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Measurement of anisotropic thermal conductivity of a dense forest of
nanowires using the 3w method

INTRODUCTION
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Gentile,! Laurent Cagnon,?3 Daniel Bourgault, 3 Denis Buttard,'3 and Olivier Bourgeoisz'3'b)
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The 3w method is a dynamic measurement technique developed for determining the thermal conductivity
of thin films or semi-infinite bulk materials. A simplified model is often applied to deduce the thermal
conductivity from the slope of the real part of the ac temperature amplitude as a function of the logarithm of
frequency, which in-turn brings a limitation on the kind of samples under observation. In this work, we have
measured the thermal conductivity of a forest of nanowires embedded in nanoporous alumina membranes
using the 3w method. An analytical solution of 2D heat conduction is then used to model the multilayer
system, considering the anisotropic thermal properties of the different layers, substrate thermal conductivity
and their thicknesses. Data treatment is performed by fitting the experimental results with the 2D model on
two different sets of nanowires (silicon and BiSbTe) embedded in the matrix of nanoporous alumina template,
having thermal conductivities that differ by at least one order of magnitude. These experimental results show
that this method extends the applicability of the 3w technique to more complex systems having anisotropic
thermal properties.

PACS numbers: 68.55.-a,73.61.-r,81.05.Uw,81.15.Fg

scalability'®. Structures made with nanowires embedded

Thermal management is a key issue in microelectronic
industry for several essential cases specially heat dis-
sipation (heat pipes, heat sink), local cooling and en-
ergy recovery either to prevent premature aging or to
do self powering of sensors!™. With the decrease in
the size of the electronic components, the number of
experimental developments dedicated to thermal char-
acterization of nanomaterials has significantly increased
over the last decade®®. Using nano-structuration to re-
duce the phonon contribution to the thermal conduc-
tivity is seen as the best way for improving the effi-
ciency of thermoelectrics®®. Moreover, increased inter-
est in the research field of energy harvesting involving
the innovative concepts of thermal management applied
to thermoelectric generators has been seen®!?.  With
complex three-dimensional nano-architectures used for
energy harvesting, precise measurement of thermal con-
ductivity is a crucial issue for appropriate fabrication
of nano-devices and it still remains a challenge at small
length scales'! 3.

Among nanostructured materials, nanowires (NWs)
have shown a great potential in thermoelectric applica-
tions with remarkable increase in the figure of merit!?.
Matrix of highly-dense nanowires opens up the possi-
bility of chip-level thermoelectric generators which can
be integrated in existing electronic circuitry with high
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in templates (which are used for the growth of nanowires
through bottom-up fabrication technique) have more
mechanical strength and offer the possibility of having
nanowires with high aspect-ratios. The presence of the
template will affect the measurement of the thermal prop-
erties of the film of nanowires due to parasitic ther-
mal paths. The challenge is the measurement of ther-
mal conductivity of anisotropic films with high difference
between the in-plane and cross-plane thermal conduc-
tivities. All these factors bring in the need for precise
measurements of the thermal properties of these complex
anisotropic films of nanowires embedded in templates for
their potential use in modern thermoelectric device.

Several techniques have been developed in the
past for the measurement of the in-plane ther-
mal  conductivity!®?*  and  cross-plane  thermal

conductivity?® 27 that use the principles of the 3w
method®® 3%, Regarding the measurement of single
nanowire, various techniques have been used for mea-
suring the thermal conductivity like the double-platform
or the Scanning Thermal Microscopy (SThM)!!:31:32,
However, the experimental demonstration of a 3w
method allowing the measurement of a macroscopic
array of nanowires is still awaited.

Among all the techniques at disposal, the 3w is
a well-developed method for measurement of ther-
mal conductivity of thin films, nanosystems and bulk
materials®*?433 . It has significant advantages by facil-
itating the measurement of macroscopic systems, elimi-
nating the errors arising from the black-body radiation
and reducing noise with the help of the experimental
set-up dedicated for dynamical signal. It has been re-



ported for acquiring the strong thermal anisotropy in
nanoporous silicon®® and 2D materials®® 37, This tech-
nique seems to be perfectly adapted for the measure-
ment of thermal conductivity of a highly-dense array of
nanowires embedded in a alumina template; especially in
the case of thin film with anisotropic thermal transport
properties.

