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For sub-10 nm thin metallic films, very little knowledge is available so
far on how electron scattering at surface and grain boundaries
reduces the thermal transport. This work reports on the first time
characterization of the thermal and electrical conductivities of gold
films of 6.4 nm average thickness. The electrical (¢) and thermal (k)
conductivities of the Au film are found to be reduced dramatically
from their bulk counterparts by 93.7% (¢) and 80.5% (k). Its Lorenz
number is measured as 7.44 x 1078 W Q K2, almost a twofold
increase from the bulk value. The Mayadas-Shatzkes model is used to
interpret the experimental results and reveals very strong electron
reflection (77%) at grain boundaries.

When the size of metal interconnects is comparable to the
electron mean free path, electron transport is dominated by
scattering at the metal-dielectric interface, which can signifi-
cantly reduce the electrical and thermal conductivities." Gold
thin films are widely used to investigate the mechanisms
behind the reduction of electrical and thermal conductivities.*®
Compared with the extensive studies of electrical transport, the
studies on the in-plane thermal conductivity of nanometer thick
gold films are rather scarce. Several experimental studies
investigated either the thermal conductivity or the electrical
conductivity and used the electrical-thermal analogy to deter-
mine the other one.” For bulk materials we can use the Wie-
demann-Franz (WF) law to calculate the thermal conductivity
using an analogy approach between charge transport and heat
transport. However, the WF law has not been validated for
special metals like nanocrystalline films and their Lorenz
numbers can be very different from the corresponding bulk
values.*'*** Ou et al.™ calculated the Lorenz number of a

“Department of Mechanical Engineering, Iowa State University, 2010 Black
Engineering Building, Ames, Iowa 50011, USA. E-mail: xwang3@iastate.edu; Fax: +1
515 294-3261; Tel: +1 515 294-2085

*College of Engineering, Ocean University of China, Qingdao, Shandong, 266100,
P. R. China

°School of Environmental and Municipal Engineering, Qingdao Technological
University, Qingdao, Shandong, 266033, P.R. China

4652 | Nanoscale, 2013, 5, 4652-4656

180 nm thick nickel nanowire, and found it to be a little higher
than the bulk value. Zhang and co-workers”'*** found that the
Lorenz numbers for 15 nm, 28 nm and 48 nm Pt nanofilms are
several times larger than the bulk value. Experimental results of
Yoneoka et al.*® showed an average Lorenz number of 3.82 x
1078, 2.79 x 10°% and 2.99 x 1078 W Q K2 for 7.3, 9.8, and
12.1 nm Pt films, respectively. Zhang and co-workers”®
measured the Lorenz numbers of 21-37 nm and 53 nm thick
polycrystalline Au films as 7.0 x 10 *WQK *and 5.0 x 10 W
Q K ? respectively. For very thin films, the measurement of heat
conduction and Lorenz numbers becomes very challenging,
while such research is very critical to understand the roles of
electrons in thermal and electrical conduction with strong
interface scattering.

In this work, a technology is developed to achieve a novel
capacity of thermal diffusivity/conductivity measurement for
thin gold films. In this method, as shown in Fig. 1(a), a micro-
glass fiber is used as the base material for supporting the to-be-
measured thin gold film. First of all, the glass fiber is coated
with one gold film/layer of thickness 6, = 20 nm and the
effective thermal diffusivity of the glass fiber-metallic film
system (in the axial direction) is measured as aeg;. Then the
same sample is coated with a second gold layer of thickness d, =
10 nm, and the sample's thermal diffusivity is measured again
as aegr 0. The increment of the thermal diffusivity induced by the
second metallic layer is Adesr = olefr1 — Qegrp. This thermal
diffusivity difference is directly related to the thermal conduc-
tivity of the second gold layer of thickness d,, and other
parameters of the sample. A physical model is developed to
determine the thermal conductivity of the metallic layer based
on Adegs.

