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Abstract

The in-plane thermal conductivity of Au nanofilms with thickness of 23 nm, which are fabricated by the electron beam-

physical vapor deposition method and a suspension technology, is experimentally measured at 80—300 K by a one-dimensional steady-state

electrical heating method. Strong size effects are found on the measured nanofilm thermal conductivity. The Au nanofilm in-plane thermal

conductivity is much less than that of the bulk material. With the increasing temperature, the nanofilm thermal conductivity increases.

This is opposite to the temperature dependence of the bulk property. The Lorenz number of the Au nanofilms is about three times larger

than the bulk value and decreases with the increasing temperature, which indicates the invalidity of the Wiedemann-Franz law [or metallic

nanofilms.
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Solid thin films with microscale to nanoscale
thickness have widely been applied in micro/nano-de-
vices, such as micro-electronics, optoelectronics, and
micro/ nano-electro-mechanical  systems ( MEMS/
NEMS), due to the rapid advances in nano-science
and technology. In most of the micro/nano-devices,
the thermal conduction property of the solid thin films
is very important to their performance and reliabili-
ty. (1,21 In recent years, metallic nanofilms have been
applied to temperature nanosensors, nanoscale heat
(3.4] " and high performance thermo-elec-
trical function materialst®>*®’. Therefore, it is urgently
required to investigate the thermal conductivity of

flow meters

metallic nanofilms.

Although the method of molecular dynamics
(MD) simulation has been used to study the thermal
conductivity of dielectric thin films'™®!, it is very dif-
ficult to use the MD method to predict the metallic
nanofilm thermal Conductivity[g]. The reason is that
free electrons are the heat carriers in the metallic
nanofilms and the MD method can only take into ac-
count the transport of phonons rather than electrons.
Zhang et al. recently showed that the Wiedemann-
Franz law is inapplicable to the Pt nanofilmst® ',
which presents great challenges to the analogy

method of indirectly predicting the thermal conduc-

tivity according to the electrical conductivity calculat-
ed by solving electron transport equations[m. The
difficulty for experimental measurements is how to
remove the effects of film contact resistance and heat
loss from the nanofilm to its substrate. Zhang et al.
put forward a novel method called one-dimensional
steady-state electrical heating (1DSSEH) based on a
suspension technology and overcame the above bottle-
necks. The electrical and thermal conductivities of Pt
nanofilms with thickness of 15—40 nm have been re-

10:1L.13] * 1p) this paper, the in-plane thermal

ported"
conductivity of Au nanofilms with thickness of 23 nm

is investigated by the 1DSSEH method.
1 Experiment and measurement details
1.1 Experimental system

The suspended Au nanofilms, shown in Fig. 1,
were fabricated by the electron beam-physical vapor
deposition (EBPVD) method. The fabrication pro-
cesses include: (1) A Si (100) wafer with a SiO, lay-
er of 180 nm in thickness was used as the starting
material. An electron beam resist layer was spin coat-
ed to be 320 nm in thickness. By using an electron
beam lithography system, the patterns of the
nanofilm and the leads were directly drawn on the re-
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sist. (2) A Cr film of 5 nm and an Au film of 23 nm
were deposited subsequently by the EBPVD method.
The Cr film was only for adhesion. (3) A liftoff tech-
nique was applied, in which the chip was immersed in
a liquid resist remover to leave only the Au/Cr pattern
on the SiO, layer. (4) Isotropic etching using
buffered hydrofluoric acid was applied to remove the
Si0, layer around the nano Au film. The Cr film un-

der the Au film was also etched away in this process.
(5) The Si was anisotropically etched out using KOH
solution in order to detach the nanofilm from the sub-
strate. [t is important to point out that the leads still
conglutinate the substrate through the Cr film. Fig.1
(a) illustrates the fabricated sample structure. Fig. 1
(b) is the image of an Au nanofilm measured by a
scanning electronic microscope (SEM). Thus, we
can obtain the lengths of the two Au nanofilms of /,
=5.4 pm and [, =5.6 pm and the widths of w, =
451 nm and wy, =455 nm. The nanofilm thicknesses

measured by an atomic force microscope (AFM) are
d,=d,=23 nm.