Here, we report the thermal conductivity measure-
ments on large assemblies of nanowires embedded in
nanoporous alumina templates using the 3w method.
These large assemblies of nanowires lead to anisotropic
2D heterostructures, whose derivation of thermal conduc-
tivity through experimental ways is not straightforward.
A detailed description of the fabrication of two different
types of nanowires, namely Big 375b1 49 Tes.14 and silicon,
is presented. Since the sample structures are complex,
the simplified analytical solution for the 3w method can
no longer be applied to deduce the thermal conductiv-
ity of the nanowires. Moreover, the embedded-nanowire
film has anisotropic thermal properties, meaning, the in-
plane and the cross-plane thermal conductivities differ.
We show experimentally that the two-dimensional heat
conduction model proposed by Borca-Tasciuc et al. in
2001 can be used for the general case of a multilayer
film-on-substrate system with anisotropic thermophysi-
cal properties for the extraction of thermal conductivity
of the nanowires®®. The measurements are done on ap-
proximately 5 x 10° NWs simultaneously>®.

Measurement on such large number of nanowires re-
duces significantly the error arising from the existence of
thermal contact resistances during the single nanowire
measurements or from possible dispersion of proper-
ties from one nanowire to another. We finally demon-
strate that using this method the thermal properties of
nanowires fabricated in a bottom-up technique can be
obtained with reasonable sensitivity.

Il. EXPERIMENTAL DETAILS

Highly dense array of nanowires (10°/cm?) are fabri-
cated with a bottom-up growth technique. In order to
have a large density of nanowires with high aspect ratio,
nanoporous alumina templates have been used for the
growth of nanowires. In order to perform the 3w mea-
surement, a thin layer (50 nm) of AlzOj3 is deposited on
the top of the sample for electrical isolation of the trans-
ducer from the mattress of nanowires that are usually
electrically conductive.

With the help of laser lithography and magnetron
sputtering, a platinum transducer (120 nm thick) is
deposited on the top surface with a four probe geometry
(Fig. 1). Thermal conductivity measurements are done
on the array of nanowires embedded in nanoporous
Anodic Alumina Oxide (AAO) template. Two kinds
of nanowire forests have been chosen for their very
different bulk thermal transport properties to validate
our approach: silicon nanowires as a highly conduc-

FIG. 1. Platinum transducer in four probe geometry used for
the 3w measurements. The width of the transducer is defined
by 2b (30 pm for BiSbTe and 5um for silicon) and the length is
referred to by ! (2 mm). The four pads are of the dimensions
of 400pum x 400pm.

tive material and BiSbTe nanowires as a very low
conductive materials. Indeed, the difference in the
magnitude of the bulk thermal conductivities between
both the materials is of two orders of magnitude
(ksi = 148 Wm 'K~ ki, 8by sTest = 1.75 Wm 1K ™*
KBig 5Sby.5Tes|| = 0-75 Wm~'K™!; 1,|| are the crystallo-
graphic directions of the material.)40742. This will allow
to probe the technique over a broad range of thermal
conductivity in two very different conducting limits.

A. Sample Fabrication

AAOQO was fabricated by anodizing aluminum by a two-
step anodization technique®® in 3% weigh/volume (w/v)
oxalic acid solution. The diameter and the interpore dis-
tance is tuned with the help of anodizing potential and
the concentration of the acid.

