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ABSTRACT: We have grown various samples of Si and SiGe nanowires (NWs), either by a 
classical vapor−liquid−solid (VLS) process or by chemical etching, to measure their thermal 
conductivity and thus evaluate their efficiency for thermoelectrics applications. To do so, we 
have chosen a 3ω Scanning Thermal Microscopy (SThM) imaging technique which is until 
now the only method able to perform topographical and thermal measurements 
simultaneously on an assembly of individual NWs, leading to a statistical value of their 
thermal conductivity. A size effect is clearly observed on Si NWs: 50 nm diameter NWs offer 
a reduced thermal conductivity in comparison with 200 nm diameter or even larger NWs. 
On the contrary, the thermal conductivity of SiGe NWs is widely reduced in comparison 
with the SiGe bulk value, even for large diameters, bigger than Si NWs ones. We discuss our 
results, comparing them with thermal conductivity values from the literature obtained by 
other measurement methods or models.

1. INTRODUCTION

Thermoelectricity is a field of great interest, and the efficiency
of a thermoelectric material is determined by its figure of merit
ZT = ((S2σ)/(λ))T where S, σ, λ, and T are, respectively, the
Seebeck coefficient, the electrical conductivity, the thermal
conductivity, and the temperature. During the years, the most
commonly used thermoelectric material was bulk Bi2Te3,

1 and
its room temperature figure of merit was limited to 1 at
maximum. Over the past decade, the development of
nanostructures2−6 has attracted attention because of their
potential capacity to reduce the thermal conductivity without
reducing the electrical conductivity and therefore to behave as a
phonon glass and an electron crystal.7,8 This can be the case in
nanostructured materials for which at least one dimension is
smaller than the phonon mean free path and larger than the
electron mean free path. As a consequence, one dimensional
systems such as nanowires (NWs) can be very good candidates
for thermoelectric applications. There is hence a real double
challenge: the first one is the development of a chemical
process able to control the composition, size, spacing, and
surface state of the NWs, and the second one is the
measurement of the thermal conductivity of nanometric
structures.
Until now, Si NWs were the most commonly studied NWs.

Indeed, silicon (Si) is very abundant and the most used
semiconductor in microelectronics, and its processing is current
and low cost. In addition, Si NWs seem to be very
promising8−10 since numerous theoretical studies have shown
that when the diameter of a Si wire becomes smaller than the
phonon mean free path, i.e., 300 nm at room temperature, its

thermal conductivity can be reduced in comparison with bulk
Si.11−13 This thermal conductivity reduction has also been
observed experimentally. However, the experimental inves
tigations on this topic do not abound in the literature. A few
thermal conductivity measurements of individual Si NWs have
been realized with microfabricated suspended devices.9,14,15

This technique is powerful because the Seebeck coefficient and
the electrical conductivity8,9,15 are evaluated at the same time.
These two other physical properties are indeed of great interest
for thermoelectrics. Moreover, the measurements with this type
of microfabricated devices can be performed over a wide
temperature range, which is helpful to understand the
underlying physics. However, it is currently the only technique
available to measure the thermal conductivity of individual one
dimensional (1D) nanostructures, which explains why there are
not many experimental data in the literature. Nevertheless, it is
worth mentioning that this method, which measures only one
NW at the same time, requires many heavy processing steps
and leads to the oxidation of the surface of the NWs since they
are not embedded in a matrix but in contact with air. In
addition, this technique measures the thermal conductivity of
one NW isolated from its matrix which can be quite different
from the thermal conductivity of the NWs embedded in the
matrix, which constitutes the effective functioning device,
because of the matrix/NW interaction.16 We have proposed an
experimental procedure17 based on Scanning Thermal
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Microscopy (SThM)18,19 which allows us to carry out thermal
images of individual NWs with a 100 nm typical thermal spatial
resolution and a 10 nm typical topographical spatial resolution.
This technique has the advantage to thermally probe a wide
range of individual NWs embedded in their matrix in a few
minutes. We can hence deduce a mean thermal conductivity of
the NWs by a statistical data processing.
In this paper, we first recall, in Section 2, the principle of the

measurement setup as well as the experimental conditions.
Then, we present results obtained on NWs obtained by two
different growing processes. The first investigated NWs,
presented in Section 3, are 50 nm diameter Si NWs grown
using a classical vapor−liquid−solid (VLS) process. A thermal
conductivity range could be identified for these NWs.
Nevertheless, we underline the difficulty to perform thermal
measurements on such small NWs and to obtain a precise value
of their thermal conductivity. Then, other Si NWs with
diameters varying from 200 to 400 nm, hence easier to
experimentally characterize, have been synthesized (Section
4.1) by an original metal assisted chemical wet etching process
that enables us to precisely control the size and spacing of the
NWs. Their thermal conductivity is estimated in Section 4.2,
and we show the interest of having a wide diameter dispersion
on the same set of samples. Silicon germanium nanowires
(SiGe NWs) were also fabricated by the same chemical wet
etching process, and we show in Section 4.3 that they might be
even more promising than Si NWs for thermoelectric
applications. In all cases, the NWs are surrounded by a SiO2
matrix on their whole length. Finally, in the last section, we
discuss the interest of the various kinds of investigated NWs
and the validity of our results, comparing them with available
data from the literature.

