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Abstract The small size of nanomaterials deposited by either focused ions or elec-
tron beams has prevented the determination of reliable thermal property data by exist-
ing methods. A new method is described that uses a suspended platinum hot film
to measure the thermal conductivity of a nanoscale deposition. The cross section
of the Pt film needs to be as small as 50 nm × 500 nm to have sufficient sensitiv-
ity to detect the effect of the beam-induced nanodeposition. A direct current heating
method is used before and after the deposition, and the change in the average tem-
perature increase of the Pt hot film gives the thermal conductivity of the additional
deposited material. In order to estimate the error introduced by the one-dimensional
analytical model employed, a two-dimensional numerical simulation was conducted.
It confirmed the reliability of this method for situations where the deposit extends
onto the terminals by 1 µm or more. Measurements of amorphous carbon (a-C) films
fabricated by electron beam induced deposition (EBID) produced thermal conductiv-
ities of 0.61 W · m−1 · K−1 to 0.73 W · m−1 · K−1 at 100 K to 340 K, values in good
agreement with those of a-C thin films reported in the past.
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1 Introduction

There has been rapid progress in the synthesis and processing of nanoscale materials
such as nanotubes, nanowires, and thin films. As the application area of these materials
widen, a knowledge of their thermal properties is recognized as an important issue.
However, measuring the thermal properties of nanostructures remains a challenging
task. The major problems are experimental difficulties in determining accurate ther-
mal property values [1,2] due to the limited capabilities for handling such increasingly
downsized specimens. Recent studies have revealed that the thermal conductivities of
nanoscale materials are different from those of their corresponding bulk materials
due to the boundary scattering effect of phonons, as well as the intrinsic atomic-level
structural differences. In order to explore this new thermophysical target, it is vital to
develop special instrumental methods that match the size and shape of these nanoscale
materials.

So far, measurement techniques for thermal properties of large area thin films have
been extensively studied for the purpose of the thermal management of electronic
devices. However, such methods cannot be applied to specimens whose overall size
is less than 1µm. For example, thermoreflectance gives accurate data but its best
spatial resolution is still greater than 3 µm [3]. Scanning thermal microscopy has dis-
tinguished spatial features smaller than 100 nm but a reliable property measurement
is still missing because of the complex tip-sample conduction mechanisms, coupled
with the effect of surface topography. On the other hand, a strong demand for measur-
ing the thermal conductivity of carbon nanotubes inspired researchers to invent a new
nanoscale thermal sensor [4]; this sensor was successfully applied to other nanowires
[5]. However, the recently realized three-dimensional nanostructures still lack thermal
property data. These nanostructures are made by an accumulation of extremely tiny
amounts of deposits, called nanodeposition, built by either focused ion beam (FIB)
[6] or electron-beam-induced deposition (EBID) methods [7,8]. Because the physical
property of such a nanodeposition is expected to depend not only on its size, but also on
the process conditions, it is desirable to develop a new reliable measurement method
for such nanoscale regime depositions.

Here we report on an in-plane thermal-conductivity measurement of nanodeposition
employing a suspended platinum (Pt) nanofilm that is as small as the beam-induced
deposition. The most important characteristic of our device is the use of a suspended
nanofilm as the sensor, having the advantages of simplicity as well as high accuracy.
In this work, we examine an amorphous carbon (a-C) film deposited by EBID. This
nanofabrication technique uses a high intensity electron beam to directly deposit solid
nanostructures on a substrate surface as a result of secondary-electron-induced disso-
ciation of precursor molecules absorbed on the surface [9]. Recently, there has been
much interest in the applications of EBID a-C nanostructures, not only for adhesive
coatings [10], but for practical electronic devices [11], because EBID can be carried
out with no special equipment other than a scanning electron microscope (SEM).