(b)

Fig. 1. (a) Schematic diagram of the Au nanofilm sample; (b)

scanning electronic microscope image of an Au nanofilm.

The experimental setup measuring the nanofilm
thermal conductivity is shown in Fig. 2. The Au
nanofilms are fixed on a constant temperature shelf in
the liquid nitrogen cryostat. The shelf temperature is
controlled by the balance between an electrical heating

and a liquid nitrogen flux being 77—500 K with sen-
sitivity of 0.1 K. The air pressure in the liquid nitro-
gen cryostat is not more than 10" * Pa under control
of a series-wound combination of a vacuum pump and
a molecular pump. Thus, there is no convection heat
transfer when the nanofilms are heated in such a vac-
uum. The circuit measuring the nanofilm electrical
resistance is by a four-wire technique. The Ag glue is
applied to connect the electrical wires with the leads.
The measurement instruments include a power supply
with constant current, a standard electrical resistance
of 100 Q and two multimeters. The temperature dif-
ference between the Au nanofilms and the liquid ni-
trogen cryostat is not more than 10 K. The heat loss
of the nanofilms through radiation can therefore be
ignored. Since the heat capacity of the Si substrate
and the constant temperature shelf is very large and
the heating power is only microwatts, the heat con-
duction in the suspended nanofilms is a one-dimen-
sional case with uniform internal heat resource.
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Fig. 2.
the thermal conductivity of the Au nanofilms.

Schematic diagram of the experimental setup measuring

1.2 Measurement mechanism

In measurements of the nanofilm thermal con-
ductivity, the nanofilm serves both as a heating unit
and as an electrical thermometer. Initially the
nanofilm and the leads are maitained at thermal equi-
librium at temperature Ty. With a heating power
IU, where I and U are electrical current and volt-
age, respectively, the nanofilm appears to be subject-
ed to one-dimensional heat transfer with uniform in-
ternal heat resource. The temperature distribution
can analytically be expressed as

v iU,
2wdd® T 20wdAT (1)

where A is the in-plane thermal conductivity of the
Au nanofilm at T,,. Thus, the mean temperature of
the nanofilm is

T = T,+
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w1
A 12wd (2)

The nanofilm mean temperature is also associated

T =Ty+

with the electrical resistance and the temperature co-
efficient of resistance by
_. R - R, ,
T =T, + —@S—, (3)
where T,=273.2 K is the datum temperature, R_is
the resistance of the Au nanofilm at 273.2 K, R is
the nanofilm resistance, and 8 is the temperature co-

efficient of resistance of the nanofilm.

According to Eq. (2) and Eq. (3), we can ob-
tain
BR, 1
X m] U. (4)
It indicates that the Au nanofilm resistance is propor-
tional to the heating power under a given constant
temperature condition. When the heating power goes
to zero, the nanofilm resistance R at temperature T

R =R+

can be calculated by the intercept of the linear func-
tion R(IU). Based on the calculated R, the tem-

perature coefficient of resistance at T, can then be ob-

tained through Eq. (3). Defining the slope as £ =

BR,
p ‘17[@, the in-plane thermal conductivity of the
Au nanofilms can be calculated by

R 8 !
£ 1+ 8(T,-T,) 12wd’

2 Results and discussion

A= (5)

In order to steady the Au nanofilm microstruc-
tures and physical properties, a heat treatment at
temperature 413.2 K for two hours was carried out
before the measurement of the nanofilm thermal con-
ductivity. The datum resistance at temperature 273.2
K was firstly measured to calculate the temperature
coefficient of resistance. The datum resistances of
samples a and b were respectively R, =48.6 (1 and
R, =159.8 Q. The measurement temperature in the

present work ranged from 80 K to 300 K with an in-
terval of 20 K.