2. EXPERIMENTAL METHODOLOGY

The measurements are performed by using SThM (Scanning
Thermal Microscopy) in a 3ω method configuration20−22 at
room temperature. The most commonly used probe is the well
known thermoresistive Wollaston tip22,23 made of a 5 μm
diameter platinum rhodium core covered with a 250 μm
diameter silver coating which has been suppressed at the tip
apex over a 200 μm length. This tip reveals to offer a limited
spatial resolutionhardly submicrometricand a low cutoff
frequency (a few hundred Hz), limiting the acquisition speed.24

To overcome these limitations, the tip used here is a new
commercial Pd/SiO2 thermoresistive probe to carry out
thermal images while simultaneously obtaining contact mode

topography images. It is made of a thin palladium (Pd) ribbon
on a 1 μm thick SiO2 silica layer. The thin Pd ribbon acts as the
thermoresistive element. Its temperature coefficient has been
measured: αTip = 1.38 × 10−3 K−1. The probe electrical
resistance is R0 = 368 Ω. The length and width of the Pd tip are
measured from Scanning Electron Microscopy (SEM) images
and also estimated by an analytic thermal model describing the
probe out of contact to 8.8 and 2.6 μm, respectively.17 Its
thermal cutoff frequency is typically 3 kHz and its spatial
resolution 100 nm,24 but these performances can slightly vary
from one tip to another.
The probe is included in a Wheatstone bridge connected to

an amplification system (Figure 1). The variable resistor Rpot is
adjusted so that its electrical resistance should be equal to the
probe electrical resistance. A ω pulsation sinusoidal current I(t)
passes through the thermoresistive probe. A heat flux PJoule at
pulsation 2ω is dissipated in the probe generating a
temperature variation T2ω at the same pulsation. The
thermoresistive probe resistance is then modulated at 2ω.
Finally, according to Ohm’s law, the tip voltage is modulated at
3ω, and its amplitude can be expressed as17

α
= ⟨ ⟩ω ωV K

R I
T( )

23 Tip ampli
Tip Tip 0

2 (1)

where Kampli is the amplification system gain, I0 the amplitude of
the ω pulsation current supplying the probe, and ⟨T2ω⟩ the
mean temperature variation amplitude over the tip length L.
Experimentally, a lock in measurement of the 3ω tip voltage

(V3ω)Tip is made during each scan in contact with a sample. We
can then deduce a ⟨T2ω⟩ tip temperature variations map and
then an equivalent tip−sample thermal resistance Req. Indeed,
when the tip comes into contact with a material, a heat flow
goes from the tip to the sample, and this flow depends on the
sample thermal conductance. Consequently, the ⟨T2ω⟩ tip
temperature variations depend on the equivalent thermal
resistance Req between the tip and the sample. The more
conductive the sample, the lower the 2ω thermal variations.
This configuration is hence sometimes called conductivity
contrast imaging.
Let us consider a NW on top of which the tip is positioned to

do a 3ω SThM measurement (Figure 2). The equivalent
thermal resistance Req can be modeled by four thermal
resistances in series: the tip to sample contact thermal
resistance RC, the constriction resistance RTip‑NW of the heat
flux between the tip and the NW, the sample thermal intrinsic
resistance RNW = (1/λNW)(L/S), and the constriction resistance

Figure 1. 3ω scanning thermal microscopy principle.
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RNW‑Sub of the heat flux between the NW and the substrate. The
thermal conductivity of the NW is then given by

λ = ×
− − −‐ ‐

L
S R R R R

1
NW

eq c Tip NW NW Sub (2)

where L and S are, respectively, the NW length and section.
Let us underline that, for a sample constituted of several

NWs, this experimental method enables us to simultaneously
measure Req on each NW of the thermal image. Then it enables
us to do a statistical data processing, hence to deduce a mean
thermal conductivity and the associated standard deviation,
provided that you are able to determine the values of the three
other thermal resistances RC, RTip‑NW, and RNW‑Sub, which
depend on the tip and sample studied but also on the
atmospheric conditions. Then, a specific procedure is necessary
for each sample. Let us note that the experimental setup
enables us to work from atmospheric pressure to a 10−5 Torr
vacuum.