However, it is well known that carbon thin films can exhibit a variety of thermal
property values [12,13], depending on the fractions of sp2 and sp3 bonds, hydrogen
content, density, etc. Such data are difficult to obtain for EBID nanostructures due to
their small size—for example, the Raman spectrum of a very small a-C deposit is too
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noisy to allow this method to characterize its microstructure. Overall, there is still a
limited understanding of the thermal properties of a-C films despite numerous studies
reported on their fabrication techniques and possible applications. Our approach is not
to extrapolate the thermal property from other chemical or structural information, but
to directly measure the property of the nanodeposited material itself.

2 Principle of Measurement

We use a Pt nanofilm as employed in the previously reported device [4], a study in
which the thermal properties of individual carbon nanotubes were measured. The sus-
pended nanofilm serves as a heater that provides uniform heat generation and acts as
an electrical thermometer. All measurements are conducted in a 1.0 × 10−3 Pa vac-
uum environment, and the nanofilm undergoes a temperature increase of about 10 K.
The residual gas heat conduction in this pressure range and thermal radiation losses
calculated from the Stefan–Boltzmann law can be neglected. Hence, for the case of
a constant heating current, the heat transfer along this nanofilm can be treated by a
one-dimensional steady-state heat conduction model [14] of the sort shown in Fig. 1a.
The temperature distribution along the nanofilm, T (x), is given by

T (x) = T0 + IV

2wdλ
x − IV

2lwdλ
x2 (1)

where x is the distance between the connection of the nanofilm and the terminal which
serves as a heat sink kept at temperature T0 during the measurement, I is the applied
heating current, V is the voltage, l is the nanofilm length, w is its width, d is its thick-
ness, and λ is the thermal conductivity. Furthermore, the average temperature increase
along the nanofilm, �TL , can be calculated from Eq. 1 and the mean temperature of
the nanofilm can be determined from the following equation:

T = T0 + �TL = T0 + IV

λ

l

12wd
(2)

Fig. 1 Thermal measurement model using a Pt hot film suspended between two terminals at constant
temperature. The thermal conductivity of the deposited material is obtained by the thermal conductance
change between just (a) the Pt film and (b) the Pt film covered with a deposit
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The thermal conductivity of the nanofilm is then obtained through the following
equation:

λ = l

12wd

IV

�TL
(3)

The mean temperature of the nanofilm is also associated with the electrical and the
temperature coefficient of resistance (TCR) by

T = Ts + R − Rs

β Rs
(4)

where Ts = 273.2 K is the reference temperature and Rs is the reference resistance
of the Pt nanofilm at 273.2 K, R is the nanofilm resistance, and β is the TCR of the
nanofilm. Combining Eqs. 2 and 4, the resistance of the nanofilm R is obtained as

R = R0 + β Rs

λ

l

12wd
IV (5)

where R0 is the resistance at temperature T0, which can be determined by extrapolating
the heating power to zero.

To measure the thermal conductivity of a nanodeposit, the principle proposed here
is to deposit the material onto a suspended Pt nanofilm as shown in Fig. 1b. Thus, the
thermal conductivity of the nanostructure can be estimated by comparing the thermal
conductance G = λwd/ l obtained from Eq. 5 for the Pt nanofilm alone and for the
Pt nanofilm with the nanodeposit. Based on the assumption that the electrical conduc-
tivity of Pt is several orders larger than that of a-C, when a heating current is applied
to the lead, Joule heating will occur only in the Pt nanofilm. A certain amount of
generated heat will be absorbed by the deposit; both the heat from the Pt nanofilm
and that from the a-C are then transferred to the heat sink situated at each end of the
film. By considering the thermal circuit of the present experimental arrangement, the
thermal conductance found from the second measurement can be roughly expressed as
Ga−C/Pt = Gpt +Ga−C, where Gpt is that obtained from the first measurement before
deposition. Then, the thermal conductivity of the nanodeposited material is calculated
from its observed size.

Since, in some cases, employing a one-dimensional heat transfer approach oversim-
plifies the problem, further investigations of the thermal transport using a numerical
simulation helped us to fully comprehend its behavior in the current system. Although
a one-dimensional model is sufficient for estimating the thermal conductivity of a Pt
nanofilm [15], in the case of a Pt nanofilm with a thick a-C deposit, there might be
two-dimensional heat transfer taking place within the a-C layer, because a-C is known
to have a low thermal conductivity.