Taking the nanofilm sample a as a case, the vari-
ation of the Au nanofilm resistance with the heating
power is shown in Fig. 3 with the substrate being
kept at constant temperatures of 100 K, 200 K and
300 K. The heating power in the measurements
ranges from 1 pW to 18 pW. It is indicated that the
Au nanofilm resistance is a linear function of the heat-
ing power, which agrees with Eq. (4) well. The

function can analytically be obtained by a least square
method. The electrical resistances of the nanofilm
sample a at 100 K, 200 K and 300 K are 31.17 Q,
40.43 Q and 50. 88 Q, respectively. It should be not-
ed that the nanofilm electrical conductivity is much

less than the corresponding bulk value due to the size
effect . [10,11,13]
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Fig. 3. Variations of the Au nanofilm resistance with the heating

power at three different temperatures.

The temperature coefficient of resistance is de-

fined as
RO — Rs

B=R(T,-T.) 6)

The calculated temperature coefficient of resistance of

the Au nanofilms at different temperatures is shown

in Fig. 4. The experimentally measured temperature

coefficients of resistance of the Au nanofilm a and b

are appreciably different with a relative deviation of

20% . At 180 K, the temperature coefficient of resis-

tance of the sample a is 8,=1.80%X 107> K", and

the coefficient of the sample b is 8, = 1.45 X 10

K~ !. In the present experiment, the Au nanofilms
are polycrystalline. The grain size relates to the fabri-
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Fig. 4. Temperature coefficient of resistance of the Au nanofilms

at different temperatures.
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cation process greatly. The reason of the temperature
coefficient difference between samples a and b may be
that the grain sizes of the two samples are different.
It is very important to note that the temperature coef-
ficients of resistance of the two samples are both
much less than that of the bulk Au. For example, the
temperature coefficient of resistance of the bulk Au at
180K is Bg=4.03x 107> K~ !, which is even two
times larger than the measured coefficients of the 23
nm Au nanofilms.

Based on the obtained resistance and its tempera-
ture coefficient, the in-plane thermal conductivity of
the Au nanofilms at different temperatures can be cal-
culated by Eq. (5) (Fig. 5). For the 1DSSEH
method, the uncertainty of the measured in-plane
thermal conductivity is not more than 5% %13} The
measured in-plane thermal conductivity of the Au
nanofilm a and b is appreciably different with a rela-
tive deviation of 25% . At 180 K, the in-plane ther-
mal conductivity of the sample a is A, = 168.1 W -

m '+K™!, and the thermal conductivity of the sam-
plebis 4,=129.8 Wem 'K~ '. The nanofilm in-
plane thermal conductivity is affected not only by the
surfaces but also by the grain boundaries. Though the
thickness of the nanofilm a is the same as that of the
sample b, they have different grain boundary effects
due to different grain sizes. Thus, it is not difficult to
understand the difference of the thermal conductivity
between samples a and b. From Fig.5, we can draw
conclusions as follows: (D Strong size effects have
been found on the measured nanofilm thermal conduc-
tivity. The in-plane thermal conductivity of the Au
nanofilms is much less than that of the bulk material .
For example, the bulk thermal conductivity of Au is
Ap=329.9 Wem ™'+ K" at 180 K. In the present
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Fig. 5. In-plane thermal conductivity of the Au nanofilms at dif-

ferent temperatures.

work, however, the in-plane thermal conductivity of
the Au nanofilms is less than half of the bulk value.
@ The measured in-plane thermal conductivity of the
Au nanofilms increases with the increasing tempera-
ture, which is opposite to the temperature depen-
dence of the bulk property. @ The difference of the
thermal conductivities between the Au nanofilms and
the bulk material increases with the decreasing tem-
perature, which indicates that the size effect is more
apparent at lower temperatures.