3. THERMAL CONDUCTIVITY OF VLS SILICON 
NANOWIRES

The first kind of sample is an assembly of Si NWs grown by
chemical vapor deposition and embedded in a silica SiO2 die. Si
NWs have been grown via Au catalyzed Vapor−Liquid−Solid
(VLS) reaction in an epitaxial chamber25−27 under a SiH4 vapor
flow. NW growth is typically performed at 650 °C with a SiH4
flow rate of 20 sccm leading to a 10 Torr partial pressure. N
type doping is eventually carried out by simultaneously
injecting gaseous PH3 in the reactor. Figure 3(a) presents a

SEM cross section image of as grown undoped Si NWs whose
diameter mean value is 50 nm. Then, the NWs are oxide etched
with an HF solution, and the Au catalyzer residues are
suppressed with an IK:I2 solution. The NW array is then
encapsulated by spin coating a solution of SOG (spin on glass)
material on the substrate. The sample top surface is afterward
submitted to a CMP (Chemical Mechanical Polishing) process
to reduce the surface roughness and hence to facilitate the
SThM scanning. A final etch is realized with an HF solution
during a few seconds to ensure a good digging out of the
nanowires. Figure 3(b) presents a SEM top view image of a Si
NW sample after the encapsulation process. From this image,
we can observe three NWs jutting out above the SiO2 die of a
few tens of nanometers.
Two samples have been developed, the first one with

undoped Si NWs and the second one with n doped Si NWs
corresponding to a 2 × 10−5 dopant to silicon ratio. Their
diameter and length are, respectively, evaluated by SEM images
to 49 nm ± 6 nm and 1.10 μm ± 0.05 μm for the undoped
sample and 51 nm ± 7 nm and 0.80 μm ± 0.05 μm for the n
doped one. Figure 3(c) and 3(d), respectively, present the 2
μm × 3 μm topographical image and the corresponding
thermal image of the undoped NW sample obtained
simultaneously by 3ω SThM imaging under atmospheric
conditions. The probe has been supplied with a f = 1 kHz
current, hence a 2 kHz Joule thermal frequency, lower than its
thermal cutoff frequency measured to be 2.75 kHz. The pixel
acquisition time is then 5 ms, which leads to a 4 min acquisition
time since each image is constituted of 256 × 170 pixels. All the
3ω SThM images presented afterward are obtained with the
same experimental conditions, except for the number of pixels
constituting the images. The thermal exchange radius, due to
the various thermal transfer mechanisms (radiation, solid−
solid, air, and water meniscus conductions), has been
measured24 to be b = 100 nm, so 4 times higher than the Si
NW mean radius. That means that, as represented in Figure 4,
the whole heat flux does not go through the Si NW, but a part
of it crosses the silica die.
Since the SiO2 die thickness (about 1 μm) is ten times higher

than the thermal exchange radius, its thermal resistance RSiO2

can be evaluated as a constriction resistance using the Maxwell

Figure 2. Equivalent thermal schema of the thermal flux passing from
the tip to a NW.

Figure 3. VLS Si nanowires: (a) cross section SEM image, (b) top view SEM image after the encapsulation process, (c) 2 μm × 3 μm topographical
image, and (d) 2 μm × 3 μm 3ω thermal image.
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relation.28,29 This constriction resistance is due to the heat flux
propagation through a SSiO2

surface ring with an external radius
b and an internal radius rNW (Figure 4) and can be expressed as

λ
=

−
R

b r

1

4
SiO

SiO
2

NW
22

2 (3)

where λSiO2
is the SiO2 thermal conductivity and rNW the

nanowire radius. With λSiO2
= 1.3 W m−1 K−1; b = 100 nm; and

rNW = 25 nm, RSiO2
≈ 2 × 106 K/W. We can compare it with the

NW intrinsic thermal resistance for a diffusive heat transfer

λ λ π
= =

× ×
R

L
S

L
r

1
NW

NW NW NW
2

(4)

where λNW is the nanowire thermal conductivity. Taking λNW =
25 W m−1 K−114 and L = 1 μm, RNW ≈ 2 × 107 K/W.
From these estimations, we note that, even if the tip is in

direct contact with the emerging NW, the heat flux goes
preferentially through the SiO2 mostly by water meniscus and
air conduction and not through the Si NW. Under atmospheric
conditions, we are then more sensitive to the thermal properties
of the SiO2 than to those of the NW. We have experimentally
noted that the 3ω signal, hence the equivalent thermal
resistance, increases when the NW diameter increases. This
trend can be explained by the fact that when the NW diameter
increases the SSiO2

surface decreases, and then the correspond
ing equivalent thermal resistance increases, confirming the
major role of the SiO2 die.
To be sensitive to the NW and perform quantitative

measurements, it is therefore necessary to work under vacuum
(10−5 Torr) to reduce the thermal exchanges to the solid−solid
conduction between the tip and the NWs. Under these
experimental conditions, we have then deduced the mean
equivalent thermal resistances for the undoped and n doped
samples