1. Fabrication of BiSbTe NWs

Aluminum foil, 99.99% pure, is used for the fabrica-
tion of nanoporous alumina template with the applied
anodizing voltage of 40 V in 3% w/v oxalic acid solu-
tion. Pore widening is done by dipping the AAO tem-
plate in 5% phosphoric acid solution at 35°C for six min-
utes. The resulting pore diameter is 6045 nm. The p-
type Big.37Sb1.49Te3 14 NW array is fabricated by pulse
electro-deposited in the AAO at room temperature with
the applied potential of -0.3 V44,

2. Fabrication of silicon NWs

Aluminum (10+0.05um) is deposited on a highly p-
doped silicon wafer < 100 > (750 pm thick) by Electron
Beam Physical Vapor Deposition (EBPVD). Anodiza-
tion is carried out by two-step anodisation technique®3
at room temperature with 3% w/v oxalic acid solution.
Applied potential of 40 V leads to the pore diameter of
6545 nm. A pore widening step with 5% phosphoric
acid at 35 °C was performed to open the pore uniformly.
At the end of the anodization process, the silicon wafer
is oxidized at the interface of the aluminum and silicon.
The SiO5 present at the bottom of the pores is etched by
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FIG. 2. Schematic diagrams of the samples showing the mul-
tilayer system composed of the nanowire mattress, the insu-
lating layer (alumina) on top and the platinum thermometer.
(a) Big.37Sb1.49Tes.14 nanowires embedded in AAO and, (b)
Si NWs embedded in AAO. (c) is a Scanning Electron Micro-
scope (SEM) picture from the top of the AAO template used
for the growth of the nanowires.

exposing the sample to HF vapor. The post-treatment
of AAO is followed by pulsed electro-deposition of gold
at bottom of the pores which would act as a catalyst
for the Vapor-Liquid-Solid growth mechanism in Chem-
ical Vapor Deposition. The amount of gold deposition
at the bottom of the pores depends on the diameter of
the pores. The SiNWs are grown in a LPCVD (Easy-
Tube 300 First Nano, a Division of CVD Equipment
Corporation®) operating at 580° C and 6 torr of to-
tal pressure (SiH4/HCI/N2 - 50/100/1200 sccm respec-
tively). The growth rate of the nanowires inside the
porous alumina templates is 100-110 nm min .

B. Description of the 3w measurement method

The 3w method is very well known technique for the
measurement of thermal conductivity of thin films and
bulk materials®*>?%33. In this method, a metallic strip is
deposited on top of the sample which acts as both the
heater and the thermometer (commonly known as the
transducer). The geometry of the full stack of layers is
shown on Fig. 2. The line transducer is biased by an
ac current having an angular frequency w. This causes
a temperature fluctuation due to Joule heating with an
ac component at 2w related to the thermal properties of
the transducer and all its surroundings. The transducer
resistance is then modulated at 2w with an amplitude
that depends on the temperature coefficient of resistance

(TCR) of the transducer material:

1 0R

The resulting 3w voltage component contains the infor-
mation about the thermal conductivity of the underly-
ing layers. This method can be employed to measure
the thermal conductivities of thin films down to several
nanometers?>2633 The accuracy in the determination
of the thermal conductivity relies greatly on the heat
conduction model applied. In general, an approximate
analytical expression is employed based on the slope of
the real part of the 3w voltage expressed as a function
of the logarithm of the electrical frequency to determine
the thermal conductivity ko:

-1
aRZIS (8‘/3w—real>
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47l Olnw
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where, « is the temperature coefficient of resistance for
the thermometer (obtained from Eq. 1), R is the resis-
tance of the thermometer, I is the applied rms current,
[ is the length of the thermometer line, V3, _,eq; is the
in-phase component of the 3w voltage, w is the electri-
cal angular frequency, AT, is the in-phase temperature
change and P is the power dissipated by Joule heating.

The electronic setup used in the 3w measurements
is schematically detailed in Fig. 3. The samples are
mounted in a cryostat and the temperature is controlled
by the temperature controller TRMC2 developed at In-
stitut Néel. Radiation shield and high vacuum (< 107°
mbar) are used to minimize the losses by convection and
radiation.

