advantest R6243). In all the measurements, the silicon chip with the
suspended nanofilm is mounted on the sample holder of a liquid nitrogen
cryostat (Oxford Instruments, Optistat DN-V), where the sample chamber
is continuously evacuated by a vacuum pump and a molecular pump, and
the temperature of the sample holder can be controlled continuously from
77 to 500 K.
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Fig. 2. (a) Scanning electron micrograph of the sus-
pended Pt film and (b) measurement system. The top
right image is the real structure of the part marked by a
circle in the top left figure (a).

3. RESULTS AND DISCUSSION

Figure 3 shows the measured electrical resistance. Figure 3a shows
the dependence of the electrical resistance (R) on the heating rate (q) for
sample B at 190 K. There is a linear relation between the resistance and
heating rate. The intrinsic electrical resistance at 190 K is the value for
which q = 0μW, and can be obtained accurately by using a least-squares
fit. These intrinsic resistances for the temperatures ranging from 77 to
320 K are plotted in Fig. 3b. Each value is the average of three measure-
ments. The maximum dispersion is within 0.005%. As shown in Fig. 3b,
the electrical resistance increases smoothly with an increase in tempera-
ture. The electrical conductivity (σ ) is calculated from σ = l/(wdR), where
l, w, and d are the length, width, and thickness of the film, respectively.
For comparisons with bulk values, the resistance–temperature coefficient
(β) is determined from the measured resistances at different temperatures
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Fig. 3. (a) Dependence of the resistance on the heating
rate and (b) dependence of the resistance on the temper-
ature.

by using the expression β =�R/(R0�T ), where R0 is the resistance at 0◦C.
It is seen from Fig. 4a that the electrical conductivities of the nanofilms
are much smaller compared to the bulk values. For example, at 300 K,
the measured electrical conductivities are about (1.78–1.90)×106 �−1 ·m−1,
less than one fifth of the bulk value of 9.50 × 106 �−1 · m−1. The weak
electrically conductive capacity of the nanofilms might be ascribed to the
structure defect formed during fabrication and to the boundary scattering
of electrons [8]. Furthermore, the measured resistance–temperature coeffi-
cients of the nanofilms are significantly lower than the corresponding bulk
values (Fig. 4b). The resistance–temperature coefficients of the nanofilms,
which are about 0.0014–0.0016 K−1 at 300 K, are less than half of that of
the bulk value of 0.0039 K−1.
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Fig. 4. (a) Dependence of the electrical conductivity
on the temperature and (b) dependence of the resistance
coefficient on the temperature.

The temperature-dependent in-plane thermal conductivity of the
nanofilm can be measured accurately by a one-dimensional steady-state
method. In the measurements, the nanofilm serves both as a heating
source with a homogeneous heat flux and as an electrical thermometer.
Initially, the nanofilm and the leads are kept in thermal equilibrium at
a set temperature of T0. When a constant heating direct current flows
through the nanofilm, it is heated and subjected to one-dimensional heat
transfer. The result of a transient heat transfer simulation has shown that
the temperature distribution in this nanofilm reaches steady-state after
heating for several μs, which indicates it is reasonable to assume steady-
state heat transfer in the nanofilm in the measurements. All the mea-
surements are carried out at a high vacuum level of ∼ 3 × 10−6 Torr
and at set temperatures ranging up to 320 K to suppress residual gas



Thermal and Electrical Properties of a Suspended Nanoscale Thin Film 39

conduction and radiation loss. Therefore, the heat transfer is dominated by
one-dimensional steady-state heat conduction along the length direction
and the temperature distribution along the nanofilm, T (x), is expressed as
follows:

T (x)=T0 + IV

2wdλ
x − IV

2lwdλ
x2 (1)

where x is the distance from the connection of the nanofilm and the lead
which serves as a heat sink where the temperature is kept at T0 during
the measurement, I is the heating current, V is the applied voltage, and
λ is the thermal conductivity. The average temperature increase along the
nanofilm, �TL, is calculated from Eq. (1) and the thermal conductivity is
determined from the following formula:

λ=
(

l

12wd

)/(
�TL

IV

)
(2)