⟨ ⟩ = × ± ×R 3.1 10 K/W 3 10 K/Weq undoped
7 6

⟨ ⟩ = × ± ×‐R 3.5 10 K/W 3 10 K/Weq n doped
7 6

To deduce λNW from eq 2, the next step consists of determining
the various thermal resistances RTip‑NW, RNW‑Sub and Rc.
(i) RTip‑NW: the constriction resistance between the tip and

the nanowire is negligible as the thermal exchange surface is
limited by the NW section.
(ii) RNW‑Sub: the constriction resistance between the NW and

the substrate can be expressed as28

λ
=‐R

d
1

2NW Sub
Si NW (5)

where λSi is the thermal conductivity of the bulk substrate and
dNW the NW diameter. With λSi = 150 W m−1 K−1 and the
mean NW diameter dNW = 50 nm, RNW−Sub ≈ 6.7 × 104 K/W.
This resistance is hence negligible compared with both mean
equivalent thermal resistances. Then, Req = Rc + RNW.
(iii) The issue is now to determine the contact thermal

resistance Rc.
The contact resistance is often determined by calibration on

a material of known thermal conductivity.19,30 It is then
assumed that Rc does not change from sample to sample and
when measuring other materials. Nevertheless, some precau
tions need to be taken as this contact resistance is very
dependent on various parameters such as the surface roughness
or the tip to sample contact geometry. An alternative solution
will be presented in the next section, but then a large dispersion
on the NW diameters is necessary, which is not the case for our
current Si NW sample. Then, to evaluate a range of values for
the Si NW thermal conductivity, we have made two
hypotheses: the optimistic one considering the contact thermal
resistance as negligible and the pessimistic one considering it as
predominant.
In the first case, the mean equivalent thermal resistance is

then equal to the intrinsic thermal resistance of the NWs. From
eq 4, we hence deduce the minimum possible values of the
thermal conductivity of the nanowires

λ = ± − −( ) (18 4) W m K for the undoped NWsundoped min
1 1

λ = ± ‐‐
− −( ) (12 3) W m K for the n doped NWsn doped min

1 1

The uncertainties are calculated taking into account the
uncertainties on the equivalent thermal resistances, as well as
the ones on the diameter and length of the NWS.
In the second hypothesis, since Req = Rc + RNW, considering

Rc as predominant and constant from one NW to another, Rc
cannot be higher than the smallest equivalent thermal
resistance Req

− measured on the different NWs of the thermal
image. This constitutes the most pessimistic case for which we
obtain the maximum possible NW thermal conductivity

λ = ×
⟨ ⟩ − −

L
S R R

( )
1

max
eq eq (6)

The values are then

λ = ± − −( ) (58 12) W m K

for the undoped NWs

undoped max
1 1

λ = ± ‐‐
− −( ) (39 9) W m K for the n doped NWsn doped max

1 1

Even if we are not able to determine a precise value of the NW
thermal conductivity, we note, in any case, a reduction in
comparison with the bulk value. As the phonon mean free path
(around 300 nm in Si at room temperature) is higher than the
NW diameter, we expect a theoretical thermal conductivity
reduction which is confirmed by our measurements. In
addition, Li14 has measured a 25 W m−1 K−1 thermal
conductivity at 300 K for a 56 nm diameter Si NW, which is
in the thermal conductivity range found for both undoped and
n doped NWs. Nevertheless, we can only give an interval for
the thermal conductivity value and not a precise value as we are
not able to accurately measure the thermal contact resistance
Rc. Consequently, we propose in the next section an
experimental method to obtain a reliable value of the thermal

Figure 4. Modelization of the thermal flux applied to the VLS Si NW
sample.
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contact resistance and therefore of the thermal conductivity,
but this method requires us to produce a set of NW samples
with a wide range of diameters.

4. THERMAL CONDUCTIVITY OF NANOWIRES 
ELABORATED BY CHEMICAL WET ETCHING
4.1. Si NW Chemical Etching Process. The sample is an

assembly of Si NWs embedded in a silica SiO2 die. The Si NWs
have been made via a metal assisted chemical wet etching
process. This method was introduced by Li31 in 2000 to
produce porous silicon. This process named HOME HF for
“H2O2 metal HF etching” is a two step reaction that involves
the predeposition of a metal thin film, followed by chemical
etching in the presence of HF and H2O2. According to the
authors,31 this etching reaction may occur as an electrochemical
process localized around the nanometer sized metal film that
acts as a catalyst. Lately, this method has been used to produce
arrays of Si NWs by patterning the metal thin film.32,33 Here,
we have developed the process exposed elsewhere32 to produce
a dense vertically aligned array of Si NWs.
First, the metal film is patterned using nanosphere

lithography. Indeed, a closed packed two dimensional array of
500 nm diameter silica colloids is used as a template.
Successively sintering and etching the colloids enables us to
turn the closed packed 2D array into a nonclosed packed one.
Figure 5(a) presents a SEM top view image of a nonclosed

packed 2D silica colloid array which has been sintered at 1000
°C during 2 h and subsequently etched during 1 min in a HF
solution. Thereafter, a 10 nm thick Au film is evaporated on the
substrate, and the silica colloid template is lifted off by brief
ultrasonication in deionized water for 2−3 min. Figure 5(b)
presents a SEM image of a patterned Au thin film after the silica
colloids lift off process. Then, the substrate is immersed in an
HF(10%)−H2O2(0.6%) solution during 10 min to produce a
dense array of 1.7 μm long and 480 nm mean diameter Si NWs
(Figure 5(c)). The Au catalyzer residues are subsequently
suppressed with an IK−I2 solution. To reduce the NW mean
diameter which is actually defined by the silica colloids size, we