Therefore, we compared the results of one- and two-dimensional calculations to
account for the two-dimensional effects. The numerical calculation employed is based
on the finite-different method using 10 nm × 10 nm grids. The model for two-dimen-
sional numerical heat transfer analysis is shown in Fig. 2, where we treat one-half of
a 10 µm long film, with the a-C over-deposited on the terminal by 1 µm. The reason
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Fig. 2 Calculation model and boundary conditions for the two-dimensional heat transfer numerical simu-
lation, for the case where the deposit over-coats the heat-sink terminal to a length of 1 µm

for this over-deposition is explained later. The thermal conductivities of Pt and a-C are
set at 30.0 W · m−1 · K−1 and 1.0 W · m−1 · K−1, respectively. The calculated temper-
ature distributions in the a-C layer along the y-direction shown in Fig. 3a are almost
flat curves. These results are essentially identical to those from the one-dimensional
model; the comparison of the one- and two-dimensional heat transfer calculations
in Fig. 3b shows that the difference in the mean temperature increase is just 3.1 %.
Because the resulting error for thermal-conductivity measurements due to the one-
dimensional assumption is the same as this temperature difference, we can conclude
that this error is negligible compared with other experimental uncertainties represented
by the size measurement of the a-C deposit. Basically, a thicker deposition of lower
thermal conductivity induces a larger deviation from the one-dimensional model. The
quantitative discussion on this kind of error needs numerical calculation but is not
conducted here. There is another limitation of the current method, in that we cannot
measure deposits smaller than the Pt sensor. The smallest surface of our fabricated Pt
hot-film is approximately 2 µm ×100 nm. However, because the beam-scanning tech-
nique can easily enlarge the deposition size, we can estimate the thermal conductivity
of almost all kinds of beam-induced nanodeposits.

In addition, two other calculations for different over-deposition lengths of 0 µm
and 2 µm were conducted. The obtained errors were 5.5 % and 3.1 %, respectively.
The larger error for no over-deposition of the a-C film on the lead is probably due
to the one-dimensional analysis neglecting the two-dimensional heat flow around the
adiabatic edge. However, an over-deposition of 1 µm thickness is sufficient to reduce
this effect. Based on these numerical results, we conducted thermal-conductivity mea-
surements for nanodeposits which were over-deposited by at least 1µm on the terminal
when using a 5 µm long Pt film.

3 Experimental

A schematic diagram of the experimental apparatus and the measuring circuit are
shown in Fig. 4. For all measurements, the substrate is mounted on the sample holder
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Fig. 3 Results of two-dimensional heat transfer simulation: (a) temperature distributions in the deposit
along the y direction and (b) comparison of temperature profiles of Pt film using one-dimensional and
two-dimensional models; two-dimensional model predictions are 3.1 % higher

of a liquid-nitrogen cryostat (Oxford Instruments, Optistat DN-V). The measurement
chamber is continuously evacuated using a molecular pump. The temperature of the
sample holder can be controlled from 77 K to 500 K using a PID temperature con-
troller. The measurement system consists of a high accuracy power supply (Advantest
R6243), two high accuracy digital multimeters (Keithley 2002, 8.5 digits), a stan-
dard resistance (Yokogawa 2792), and the sample. Figure 5a shows the Pt nanofilm
prepared for the current experiment, fabricated using electron beam lithography and
MEMS techniques as described previously [15]. A Si substrate with a 180 nm thick
SiO2 layer is used as the starting material. An EB resist of 320 nm in thickness is spin-
coated on the substrate, and the electron-beam lithography system is used to directly
draw the nanofilm and terminal leads on the EB resist. A 5 nm thick titanium adhesion
layer and a 40 nm thick platinum film are then deposited by electron-beam physical