An alternating current I,. is applied to the platinum
transducer within a large frequency range: between ap-
proximately 0.1 Hz and 1 kHz. The voltage from the
transducer acquired by the lock-in amplifier contains
both the first and third harmonics, however the V3, sig-
nal is significantly low in terms of amplitude as compared
to the Vi,,. Thus, the V3, is measured with the help of
an active electronic setup used to increase the Vs, /Vi,,
ratio. The two commonly used methods for the extrac-
tion of V3, signal are the differential bridge®3 (used in
this work) and the Wheatstone bridge®*. In this experi-
ments, the differential bridge has been preferred allowing
a reduction of the Vi, by a factor of ten to hundred®’.
Each data point is collected by averaging the lock-in am-
plifier reading over one second.

C. 2D thermal model

As mentioned before, most of the data treatment of
3w experiment can be done by using the slope method,
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FIG. 3. Schematic diagram of the electronic circuit used for
the 3w measurements. Signal is extracted from a four-probe
transducer (highlighted in blue circle). The sample is kept in
the cryostat under high vacuum (1075 mbar). A home made
differential amplifier setup (highlighted in red rectangle) is
used to extract the V3, out of the full voltage. The lock-in
amplifier used in the experiments is a signal recovery model
7230 DSP by Ametek®. The variable resistance, Ryey, is a
programmable resistance model by IET ®, which has a preci-
sion of 0.001 . I,. is the ac current applied to the circuit
with the frequency controlled by the lock-in amplifier.

a one-dimensional heat conduction model to determine
the thermal conductivity of thin films?®26:3345  How-
ever, when the geometry of the sample becomes much
more complex with multilayer on substrate and espe-
cially when layers with anisotropic thermophysical prop-
erties are present, a more general model of multilayer
film-on-finite /semi-infinite substrate system is required
to determine the thermal conductivities®*®. Several
models have been utilized in the past for extraction of
thermal conductivity of anisotropic films on substrates
and of substrate with finite thicknesses*>#6. The most
complete model given by Borca-Tasciuc et al.>® derived
the expression for the temperature rise in the general
case of the multilayer film-on-finite/semi-infinite sub-
strates based on a two dimensional heat conduction
model across the system and a uniform flux boundary
condition between the heater and the top film. Here,
the data interpretation will be done using a 2D analyti-
cal method based on the classical separation of variables
technique*”. This gives equivalent results than the Inte-
gral Fourier Transformation Technique (IFTT) used by
other group®®. We neglect the contributions from the
thermal mass of the transducer and the thermal bound-
ary resistance. The temperature rise (complex number)
in the transducer which is dissipating a power P/l (W /m)
(the peak electrical power per unit length) is given by
IFTT:

—-P /°° 1 sin?(b))
7Tl:‘£yl 0 AlBl b2)\2

AT = A (3)
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where, n refers to the total number of layers includ-
ing the substrate with subscript ¢ for the i*" layer from
the top, subscript x and y correspond respectively to
the direction perpendicular to the transducer and to the
film/substrate, b is the heater half width, & is the thermal
conductivity, £gy is the anisotropy in thermal conductiv-
ity, it is the ratio of in-plane to the cross-plane thermal
conductivity, d is the layer thickness and, « is the ther-
mal diffusivity. The thermal anisotropy ks, contains by
definition the interface thermal resistance between the
nanowire and the alumina matrix. For the substrate
layer, « = n and for substrates with finite thickness, the
value of A, depends on the boundary condition at the
bottom of the substrate. For adiabatic boundary condi-
tions A, = —tanh(B,d,,) and for isothermal conditions,
A, = —1/tanh(B,d,). A, = —1if the substrate is semi-
infinite.

Il. EXPERIMENTAL RESULTS

The 3w experiments are carried out in the tempera-
ture range of 260-300 K and the fitting of the exper-
imental data is done with the above-described model.
The physical properties of all the layers play a crucial
role in the fitting along with their precise thicknesses.
In order to get the thermal properties of the embedded
nanowires only, we need to get information about the
thermal properties of the porous matrix that carries also
part of the heat. The empty porous alumina templates
were closed from the top with the help of thin layer (100
nm) of aluminum oxide deposited by Atomic Layer Depo-
sition (ALD). Then, the thermal conductivity of empty
nanoporous AAO membranes having the very same struc-
ture (size of pores, filling factors) has been measured us-
ing the same 3w method.