thermally oxidize the array and etch the formed oxide shell. The
superficial NW thermal oxidation is therefore performed under
O2 at 900 °C during 2 h. The etching of the formed oxide shell
is realized in an HF solution. This operation of diameter
reduction has been successively repeated twice.
Finally, the Si NW array is encapsulated by spin coating a

solution of SOG (spin on glass) material on the substrate. The
sample top surface is then submitted to a CMP (Chemical
Mechanical Polishing) process to reduce the surface roughness
and hence to facilitate the SThM scanning. Figure 6(a) is a
SEM image of the obtained Si NW array. Figure 6(b) presents
the final sample embedded in the SiO2 die.
This process, in comparison with the VLS process, enables us

to control the size and spacing of the NWs. In our case, we
have created a set of three samples with Si NW diameters
ranging from 200 to 380 nm with a 290 nm mean value
measured by SEM. Their length LSiNW has also been measured
by SEM: LSiNW = 1.700 μm ± 50 nm. Moreover, the diameter
of the NWs being bigger than that of the heat exchange surface,
when the tip is positioned at the center of the NW, the heat flux
will go through the NW and not through the silica die, and we
can hence work under atmospheric conditions.

4.2. Thermal Conductivity of HOME-HF Si NWs. We
carry out simultaneously both topographic and thermal images
of the sample top surface (respectively, Figure 6(c) and 6(d)).
Both of them are 5 μm × 5 μm sized pictures, with a resolution
of 256 pixels × 256 pixels. By measuring the V3ω bridge voltage
from image 6(d) on several tens of nanowires, we have deduced
the mean value (Req)SiNWs = (3.792 ± 0.001) × 106 K/W. The
various NWs have different diameters, so depending on the
diameter, the measured equivalent thermal resistance varies
from 3.660 × 106 to 3.949 × 106 K/W. As previously
mentioned, we have

= + + +‐ ‐R R R R R( ) NWeq SiNW c Tip NW NW Sub (7)

(i) RTip‑NW can be evaluated by the expression of the
constriction resistance between a circular heat source and a
semi infinite circular cylinder34

ψ
λ π

=‐R
bTip NW

NW (8)

where ψ is a constriction adimensional parameter depending on
the ratio between the heat radius and the NW radius; λNW is the
thermal conductivity of the NW; and b is the thermal exchange
radius. Since we do not know the NW thermal conductivity, we
cannot evaluate this resistance, but we can compare it to the
intrinsic thermal resistance as the ratio between both
resistances is given from eqs 4 and 8

ψ π
=‐R

R
d

Lb4
Tip NW

NW

NW
2

(9)

(ii) The other constriction resistance, namely, RNW‑Sub, can
be evaluated by using eq 5.
From eqs 5 and 9, we finally deduce that eq 7 can be

rewritten as

λ
ψ π

= + + × +
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟R

d
R R

d
Lb

( )
1

2
1

4eq SiNW
Si NW

c NW
NW
2

(10)

Figure 5. HOME HF process: SEM images of (a) a nonclosed packed
2D silica colloid array, (b) a patterned Au thin film, and (d) a wet
etched Si NW array.

In the case of the HOME HF Si NWs, with λSi = 150 W m−1 

K−1 and with a mean diameter dNW = 290 nm, RNW‑Sub ≈ 1.15 × 
 5



104 K/W. It is even lower than in the case of the VLS Si NWs,
as the HOME HF NW diameter is bigger than the VLS NW
one. In addition, with L = 1.7 μm, b = 100 nm, and ψ = 0.084,34

the (ψ√πdNW
2 )/(4Lb) ratio value from eq 9 is 1.8 × 10−2.

Therefore, both RTip‑NW and RNW‑Sub are negligible.
(iii) Determination of Rc and λNW. Considering RTip‑NW and

RNW‑Sub to be negligible, we can deduce from eqs 4 and 10 that
the curve representing Req as a function of the L/S length to
surface ratio of the NWs is a straight line whose y intercept
value gives the mean contact resistance and whose slope gives
the NW thermal conductivity. This curve is presented for the Si
NWs in Figure 7 with a best fit leading to a mean thermal

conductivity λNW = 148 W m−1 K−1 and a mean thermal contact
resistance Rc = 3.51 × 106 K/W. Both dashed curves take into
account the dispersion on Rc. These two curves enclose very
well the experimental data when the incertitude on Rc is set as
(ΔRc)/(Rc) = 4%. We can finally deduce λNW = (148 ± 6) W
m−1 K−1 and Rc = (3.51 ± 0.13) × 106 K/W.
To evaluate Rc, a second method, which is usually done,

consists of performing a measurement on a centimetric area of
the sample which was voluntary not etched, consequently
considered as a Si bulk area. Here, we assume that the surface
state is the same on the Si bulk area and on Si NWs because
these two different parts are located on the same sample.19,30 As

a result, the tip to sample contact resistance can be considered
as the same in both cases. Hence, we have measured on the Si
bulk area a mean equivalent thermal resistance (Req)BulkSi =
(3.624 ± 0.008) × 106 K/W with