Fig. 1(b) shows the profile of the film thickness, and the
definition of thicknesses dmax and d4. During film preparation,
the vapor deposition only coats the top side of the glass fiber
and the thickest portion (dnmax) is in the center top. The glass
fiber itself is very small in comparison with the whole deposi-
tion plume in the sputtering chamber. Therefore it is physically
reasonable to assume the gold atom vapor deposits on the glass
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Fig. 1 (a) Schematic of the cross-section of glass fiber coated with different
layers of nm films. Different colors on the glass fiber stand for different layers of
the metallic film. (b) The profile of the film thickness and definition of thicknesses
Omax and dy. (c) Comparison between theoretical fitting (solid curves) and
experimental data (dots) for the normalized temperature rise. The inset shows the
measured voltage evolution for the sample. (d) The gold coated glass fiber con-
nected between two electrodes.

fiber to be like snow precipitation on a horizontal cylinder. The
thickness (dy) of the metallic layer varies with the location on
the fiber surface as 0y = 0maxC0s 0, where 6 is the angle from the
vertical direction. The cross-sectional area of the metallic

2
coating can be expressed as A, = 2[ €0S B0max A = Ddpmax
JO

and its average thickness, dave = 20max/T-

The transient electro-thermal (TET) technique'” developed in
our laboratory is used in this work to measure the thermal
diffusivity of the gold layer-covered micro-glass fiber. The TET
technique has been proved to be an effective, accurate, and fast
approach to measure the thermal diffusivity of one-dimensional
solid materials, both metallic and dielectric.c The TET
measurement gives results in agreement with reference values
with less than 5% difference."”>*

A schematic of the TET technology is presented in Fig. 1(d).
At the beginning of the experiment, the sample is suspended
between two aluminum electrodes. In order to enhance the
electrical and thermal contact of the sample to the electrodes, a
silver paste is applied at the contact points. The sample is
placed in a vacuum chamber to suppress the effect of gas
conduction during measurement. During thermal character-
ization, a step DC current is fed through the wire to generate
electric heat. The temperature change of the wire will induce an
electrical resistance change, which leads to an overall voltage
change of the wire. Therefore the voltage change of the wire can
be used to monitor its temperature evolution. As explained in
the inset in Fig. 1(c), under the feeding of a square current, the
induced voltage profile (red line) undergoes a rapid increase
phase and then reaches the steady state, meaning heat transfer
equilibrium is established. The transient phase reflects the
resistance change of the wire, which in turn gives the idea about
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how fast/slow the temperature of the wire evolves. This
temperature change is strongly determined by the thermo-
physical properties of the wire. Therefore, the transient voltage/
temperature change can be used to determine the thermal
diffusivity. The sample's voltage evolution (Vsampie) recorded by
the oscilloscope is directly related to the average temperature
change of the sample. The normalized temperature rise Tep
based on the experimental data can be calculated as T¢y, =
(Vsample — Vo)/(V1 — Vo), where V, and V; are the initial and final
voltages across the sample as shown in Fig. 1(c). T* is solved for
a one-dimensional heat transfer problem and is expressed as:

96 = 1 — exp[ - (2m - 1)21t2at/L2}

T* =
2m —1)*

=)3 : (1)
where « and L are the thermal diffusivity and length of the
sample, respectively. After T¢,;, is obtained, different trial values
of o are used to calculate the theoretical temperature rise based
on eqn (1) and fit the experimental results (T¢). The value
giving the best fit of T¢,;, is taken as the thermal diffusivity of the
sample.

To precisely determine the thermal and electrical conduc-
tivities of the gold film, physical parameters such as density
and specific heat of the glass fiber are required in our data
processing. The diameter of glass fibers is measured as 9.17 +
0.54 pum. The average density is 2070 + 121 kg m~?, and the
specific heat used in the calculation is 745 J kg~* K '.>> The
glass fiber is coated with gold using a sputtering machine
(Denton Vacuum Desk V-Standard) which can set the time of
sputtering. The film thickness is calibrated by coating gold on
a silicon wafer for 20 seconds. The coated silicon wafer is
scanned using an atomic force microscope (AFM) and the film
thickness is measured at 10 nm.