In the Fig. 4, the variation with temperature of the
specific heat of empty nanoporous AAO is plotted along
with the thermal conductivity derived from fitting the
above-mentioned model to the experimental data from
the 3w measurements. The cross-plane thermal conduc-
tivity was found to be 1.25 + 0.05 W m~' K~! at 300 K.
The value is in accordance with the previous measure-
ments done on similar structures (having a porosity of
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FIG. 4. Variation of the specific heat and thermal conduc-
tivity with temperature of empty nanoporous alumina tem-
plates. The specific heat measurements are done with the
help of the Physical Property Measurement System (PPMS)
and the thermal conductivity is derived by fitting the mea-
surements data obtained from the 3w measurements with the
model of empty nanoporous AAQO. The error bars are esti-
mated from the absolute error of the PPMS equipment used
for the specific heat measurement and from the measurement
of the 3w voltage plus the error induced by the physical pa-
rameters used for the fitting of the final value of thermal con-
ductivity.

30% and pore diameter of 60 nm) at 300 K by Abad et
al.*®. The value of thermal anisotropy in the modeling of

nanoporous AAO was obtained using the1 formula given

" 37. _ ks _
by Borca-Tasciuc et al.”>": gy = v “ 110
the porosity. The error in the determination of thermal
conductivity includes the absolute error arising from the
3w measurements along with the error in parameters used
in the data fitting. With these known thermal properties
of the empty nanoporous AAO templates, measurements
on the forest of nanowires of Big 37Sb1 49Tes 14 and sili-
con can now be performed.

, Wwhere ¢ is

A. Thermal conductivity of Bip.37Sby 49 Tes 14 nanowires

Thermal conductivity of highly dense forest of
Big.37Sby 49 Tes 14 nanowires has been measured with the
3w method. In Fig. 5 the modulus of temperature oscil-
lation of the thermometer is shown as a function of the
electrical angular frequency at 300 K. The changes in the
slope are directly related to the thermal conductivity of
the layers that are being probed at that particular fre-
quency. Using the physical properties of all the multilayer
system along with their appropriate thicknesses, simula-
tion (red line) is performed based on the model presented
above. The thermal conductivities are extracted from
this operation as they are the only fitting parameters.

The cross-plane thermal conductivity of
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FIG. 5. Amplitude of the temperature oscillation at 2w with
respect to the electrical angular frequency calculated from the
3w voltage (black dots). The red line corresponds to the best
fit of the experimental data based on the simulation done
with the multilayer 2D model employed to extract the ther-
mal conductivity of the forest of nanowires. The current used
for the measurements is 2 mA and the width of the trans-
ducer is 30 pm. Inset: schematic of the sample with copper
(2 mm) as substrate, glue to stick the membrane to substrate,
Bip.375b1.49Tes. 14 NWs embedded in nanoporous alumina as
the thin film (= 45 pm), and a thin layer (50 nm) of AlyOs.
This layer serves as an electrical isolation between the thin
film of NWs and AAO membrane and the platinum trans-
ducer on the top.

Big.37Sb1 49Te3 14 nanowires extracted through the
modeling is 0.57 + 0.02 Wm'K~!. In table I, all the
physical parameters used in the data fitting are detailed.
The thermal conductivity anisotropy sz, in the layer of
embedded nanowires is a fitting parameter. The thermal
conductivities of the nanoporous alumina template and
of the bismuth telluride nanowires are comparable, this
is the reason why in-plane and cross-plane thermal
transport are on the same order of magnitude (kgy ~ 1).

B. Thermal conductivity of silicon NWs

The highly dense forest of Si nanowires has been also
measured using the 3w method. Fig. 6 shows the mod-
ulus of temperature oscillation of the thermometer with
respect to the electrical angular frequency at 300 K. The
difference in the frequency variation of the temperature
oscillation from the one of the Big37Sbi 49Tes.14 NWs
originates from the difference in the multilayer structure
(Si NWs were grown directly on silicon wafers) but also
from the high value of thermal conductivity of Si NWs.