= + +‐R R R R( )eq BulkSi c Tip Sub Bulk (11)

The Si substrate intrinsic thermal resistance RBulk is negligible
because the Si substrate section is very large. To evaluate
RTip‑Sub, we consider a circular constriction defined by the tip
to sample thermal exchange surface

λ
=‐R

b
1

4Tip Sub
BulkSi (12)

where b is the radius of the circular thermal constriction. With b
= 100 nm and λBulkSi = 150 W m−1 K−1, we can evaluate RTip‑Sub
and then deduce Rc = (3.60 ± 0.01) × 106 K/W. We note a
value which is quite similar to the mean value identified by the
first method, the difference being less than 3%, probably
because the surface roughness is quite homogeneous due to the
final surface polishing.
Considering this set of samples, we have taken advantage of

the dispersion of the diameters of the Si NWs to do a statistical
data processing. Our 3ω SThM imaging method shows its
relevance and interest since a single image can lead to a reliable
estimation of both thermal contact resistance Rc and thermal
conductivity λNW mean values and uncertainties. The large
diameter of the NWs is an advantage since we can work under
atmospheric conditions but also a drawback since the phonon
mean free path is of the same order than the NW diameter
which implies no significant reduction of the conductivity.
Consequently, the study of SiGe NWs with large diameters
could be promising in terms of thermal conductivity reduction
since, in this case, alloy scattering is the dominant scattering
mechanism. The NW diameter reduction also contributes to
the thermal conductivity reduction, but the thermal con
ductivity dependency on the NW diameter is not significant in
comparison with the one observed for Si NWs.14,35,36

4.3. Thermal Conductivity of HOME-HF SiGe NWs.
SiGe NWs have therefore been fabricated using the HOME HF
process described before for the Si NWs instead of the classical

Figure 6. HOME HF Si nanowires: SEM images, respectively, before (a) and after (b) the encapsulation process, (c) 5 μm × 5 μm topographical
image, and (d) 5 μm × 5 μm thermal image.

Figure 7. Si NW equivalent thermal resistance as a function of the
ratio L/S: circles are used for experimental data and lines for the fits.
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VLS growth process.37 First, a 1 μm thick SiGe epitaxial layer is
deposited on a Si substrate by chemical vapor deposition under
SiH4 and GeH4 vapor flow. The ratio of GeH4 and SiH4 flows is
controlled to obtain a 10% Ge concentration in the final SiGe
thin film. Then, such as for Si NWs, a two dimensional array of
500 nm diameter silica colloids is used as a template. The
colloids are successively sintered and etched to turn the closed
packed 2D array into a nonclosed packed one. Then, a 10 nm
thick Au film is evaporated on the substrate. The silica colloid
template is lifted off by brief ultrasonication in deionized water.
Finally, the chemical wet etching of SiGe NWs is performed by
immersing the substrate in a HF(10%)−H2O2(0.6%) solution
during 20 min. The as obtained SiGe NW array is then
encapsulated by spin coating a solution of SOG (spin on glass)
material on the substrate, and the sample top surface is polished
to reduce the surface roughness. Figure 8(a) presents a SEM
image of the encapsulated SiGe NW array. The SiGe NW
average diameter and length are then measured to be dSiGe =
(480 ± 20) nm and LSiGe = (750 ± 50) nm, respectively. It
should be noted that these NWs present a strong surface
porosity which can be evaluated to 40% from Figure 8(b).
Contrary to the previous case concerning the elaboration of
pure Si NWs, Ge impurities would probably serve here as
nucleation sites for pore formation during the wet etching
process. Because of this porosity, we could not reduce the
diameters of the NWs.
The 5 μm × 5 μm topographical and 3ω SThM thermal

images are, respectively, presented in Figure 8(c) and 8(d).
They are constituted of 256 × 256 pixels. The topographical
image shows the SiGe NWs jutting out above the die surface. In
the thermal image, the local conductance increases when the
heat flux is directly applied on a SiGe NW, but the signal is not
homogeneous on the whole surface of the same NW. As this
sample presents a strong porosity, this can be due to the pores
which increase the roughness of the sample. To obtain a mean
value of the thermal signal on each NW, we present in Figure 9
the statistical distribution of the 3ω voltage signal on the
thermal image. We can note two maxima, the first one
corresponding to the signal measured on the SiGe NWs and
the second one corresponding to the silica die. If we consider

the latter signal, we have measured on the SiO2 die a mean 3ω
voltage (V3ω)SiO2

= (379.4 ± 0.3) mV which leads to an

equivalent thermal resistance (Req)SiO2
= (6.35 ± 0.05) × 106

K/W. This equivalent thermal resistance corresponds to the
combination of a contact resistance Rc and of the tip to sample
constriction resistance