The electric resistance of d,. = 6.4 nm gold films is not
stable in the TET experiment. So at the beginning, the glass
fiber (452 um long) is coated with d,,,.x = 20 nm gold as the base
layer and TET measurement is done on its effective thermal
diffusivity. After that, a 6.4 nm gold layer (6y.x = 10 nm) is
added every time, and the corresponding effective thermal
diffusivity of the fiber is measured. Theoretically, we need to
coat only one second layer (10 nm thick) and do measurement
for aeg,. In order to improve measurement accuracy and
significantly suppress experimental uncertainty, we repeat the
process of adding a gold layer of 10 nm thickness and measure
the corresponding thermal diffusivity oee,. After five TET
experiments, five different o and electric resistances are
obtained. Fig. 1(c) shows a comparison between the theoretical
fitting and experimental data for the normalized temperature
rise. It is seen that with 4 layers of 6.4 nm thick gold films on top
of the base layer, the normalized temperature rise of the sample
goes up faster than that with 1 layer of 6.4 nm gold film,
meaning a larger effective thermal diffusivity for the glass fiber
with four 6.4 nm thick gold layers. By fitting, the effective
thermal diffusivities are determined as 9.4 x 10~” m* s~' and
7.3 x 1077 m? s~ ' for the same glass fiber with 4 and 1 gold
layers. The measured effective thermal diffusivity has a rela-
tionship with the electrical conductance as follows:

Nanoscale, 2013, 5, 4652-4656 | 4653



Qeff = A + Ll,LorenzTLRII/(Aprp) + LZ,LOI‘CHZTLRE}I/(AW,DCI))’ (2)

where R, is the resistance of the base layer (20 nm gold coating)
and R, , (n = 1-4) is the resistance of n layers of 6;,ax = 10 nm
gold films. L yorenz and Ly 1 orenz are the Lorenz numbers of the
base layer and the 0, = 10 nm layer. Since 1/Ryota1 = 1/Ry + 1/
Ry, (n = 1-4, Riorar: total resistance of the sample), we can get
R, . It can be seen from eqn (2) that the effective thermal
diffusivity (eer) changes with the inverse of resistance (R,, ')
linearly and the slope of the fitting line is Ljyoren,TL/AwpCp.
Fig. 2 shows the linear fitting of the four data points. The slope
of the fitting line is determined as 1.01 x 10" * m? s ' Q. In the
TET experiments the current applied is of 240-400 pA in order
to make a temperature rise of the transient stage around 10 K.
For Lioren, calculation, an average temperature during the
transient state (308 K) is used. With these data, we determine
Lyorenz Of 6.4 nm thick gold film as 7.44 x 10" ® W Q K ? from
the equation Lyoren, = AwpCp¥/TL.

In our experiment, the measured thermal diffusivity has a
combined contribution from the glass fiber and the gold layers.
The contribution is proportional to their areas. The effective
thermal diffusivity of the whole sample is expressed as

1 40| max
Oeff = Oy + (pCp) TéD [kl — Qy (Pcp)c}
1 4n62,max (3)
o). mD [z = e (pep) .

where «, is the thermal diffusivity of the glass fiber. 6; max is
20 nm and is for the base layer, k; is the thermal conductivity of
the base layer, and k, is the thermal conductivity of a single
02, max = 10 nm gold layer. In eqn (3), aeer changes with n linearly
and its slope is 40, max[ks — aw(pcp)c)/TD(pc,)w- Fig. 3(a) shows
the linear fitting of «.¢r change with the number of Au layers on
top of the glass fiber. Linear fitting of these data gives a slope of
5.5 x 10~ ®* m* s~ '. Then the thermal conductivity of Au layers is
calculated as 61.9 W m ™' K. This value is significantly smaller
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Fig. 2 Variation of a.¢ of the Au-coated glass fiber (452 um long) against the
inverse of electrical resistance. The red solid line is the linear fitting of the four
data points. The inset shows the surface morphology from AFM of 10 nm Au
coated on the silicon substrate.
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Fig. 3 Linear fitting (solid lines) of effective thermal diffusivity (a) and inverse of
resistance (b) changes against the number of 6.4 nm thick Au layers on top of the
base layer. The inset in (a) shows an XRD spectrum of the gold nanofilm.

than the thermal conductivity of bulk Au 317 W m~" K™ ' at
308 K.