123



1870 Int J Thermophys (2009) 30:1864–1874

Fig. 4 Schematic diagram of
the experimental apparatus and
measuring circuit

Fig. 5 SEM images of Pt films: (a) Pt nanofilm prepared for the measurement, (b) tilted images of Pt
nanofilm after a-C deposition, and (c) Pt film after a-C removal. White scale bars are 5 µm

vapor deposition, and the exact film thickness is measured afterwards using an atomic
force microscope (AFM). To make a suspended Pt nanofilm, a lift-off technique is
used where the substrate is immersed in a liquid resist-remover to leave only the Pt/Ti
pattern on the SiO2 layer. Then, isotropic etching using buffered hydrofluoric acid is
employed to remove the SiO2 and titanium layer around the nanofilm. Finally, the Si
substrate is slightly etched using a KOH solution to completely detach the nanofilm
from the substrate. The fabricated device shown in Fig. 5 consists of a suspended nano-
film 9.34 µm in length, with a width of 509 nm and a thickness of 44 nm, connected
to terminal leads.

First, we measured the intrinsic electrical and thermal properties of the Pt nanofilm.
Figure 6 shows the dependence of the measured electrical resistance R on the heating
power IV. The linearity of the results in Fig. 6a suggests the validity of one-dimen-
sional analysis expressed in Eq. 5. The thermal conductivity calculated from this curve
is discussed later. The electrical resistivity ρ = wd R/ l of the nanofilm is compared
with that of bulk platinum in Fig. 6b. Because the electron mean free path is reduced
by electron scattering at the film and grain boundaries, the conductivity varies for each
film, which means this measurement is needed for each sensor.
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Fig. 6 Measured electrical
properties of fabricated Pt film:
(a) dependence of the resistance
on the heating power; data
extrapolated to zero heating
power are the intrinsic electrical
resistances at each temperature
and (b) electrical resistivity of
the fabricated Pt nanofilm
compared with that of bulk Pt
material for temperatures from
100 K to 340 K

After its intrinsic properties have been measured, the Pt nanofilm is transferred to
a S-4300SE (Hitachi) SEM for the a-C EBID procedure. The conditions were a 5 kV
accelerating voltage and 100 pA electron beam current using n-tetracosane (C24H50)
as the paraffin precursor as described by Ding et al. [9]. The a-C is deposited by
positioning and scanning the electron beam on the Pt nanofilm using the SEM line-
scanning mode exposed for about 40 min. Figure 5b shows that the a-C nanodeposit
is fabricated uniformly onto the Pt nanofilm with a thickness of 563 nm and a width
of 749 nm. Round and dot-shaped deposits were also observed around the target area.
These are fragments of the precursor or secondary deposits [16] due to electrons lat-
erally scattered from the deposited a-C on the Pt nanofilm. These unexpected deposits
formed on the substrates and terminals do not affect the measurement. After the EBID
procedure is completed, the device is transferred into the cryostat for the second mea-
surement to determine the thermal conductivity as quickly as possible because the
oxidation of a-C occurs in air even at room temperature and can reduce the volume of
the nanodeposit significantly.

There is a critical issue affecting the measurement accuracy that has to be con-
sidered very carefully, which is the effect of the electron beam used during EBID
on the characteristics of the Pt nanofilm. In order to verify that the electron beam
irradiation during the EBID procedure is not changing the properties of the Pt film,
another experiment was carried out that totally removed the a-C nanodeposit from the
Pt nanofilm using an oxygen plasma. This a-C removal procedure was conducted in
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a PR500 Yamato plasma reactor using 60 mL · min−1 oxygen gas flow and a power
level of 150 W at 13.56 MHz for 5 min, repeated five times at intervals of 2 min in
order to avoid an unnecessary temperature rise that might affect the microstructure of
the nanofilm.