For the bulk metal material, the Wiedemann-
Franz law shows that the thermal conductivity should
be proportional to the electrical conductivity in the
form of

L=2~244x10°W-0-K? (7)

oT

where L is the Lorenz number, ¢ is the electrical
conductivity of a metal calculated by ¢ = I/{ Rwd ).
The Wiedemann-Franz law implies that the metal
thermal conductivity can be calculated by the electri-
cal conductivity. Some theoretical studies in litera-
tures predicted that the thermal and electrical conduc-
tivities of thin films should agree with the Wiede-
mann-Franz law and the relationship of Egq.
(74 16] I Refs. [10,11], however, the ratio of
the measured thermal and electrical conductivity of
the Pt nanofilms with 15 nm and 28 nm in thickness
was quite different from that of the bulk material. It
was then concluded that the Wiedemann-Franz law
cannot be applicable to Pt nanofilms. The Lorenz
number of the Au nanofilms at different temperatures
is shown in Fig.6. It has been found that the Lorenz
number of the Au nanofilms is much lager than the
bulk value. For example, the Lorenz number of the
bulk Auat 180 K is L, =2.34X 10 * W-Q-K 2,
while the Lorenz numbers of the Au nanofilm a and b
are L, =6.86X10 *W-Q-K 2and L, =6.72 X
10°*wW-0-K 2, respectively. The Au nanofilm
Lorenz number is about three times of the bulk value.
In addition, the Lorenz number of the Au nanofilms
in our experimental study was found to be tempera-
ture dependent. With the increasing temperature, the
Lorenz number of the Au nanofilms decreases. In the
present temperature range of 80—300 K, the Lorenz
number variation of the nanofilm sample a was about
1.03X 108 W- Q- K 2, and the variation of the
sample b was about 1.92X 108 W-Q-K 2, indicat-
ing that the thermal and electrical conductivities of
metallic nanofilms do not follow the Wiedemann-
Franz law due to the size effect.
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Fig. 6. Lorenz number of the Au na;;f)fﬂ)ms at different temperatures.

In fact, the Wiedemann-Franz law is a descrip-
tion of the contribution of electrons to the thermal
and electrical conduction. However, the contribution
of phonons to the thermal conduction is often exclud-
ed because it is relatively small. Since the Au
nanofilms in the present study are polycrystalline, the
grain boundary effect dominates the thermal and elec-
trical properties of the nanofilms. When electron scat-
tering takes place at the grain boundaries, the scatter-
ing electrons have almost no contribution to electrical
conduction, while they can still enhance thermal con-
duction through
phonons. For polycrystalline metallic nanofilms, the

transporting their energy to
phonon contribution increases compared with elec-
trons, and the ratio of A/¢T may deviate from the
traditional Lorenz number. Therefore, the Wiede-
mann-Franz law is inapplicable for polycrystalline

metallic nanofilms.

3 Conclusions

Two Au nanofilms with thickness of 23 nm were
fabricated by the electron beam-physical vapor deposi-
tion method and a suspension technology. The
nanofilm in-plane thermal conductivity was measured
at 80—300 K by a one-dimensional steady-state elec-
trical heating method. Strong size effects were found
on the measured nanofilm thermal conductivity.

(1) The Au nanofilm in-plane thermal conduc-
tivity is much less than that of the bulk material. In
the temperature range of 80—300 K, the in-plane
thermal conductivity of the Au nanofilms is less than

half of the bulk value.

(2) With the increasing temperature, the nano-

film thermal conductivity increases. This is opposite
to the temperature dependence of the bulk property.
It indicates that the size effect becomes stronger at
lower temperatures.

(3) The Lorenz number of the Au nanofilms is
about three times larger than the bulk value and de-
creases with the increasing temperature, which indi-
cates the invalidity of the Wiedemann-Franz law for
metallic nanofilms.
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