The total electrical resistance of the Au coating is calculated
as

1 _ Dél,maxgl Dnél.max”Z
Rtntal B L L ’

“)

where ¢, is the electrical conductivity of the base layer, o, is the
electrical conductivity of a single d, max = 10 nm Au layer, and
10, max is the total thickness of the layer on top of the base layer.
It is evident in eqn (4) that the electrical conductance Rt
changes with 7 linearly, and its slope is D, max0/L. Fig. 3(b)
shows the linear fitting of the inverse of resistance against the
number of Au layers on top of the base layer. The fitted slope is
5.52 x 107 Q7 ", and the electrical conductivity of the Au layer
is calculated as 2.71 x 10° Q™" m™". This value is much smaller
than the electrical conductivity of bulk Au 4.34 x 107 Q " m™ ' at
308 K, showing the size effect due to very strong electron grain
boundary scattering. Lyrenz Of the gold film can also be calcu-
lated as 7.41 x 10°8 W Q K 2 based on Lygren, = ko/oT. This
value is very close to 7.44 x 107® W Q K> determined from
Liorenz = AwpCp¥/TL. From Fig. 3 it is clear that the effective
thermal diffusivity and the electrical conductance increase
linearly with the number of Au layers, verifying the hypothesis
that each deposited film has the same electrical and thermal
conductivities and pcp.

To explore the mechanism behind this significant reduction
of thermal and electrical conductivities discussed above, the
Mayadas-Shatzkes (MS) model**** is used to understand the
strong electron scattering in the nanofilms. Based on the MS
model, o¢/g, can be approximated by*

71!

o 3(1-p)
. 14 Sko +5a , (5)

within 9% error when the film thickness and the grain diameter
are not too small compared with the electron mean free path,
ie,a<10and ky>0.1. « = [,R/d(1 — R), ko = ayello, orand o, are
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film and bulk electrical conductivities, R is the electron reflec-
tion coefficient at grain boundaries, p is the specular reflection
parameter of electrons at film surfaces, [, is the electron mean
free path and d is the average grain size. The MS model is for the
film structure in which the grains are in a “columnar” fashion
with the column axis normal to the film plane. This is generally
true for films deposited by evaporation or sputtering. We
characterize the average grain size of the nanofilm by using X-
ray diffraction (XRD). The XRD result of the Au nanofilm is
shown in the inset of Fig. 3(a), and the average grain size of the
Au film is evaluated as 11.2 nm. The grain size is a little larger
than the film thickness, supporting the “columnar” grain
structure speculation. The inset in Fig. 2 shows surface rough-
ness scanning for gold films on silicon using an atomic force
microscope. It can be seen that over a quite long distance
~50 nm, the surface has a height change of about 0.75 nm,
indicating that the surface is quite flat (~3.8° variation angle)
and smooth in comparison with the electron wavelength (1) 0.52
nm in gold [A = A/(m. vg), 5 = 1.39 x 10° m s~ " (ref. 26)].
Therefore the electron scattering at the film surface is specular,
and p takes the value 1.

Having oo/lp = 1.2 x 10"> Q™' m~? for bulk gold,” and the
bulk electrical conductivity oo as 4.3 x 10’ Q"' m~ " at 308 K>
the electron mean free path [, of Au is calculated as 35.8 nm.
This value is close to 41.7 nm (ref. 28) for Au electrons at the
Fermi level at room temperature. By fitting our experimental
result for electrical conductivity, R is determined as 0.77. The
thermal conductivity with fitted R = 0.48 is 61.7 Wm™ ' K™ *. It is
obvious that the reflection coefficient R for the electrical
conductivity is much larger than that for the thermal conduc-
tivity, indicating that the electron scatterings on the grain
boundaries exert different influences on current and heat
transport. The Lioren; calculated from the two methods are
several times greater than the Sommerfeld value of L, = 2.45 X
107 W Q K2, also indicating that the grain boundary scat-
tering effect imposes greater influence on the charge transport
than on the heat conduction. For charge transport, only the
electrons quantum mechanically passing through all the
boundaries along the background scattering can contribute to
the measured electrical conductivity. However, for thermal
transport, the scenario becomes different. For those electrons
reflected from grain boundaries, they could have energy
exchange with the local phonons, thereby leading to thermal
transport in space though they have no charge transport
contribution. Therefore, the fitted smaller R for thermal trans-
port reflects this phenomenon. Based on the R of 0.77 for charge
transport, and 0.48 for heat conduction, to first order estimate,
it is conclusive that electrons reflected from grain boundaries
have about 38% of their energy exchanged with phonons at
grain boundaries. The measured thermal conductivity of the Au
film is the sum of contributions from electrons (k) and
phonons (kpp). In bulk metal, at room temperature electrons
have about 90-95% contribution to the total thermal conduc-
tivity, and phonons only have about 5-10%.% In the thin Au
films studied here, the scenario could change since the elec-
tron's contribution is significantly reduced. We have conducted
an extensive literature study, but could not find reported results
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on the phonon thermal conductivity in nanocrystalline gold
films. To give a rough idea about the phonon contribution in
thermal transport, we have used non-equilibrium molecular
dynamics (MD) simulation to calculate the phonon thermal
conductivity (k,n) of gold with 6.4 nm thickness and 11.2 nm
size, and observed a kpp, of 2.08 W m ™' K. This value is much
smaller than the overall thermal conductivity (61.9 Wm ' K1)
of the Au film measured in this work, meaning electron thermal
transport is still dominant. This MD result is rather qualitative
than quantitative since the temperature gradient is extremely
large in modeling (>8 x 10° K m %), and the phonon-electron
scattering is not considered in classical MD simulation. Also
phonon scattering at grain boundaries in real situations could
be different from that in a single grain. All these issues should
be taken into account in further research to give a quantitative
understanding of the phonon transport in ultra-thin nano-
crystalline Au films.