= + ‐R R R( )eq SiO c Tip SiO2 2 (13)

For the constriction resistance, we consider a circular
constriction defined by the tip to sample thermal exchange
surface to calculate RTip‑SiO2 and described by expression 12
with the SiO2 thermal conductivity λSiO2 instead of λBulkSi. The
radius of the circular thermal constriction has been measured to
be b = 120 nm. Since this sample does not offer a large
diameter dispersion, the contact resistance has been evaluated
by the mean value measured on a not etched area, using the
second method previously described for the Si NWs, Rc = (4.75
± 0.01) × 106 K/W. We can hence deduce the thermal
conductivity of the silica die

Figure 8. HOME HF SiGe nanowires: SEM images (a) of the encapsulated NW array, (b) within the core of one SiGe NW, (c) 5 μm × 5 μm
topographical image, and (d) 5 μm × 5 μm thermal image.

Figure 9. Statistical distribution of the 3ω voltage measured on the
HOME HF SiGe NW sample.
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This value is in excellent agreement with values reported in the
literature,38,39 which is a good indicator of the validity of the Rc
identified value. From the first maximum in Figure 9, we can
finally deduce the mean thermal conductivity of the SiGe NWs.
Measuring the V3ω bridge voltage on several tens of nanowires
of the thermal image (Figure 8(d)), we have indeed deduced
the mean value (Req)SiGeNWs = (6.05 ± 0.07) × 106 K/W.
Then, from eqs 7 and 9, we can deduce

ψ π
= + + + ‐

⎛
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⎞
⎠⎟R R
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R R( ) 1
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2

c NW Sub
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Using eq 5, RNW‑Sub can be evaluated to 8 × 103 K/W, hence
negligible and then

λ ≈
+

−

ψ π⎡
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NW
4

eq SiGeNWs c

NW
2

(15)

The SiGe NW mean thermal conductivity is then evaluated
to (3.8 ± 0.2) W m−1 K−1, far lower than the 22 W m−1 K−1

bulk value for Si0.9Ge0.1. The uncertainty is calculated taking
into account the uncertainties on (Req)SiGeNWs, Rc, LSiGe, and
dSiGe. These SiGe NWs seem to be very good candidates for
thermoelectric applications. Indeed, even if their diameter is
large, which makes the measurements easier, their thermal
conductivity is highly reduced in comparison with bulk SiGe,
and in addition, their thermoelectric power factor S2σ should be
only slightly reduced.40 Here, because of the homogeneity of
the NW diameters, we have taken for Rc the mean value
measured on different positions of the silica die. We have seen
on the sample made of Si NWs that this method has given a
value close to the one estimated by a statistical data processing
which demands a wide dispersion of the NW diameters. The
next step could consist of creating a SiGe NW sample with a
wide dispersion of diameters to confirm our value of Rc and
therefore of λNW. Nevertheless, the good estimation of λSiO2 let
us assume that Rc has been correctly evaluated.
4.4. Discussion. We finally compare (Figure 10) the results

presented in the previous sections with results reported in the
literature. The x axis corresponds to the critical dimension,
which is defined as the diameter for circular NWs, and dc =
(2√wt)/(√π) for NWs with a rectangular section where w is
the width and t the thickness of the NW. The curve for Si NWs
corresponds to the boundary scattering model based on
Matthiessen’s rule for multiple scattering41

λ
λ

=
×
+

d
l dNW

BulkSi c

BulkSi c (16)

where lBulkSi is the effective mean free path, which is around 300
nm at 300 K. For the Si NWs whose diameter is lower than 100
nm, our results are compared with experimental results
obtained by Raman41 and microfabricated suspended device
techniques.9,14 All the measurements fit quite well with the
boundary scattering model and show a reduction of the thermal
conductivity as the Si NW diameter decreases. Indeed, the
phonon mean free path in Si at room temperature is higher
than the NW diameter, and the reduction of thermal
conductivity can then be attributed to boundary scattering of

phonons. The values we could identify by 3ω SThM
measurements, whether it be for nondoped or n doped Si
NWs, are in the range of values obtained by the other
experimental methods and fit quite well the boundary scattering
model curve. A recent measurement for 82 nm EBL (Electron
Beam Lithography) based integrated Si NWs leads to a value
slightly lower than the one obtained for VLS Si NWs.42 The
authors have explained it by the higher roughness which
increases the phonon scattering mechanism and then reduces
again the thermal conductivity.
As for the large diameter Si NWs, our measurements do not

exhibit a significant reduction of the thermal conductivity,
which can be explained by the fact that the NW diameter
approaches the bulk Si phonon mean free path at 300 K. As a
consequence, the phonon boundary scattering phenomenon
mentioned elsewhere8,12−14 is not the most dominant
scattering mechanism controlling the thermal transport in our
Si NWs. Nevertheless, according to the boundary scattering
model or Raman measurements,41 a value around 80 W m−1