In the experiments, I and V are recorded while the applied current is
increased up to a value in the range of 150–250μA depending on the set
temperature T0. Figure 5a shows the temperature increase as a function of
the heating rate. Here q = IV . �TL is calculated from the electrical resis-
tance increase during heating by using the expression �T = �R/(βR0).
It is observed that �TL increases linearly with q, and this linear relation
enables us to extract �TL/q by using a least-squares fit. At the same heat-
ing rate, the temperature increase is changed with a different set temper-
ature (Fig. 5a), indicating that the thermal conductivity of the nanofilm
is changed with the different set temperature. The thermal conductivity of
the nanofilm is calculated using Eq. (2) and is shown in Fig. 5b. From Fig.
5b, it is observed that the thermal conductivity of the nanofilm increases
with temperature. It is further obvious that the measured thermal conduc-
tivities at different temperatures are much lower than the corresponding
bulk values. For example, at room temperature the bulk value of the ther-
mal conductivity of Pt is 71.4 W·m−1·K−1, whereas those of the present
measurements are 26.5 and 27.3 W·m−1·K−1, less than half of the bulk
value.

The uncertainty of the thermal conductivity measurements can arise
from errors in measurements of voltage, current, temperature, and dimen-
sions of the nanofilm. In our previous paper [21], the electrical and ther-
mal conductivities of five nanofilm samples with the same thickness of
40 nm, but different widths from 360 to 600 nm and a length of about
6.0μm were measured at room temperature. The measured results showed
that the effects of the electrical spreading resistance between the ends of
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Fig. 5. (a) Temperature increase as a function of the
heating rate and (b) thermal conductivity as a function of
temperature.

the nanofilm and the voltage probes (V+ and V− in Fig. 2) were negligi-
ble. The width and length of the nanosensor are measured with a scanning
electron microscope, and the film thickness is measured with a calibrated
quartz crystal thin film thickness monitor (CRTM-7000 with a resolution
of 0.01 nm). The error caused by the dimension measurements is estimated
to be less than ±3%. Therefore, the overall error of the thermal conduc-
tivity is estimated to be within ±5%.

Previous studies state that since the thermal conductivity of a pure
bulk sample is proportional to the electrical conductivity of the same sam-
ple via the Wiedemann–Franz law, the reduced thermal conductivity of
thin films must also have the same proportionality with the reduced elec-
trical conductivity of the same films [15–18]. It is worth noting, however,
that the ratio of the thermal conductivity to the electrical conductivity,
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calculated from the present measurements, is about (1.4–1.5)×10−5

W·�·K−1 at 300 K, whereas that of the bulk platinum is about 7.5 × 10−6

W·�·K−1. This remarkable difference indicates that the relation between the
thermal conductivity and electrical conductivity of these nanoscale metal-
lic thin films does not follow the Wiedemann–Franz law that determines
the relation between the thermal conductivity and electrical conductivity of
a bulk metallic material. The effects of material type, fabrication method,
and the film sizes need to be taken into account. Therefore, considerable
care should be taken when we estimate the thermal conductivity from the
electrical conductivity for metallic nanofilms.

Figure 6 shows the effect of the film thickness on the thermal con-
ductivity. The thermal conductivities of two other samples C and D with
a thickness of 40 nm, lengths of 5.58 and 5.67μm, and widths of 362 and
381 nm are measured at room temperature. As shown in this figure, the
thermal conductivity increases with an increase in the film thickness. This
tendency is the same as in the previous study [22].

Figure 7 further shows a comparison of the Lorentz numbers,
L = λ/(σT0), obtained for both the Pt nanofilm and bulk material. The
Lorentz number in the present study can be calculated directly using L=
βRoV 2/(12�RT0), which is independent of the dimensions of the nano-
film. For the Pt nanofilm the Lorentz number decreases with an increase
in temperature; for the Pt bulk material it slightly increases with increasing
temperature. The Lorentz numbers of the nanofilms are about two times
that of the bulk value at room temperature, and even up to three times
that of the bulk value at 77 K.
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Fig. 6. Effect of the film thickness on the thermal
conductivity.
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Fig. 7. Comparison of the Lorentz numbers obtained
for both the Pt nanofilm and bulk material.

4. CONCLUSIONS

The thermal and electrical properties of suspended Pt nanofilms have
been investigated experimentally. The measured in-plane thermal conduc-
tivity is less than half of the corresponding bulk value. This nanofilm
has significantly lower electrically conductive capacity than the bulk plat-
inum. Also, the resistance–temperature coefficients of the nanofilm are
much smaller compared to the bulk data. However, the Lorentz number
of the nanofilm is larger than that of the corresponding bulk material.
The steady-state method presented here is applicable to the measurement
of the thermal conductivity of metallic nanofilms as well as metallic nano-
wires that have a linear dependence of resistance with temperature over an
appropriate temperature range.
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