During our TET characterization, the experiment is con-
ducted in a vacuum chamber maintained at 30 mTorr. The
small effect from the pressure on the measured thermal diffu-
sivity (Aap,) had very little influence on the data analysis. This is
because in the linear fitting used in the experiment, only the
thermal diffusivity increase/change against the film electrical
conductance or film thickness is used. In our experiment, the
radiation effect exists for all the cases. An increase of the film
thickness on the glass fiber will change the radiation from one
side since a thicker metallic layer shields more radiation from
the fiber surface. Glass and gold have the emissivity of 0.92 and
0.02 respectively at room temperature. The total change of the
film thickness from 0max = 20 to 60 nm will change the radia-
tion emissivity very little.

In TET characterization, the effect of the small non-uniform
and non-constant heating by the resistance change can be
expressed as —el’RL/(A.mc°pc,), where ¢ is the temperature
coefficient of the sample's electrical resistance and I is the
electrical current. In our experiment, the resistance increase by
heating is controlled to be around 2% or less. Therefore, the
thermal diffusivity change by this non-constant and non-
uniform heating is less than 2 x 107"* m* s, negligible for the
experiments. Separate experiments have been conducted to
evaluate the electrical contact resistance using the four-probe
method. For the glass fibers coated with gold, the silver paste
does a good job in securing the contact between the wire and
the electrodes with a contact resistance of only a few ohms.
Since the glass fiber has a low thermal conductivity, any
potential thermal contact resistance between the wire and the
base will become negligible compared with the thermal resis-
tance of the sample itself. Also in our experiment, since only the
change of the thermal diffusivity and electrical resistance
accounts in the linear data fitting, the electrical and thermal
contact resistances will remain the same for one sample with
different layers of the film, and will have a negligible effect on
the final results.

During TET measurement, the characteristic thermal diffu-
sion time is At; ~ 7*/a (r: wire radius) in the cross-section
direction and At, ~ 0.2026 L*/« in the length direction. Take the
case of a single layer of 6.4 nm Au on top of the base layer, At; is
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estimated to be about 25 ps, and At, is about 0.05 s. It is obvious
that At; < At,. So during the relative long time temperature
evolution of the wire in TET measurement, the heat conduction
in the cross-section quickly reaches its equilibrium and the
temperature distribution across the glass fiber's cross-section is
very uniform. The estimated average temperature rise of the
sample during the transient TET stage is around 10 K. In the
past, we have done calibration of the temperature coefficient of
electrical resistance for sputtering coated gold on a TiO, wire
over a very large temperature range (>60 K).** The electrical
resistance changes with temperature linearly, and the non-
linear effect is estimated to be negligible, and will affect our
results to a very limited extent. The TET experiment has an
uncertainty of fitting and repeatability better than 2.5%.

In summary, the thermal and electrical conductivities (k and
o) of Au films with an average thickness of 6.4 nm were char-
acterized successfully. The results showed that k (=61.9 W m ™"
K™') and ¢ (=2.71 x 10° Q"' m™") are reduced by 80.5% and
93.7% compared to bulk Au. In such ultra-thin Au films, the
thermal transport is still dominated by electrons. The much
stronger reduction in ¢ significantly increased Ly,oren, to 7.44 X
10~ W Q K2, about a twofold increase from the bulk value.
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