As the thermal conductivity of the nanoporous alu-
mina is very small compared to silicon, very low ther-
mal anisotropy is expected in the system, most of the



Sample Name (NWs) Bio,37Sb1_49Te3,14‘ Silicon ‘

Porosity 30+3% 304+3%
Pore Filling 95+2% 95+2%
Anisotropy, Kay 0.95+0.03 0.48+0.04
Specific heat (J.g~'.K™') 0.29 (49 0.86
Density (g.m™?) 6.73 2.32
AAO Thickness(um) 45-50 8
k (Wm "K™) 0.5740.02 9.9+ 0.5

TABLE 1. Physical parameters at 300 K used for fitting
the experimental data using the model presented in the sec-
tion IIC. The estimation of porosity and filling factor have
been obtained from the SEM analysis of the samples. The
thermal conductivity of each sample at 300 K extracted from
the 2D model is shown in the last row of the table.
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FIG. 6. Amplitude of the temperature oscillation at 2w with
respect to the electrical angular frequency calculated from
the 3w voltage (black dots). Fitting of the experimental data
based on the simulation done with the multilayer model em-
ployed to extract the thermal conductivity of the forest on
nanowires (red line). The current used for the measurements
is 4 mA and the width of the transducer is 5 pm. Inset:
schematic of the sample with silicon (750 pm) as substrate,
Si NWs embedded in nanoporous alumina as the thin film
(=~ 8 um), and a thin (50 nm) of Al,O3 to electrically isolate
the platinum transducer (100 nm thick) on the top from the
AAO thin film of NWs.

heat conduction will be through the Si NWs which is the
cross-plane direction of the film. Table I details all the
physical parameters used for the fitting. The cross-plane
thermal conductivity extracted through the modeling is
9.9 £ 0.5 Wm'K~! at 300 K°*>!,
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FIG. 7. Temperature variation of thermal conductivities of
Big.375b1.49Tes.14 NWs and silicon NWs. It is extracted by
fitting the experimental frequency variation of the 3w voltage.
The error bars are extracted from the best optimization of the
fits.

C. Temperature variation of the thermal conductivity

In Fig. 7, the variation of the thermal conductivity is
presented by fitting the experimental curves at different
temperatures. The two materials have a difference of
more than one order of magnitude in thermal conductiv-
ity at 300 K. This offers a validation of this 3w techniques
for determining thermal conductivity for anisotropic sys-
tems, especially for low conducting media. It shows that
thermal conductivity of nanostructured materials can be
extracted over a large temperature range from the pro-
posed model. In terms of thermal transport, we can high-
light the fact that in the case of bismuth telluride, the
reduction of the size down to few tens of nanometers
does not change significantly the thermal conductivity;
this means that in bulk bismuth telluride, the phonon
mean free path is already smaller than the size of the
pores. This goes in opposition to silicon, for which, in
the case of pores of 60 nm in diameter, the thermal con-
ductivity has been divided by at least a factor of ten; the
size reduction in diameter acting as an important source
of phonon scattering13’52.

IV. CONCLUSION

In this article, thermal conductivity measurements
were done on systems that are thermally anisotropic:
dense arrays of nanowires of Big 375b1 49Tes 14 and silicon
using the 3w method. Nearly 5 x 10° NWs were probed
simultaneously during the measurements. The extrac-



tion of the thermal conductivity of the anisotropic films
has been presented with the help of a two-dimensional
heat conduction model. Thermal anisotropy along with
the thermal conductivity of the films were determined
with a high accuracy in the temperature range of 250 K
to 300 K. The model has been applied to two mate-
rials with very different bulk thermal conductivities to
prove the versatility of this data treatment method. This
work demonstrates the possible extension of the applica-
bility of the 3w method to complex systems having ther-
mal anisotropic layer or multilayers and consequently the
measurement of a large number of nanowires.
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