K−1 should be expected, hence lower than our 148 W m−1 K−1

value. However, Hochbaum et al.8 have emphasized the fact
that the roughness at the Si NW surface may strongly reduce
the thermal conductivity. In our precise case, the Si NWs have
been thermally oxidized to reduce their diameter. This
operation of diameter reduction is known to produce a very
smooth surface which does not contribute to reduce the
thermal conductivity. In addition, the thermal conductivity of Si
nanowires with a 520 nm × 35 nm cross section, hence a
section smaller than our Si NWs, and a critical dimension dc =
152 nm, smaller than the NW diameter of our sample, has been
measured by Boukai9 to be identical to the bulk value (red
dotted line in Figure 10).
Concerning the SiGe NWs, let us first underline that there

exist very few results for SiGe NW thermal conductivity
measurements. The thermal conductivity obtained by 3ω
SThM measurements on SiGe NWs is here compared with the
value measured using the microsuspended device35 and with
values obtained by a theoretical model based on alloy and
boundary scattering contributions.36 Indeed, in the case of SiGe

Figure 10. Thermal conductivity measurements on individual Si and
SiGe NWs by Raman, microsuspended device, and 3ω SThM
techniques as well as predicted values by boundary scattering models.
The dotted lines indicate the Si (red line) and SiGe (black line) bulk
thermal conductivities.
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NWs, high frequency phonons are scattered by the Ge atoms
which behave as impurities, in addition to the low frequency
phonon boundary scattering. Both scattering mechanisms lead
to a thermal conductivity reduction, which occurs even for
diameters as large as a few hundreds of nanometers since alloy
scattering is the dominant scattering mechanism.14,35,36 This
thermal conductivity reduction is observed for all the
measurements, whatever the method and the NW diameter.
In our case, we observe a large reduction of thermal

conductivity in comparison with the 22 W m−1 K−1 bulk value
(black dotted line in Figure 10). This can be partly ascribed to
the high porosity of our NWs, which can considerably reduce
the thermal conductivity. In our case, the porosity has been
evaluated to around 40%. The thermal conductivity reduction
due to the porosity can be evaluated using the classic Eucken
model λporous/λsolid = (1 − φ)/(1 + φ/2) or the Russell model
λporous/λsolid = (1 − φ2/3)/(1 − φ2/3 + φ) where φ is the
porosity.43 Both models, respectively, lead to a 50% and 53%
thermal conductivity reduction. Taking into account this
porosity, the thermal conductivity should be reduced from
the 22 W m−1 K−1 bulk value to about 11 W m−1 K−1. The
value we have identified is 3 times lower. Nevertheless, it is in
very good agreement with the value expected from the model
described in ref 36. In addition, Tang et al.40 have already
observed the same tendency on holey silicon structures for
which the reduction of thermal conductivity due to the porosity
should lead to a 42 W m−1 K−1 thermal conductivity according
to the Eucken model, while they measure values around 10 W
m−1 K−1 or lower, depending on the dimensions of the
structures (pitch and neck sizes). Hence, the porosity itself
explains some of the reduction but does not capture the full
reduction as underlined by several studies on porous solids:40,43

apart from the porous nature of the solid, the supplementary
thermal conductivity can be ascribed to the low frequency
phonon scattering off the pore boundaries.

5. CONCLUSION

Three kinds of NW samples have been grown, and their
thermal conductivity has been evaluated using a 3ω SThM
imaging technique: scanning an assembly of individual NWs,
we can deduce the mean value of the NW thermal conductivity
from a statistical data processing. This determination demands
the evaluation of three thermal resistances: two constriction
resistances and the thermal contact resistance between the tip
and NW. Their values depend on the experimental conditions,
in particular on the NW diameter and on the thermal exchange
diameter between the tip and sample. Each new sample or tip
therefore demands a new calibration of these resistances. We
have proposed various means adapted to the different NW
samples to determine the thermal contact resistance between
the tip and NW. In addition, we have underlined that a
dispersion on the NW diameters can be a powerful tool to
deduce an accurate value of this contact resistance.
We have shown a diameter effect on the thermal conductivity

of Si NWs. A significant thermal conductivity reduction is
observed for 50 nm diameter Si NWs, but the measurement
procedure is then quite delicate. On the contrary, SiGe NWs
offer a large reduction of their thermal conductivity even for
diameters as large as 480 nm, hence easier to fabricate and to
characterize. This reduction is partially explained by the porous
nature of the material and partially by the low frequency
phonon scattering off the pore boundaries.

Consequently, SiGe NWs seem to be better candidates for
thermoelectricity applications than Si NWs. The next step
could consist of creating a set of SiGe NW samples with a wide
dispersion of diameters and in evaluating not only their thermal
conductivity but also their electrical conductivity and Seebeck
coefficient to deduce their thermoelectric figure of merit ZT.
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