Figure 5c shows a SEM picture of the Pt nanofilm after the a-C removal procedure.
This nanofilm is measured again to investigate any change in the electrical proper-
ties due to the annealing process occurring during both electron-beam irradiation and
oxygen plasma processes. We confirmed that the electrical conductivities of the initial
measurement and after a-C removal differ by only 1 % to 2 % over the entire tempera-
ture range. This means that the electron beam irradiation during the EBID procedure
does not affect the Pt nanofilm. We do not intend to focus on the reasons in this paper,
but our results suggest that the electron beam has a low enough energy to avoid causing
any damage, nor significantly changing the Pt nanofilm characteristic. The a-C layer
deposited on the Pt nanofilm may act as a protective coating to prevent the electron
beam from damaging the Pt nanofilm. The interaction of EBID processing and the sus-
pended film has to be explored and understood in the future, as suggested in the review
of Randolph et al. [17]. Considering that the slight change observed of 1 % to 2 % is
possibly due simply to the connections error between the Pt leads and measurement
instruments, which can be improved by taking proper precautions, it can be concluded
that this new method provides a reliable means to obtain the thermal conductivity of
the a-C nanodeposit.

4 Results and Discussion

Figure 7 shows the measured thermal conductance of the initial Pt nanofilm and
after a-C nanodeposition. For temperatures from 100 K to 340 K, the calculated
thermal conductivities of the Pt nanofilm range between 23.0 W · m−1 · K−1 and
37.0 W · m−1 · K−1, values which are much lower than that of bulk Pt, but consis-
tent with those in a previous report [15]. The Pt nanofilm covered with a-C shows
a similar temperature dependence as the clean Pt film, but exhibits only about a

Fig. 7 Measured thermal
conductances of a Pt nanofilm,
and of a Pt nanofilm after
deposition of a-C. This result
shows 40 % to 50 % increase in
the conductance due to the a-C
nanodeposit. Calculated thermal
conductivities of a-C
nanodeposition are shown by the
solid circles with error bars
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40 % to 50 % increase in the thermal conductance value, suggesting that this additional
thermal conductance is definitely due to the heat transferred through the a-C layer.
Making this assumption, comparing the two conductances affords an estimate of the
thermal conductivity of the additional a-C layer ranging from 0.61 W · m−1 · K−1 to
0.73 W · m−1 · K−1 for temperatures between 100 K and 340 K, as shown by the solid
circles in Fig. 7. This result is in good agreement with past reports [12,13] for large
area thin films. Furthermore, it is physically consistent with the thermal-conductivity
characteristics of amorphous materials, which have no peak and slightly increases
with temperature because phonon–phonon umklapp scattering does not dominate the
boundary scattering in this temperature range.

The effect of the thermal contact resistance at the a-C/Pt interface regions is the
last issue to be considered. There are no measured data of the contact resistance for
a-C/Pt, but its effect can be estimated from the data for Si/SiO2, which was measured
by Yamane et al. [18] as 1.0 × 10−8 m 2 · K · W. Because contamination at the a-C/Pt
interface region is removed during the EBID procedure and no voids were found at
the interface in our TEM observations, the contact resistance is not likely to be much
larger than that of Ref. [18]. We reworked the numerical simulation using this contact
resistance and found that the thermal conductivity of an a-C layer increased by 3.9 %.
This error is negligible compared with other experimental uncertainties. Although
further investigation of the contact problem and more detailed investigation of the
measurement errors are required, we have shown that this method is reliable enough
to conduct thermal-conductivity measurements of locally deposited nanostructures.

5 Concluding Remarks

We have shown that a suspended Pt nanofilm can be used to obtain the in-plane thermal
conductivity of a nanodeposit. The measurement method is formulated on the basis
of one-dimensional heat transfer analysis, but consideration of two-dimensional heat
flow and contact resistance show the reliability of this method. We have demonstrated
the viability of this technique using EBID a-C, but it is applicable to deposited mate-
rial of any type—insulators, semiconductors, and even conductors—simply by coating
the Pt nanofilm with the appropriate material. Because there is no upper limit of the
deposited area, not only these nanodeposits but normal thin films fabricated by sput-
tering or physical/chemical vapor deposition methods can be measured. Then, their
local thermal conductivity can be obtained with micrometer-order resolution in the
same manner. As there is currently no reliable measurement method for the in-plane
thermal conductivity of nanoscale deposits or that of micrometer-order resolution,
the technique reported here should play an important role in solving the continuing
challenges of micro- and nanoscale engineering.
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