
HAL Id: hal-01914520
https://hal.science/hal-01914520v1

Submitted on 18 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Thermal transport in two- and three-dimensional
nanowire networks

Maxime Verdier, David Lacroix, Konstantinos Termentzidis

To cite this version:
Maxime Verdier, David Lacroix, Konstantinos Termentzidis. Thermal transport in two- and three-
dimensional nanowire networks. Physical Review B: Condensed Matter and Materials Physics (1998-
2015), 2018, 98 (15), �10.1103/PhysRevB.98.155434�. �hal-01914520�

https://hal.science/hal-01914520v1
https://hal.archives-ouvertes.fr


Thermal transport in 2D and 3D nanowire networks

Maxime Verdier1, David Lacroix1, and Konstantinos Termentzidis2∗
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We report on thermal transport properties in 2 and 3 dimensions interconnected nanowire net-
works (strings and nodes). The thermal conductivity of these nanostructures decreases in increasing
the distance of the nodes, reaching ultra-low values. This effect is much more pronounced in 3D
networks due to increased porosity, surface to volume ratio and the enhanced backscattering at 3D
nodes compared to 2D nodes. We propose a model to estimate the thermal resistance related to the
2D and 3D interconnections in order to provide an analytic description of thermal conductivity of
such nanowire networks; the latter is in good agreement with Molecular Dynamic results.

New innovating and hightly sophisticated architec-
tured nanostructures are now feasible with the rapid evo-
lution of the elaboration methods [1–4]. Among them 2D
and 3D networks of nanowires are a new class of nanos-
tructured materials with interesting mechanical, optical,
electronic and thermal properties. 2D networks are pro-
posed as optoelectronic or biological devices and sen-
sors due to their mechanical strength and flexibility [4].
Furthermore, 2D or 3D ordered or disordered networks
could be useful for complex integrated nanoelectronic cir-
cuits [5]. Independently of their application, their main
characteristics are the extremely low mass density, the
high surface to volume ratio as well as high porosity and
their remarkable mechanical properties. In the litera-
ture, 3D networks have been elaborated during the last
decade at the nanoscale with several different materials
(silver [6], manganese dioxide [7] or silicon [8, 9]).

There are three main fields of applications for silicon
nanowire (NW) networks and nanomeshes. (i) Ther-
moelectricity (TE): The huge porosity and surface-to-
volume ratio of such nanostructures reduce strongly their
lattice thermal conductivity (TC), making Si NW net-
works promising candidate for TE applications [10–13].
(ii) Transistors: These systems can be easily integrated in
nanoelectronic devices (Si compatible) and could be the
next generation of transistors thanks to their high den-
sity of nanowire interconnections [14–16]. (iii) Catalysis:
Nanowire networks are interesting for catalysis applica-
tions because of their large surface-to-volume ratio that
allows improved efficiency of chemical reactions. Further-
more, their strong mechanical robustness as compared to
isolated nanowires or nanoparticles make them interest-
ing candidates to practically achieved all these innovative
applications [1, 17].

Concerning the thermal properties of nanostructures,
they have attracted high attention for various applica-
tions in the fields of microelectronics, optoelectronics and
energy harvesting. Nanoscale heat transfer is known to
diverge from classical physics [18], especially in semi-
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conductors where heat is mostly carried by lattice vibra-
tions (phonons). Interestingly, nano-structuration usu-
ally reduces the TC due to boundary scattering while
the electrical properties could be preserved [19]. The de-
sign of nanostrucured materials with ultra low TC beat-
ing sometimes the amorphous limit while keeping large
crystalline fraction is now possible [20, 21].

In this work, we focus on a specific architectured
nanostructure which consists of interconnected nanowires
with square cross-section forming a 2D or 3D network.
The 2D networks (or nanomeshes) have been studied in
the last decade mainly due to their low TC but also as
nanostructures in which coherent effects might be ob-
served [10, 22]. Contrarily to 2D networks, thermal prop-
erties of 3D NW networks have not been investigated yet.
In this work, a systematic study of their heat transport
properties, depending on their geometry and their dimen-
sionality (2D or 3D), is conducted by means of Molecular
Dynamics (MD) simulations. For the 2D networks, the
TC is computed in the in-plane direction. The nanowires
have a square cross section with dimensions d×d and they
are interconnected with 90◦angle (fig. 1). Details of the
simulation methodology are given in Appendix A.

First, the effect of the period a (the distance be-
tween two nodes centers) on thermal conduction is in-
vestigated. The cross section of the nanowires is set
to 2.715 × 2.715 nm (5 a0 × 5 a0). The TC κ of 2D
and 3D nanowire networks is depicted in fig 2a as a
function of the period. The TC decreases when the
distance between nodes increases. This can be under-
stood in terms of porosity (φ) and surface-to-volume
ratio, which both increase upon increasing the period.
Phonon boundary scattering occurs more often and ther-
mal transport through the structure is hindered, espe-
cially for large periods. The reduction of TC as com-
pared to the bulk (κbulk ' 150 W m−1 K−1 at 300 K
[23, 24]) can reach three or four orders of magnitude in
2D and 3D networks, respectively. This means that TC of
these structures can be well below the amorphous limit
(κamorphous ' 1.5 W m−1 K−1 at 300 K [25]). Such
low values seem surprising but can be explained by the
extremely high porosity, which reaches 81% for 2D net-
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FIG. 1. Visualization of Molecular Dynamics systems of 2D and
3D nanowire networks. Simulation cell containing one node for (a)
2D and (b) 3D networks. (c) and (d): Representation of global
modeled systems thanks to periodic boundary conditions. The
green surfaces represent the total cross section of each system when
considering the TC in the direction perpendicular to these surfaces.

works and 97% for 3D networks studied here. Moreover,
the S/V ratio is very large and phonon mean free path
is drastically reduced [26, 27]. All networks have a lower
TC than a single nanowire of same cross section d × d,
for which κ is found to be about 11 W m−1 K−1 with
MD.

In order to distinguish the effects of porosity and nano-
structuration on thermal transport, the effective thermal
conductivity κ∗ for an equivalent non-porous medium has
been computed for the systems with d = 2.715 nm and
different periods. The TC obtained with MD simulations
can be written as

κ = κbulkf
∗f(φ) (1)

with f(φ) the correction factor representing the reduction
of the TC due to the porosity, and f∗ the factor account-
ing for nano-structuration effects (phonon backscatter-
ing at free surfaces, coherent effects, etc) that depends
on several parameters as the S/V ratio. The effective
TC is defined as κ∗ = κbulkf

∗. Thus, the effect of
the porosity does not appear in the effective TC and
the reduction of κ∗ is only due to the nanostructura-
tion. f(φ) is taken from the Maxwell-Garnett Effective
Medium Model (EMM) [22]:

f(φ) = (1− φ)/(1 + φ) (2)

Thus, the effective TC can be calculated from the value
given by Molecular Dynamics with κ∗ = κ/f(φ) = κ(1 +
φ)/(1− φ).

The effective TC goes from 3.8 to 6.6 W m−1 K−1

for 2D networks and 2.7 to 3.6 W m−1 K−1 for 3D net-

FIG. 2. Thermal conductivity of 2D and 3D nanowire net-
works as a function of period with a constant nanowire diameter
d = 2.715 nm at room temperature. (a) Thermal conductivity κ
obtained from EMD simulations, comparison with the thermal re-
sistance model (eq. and ). (b) Thermal conductivity correspond-
ing to an equivalent non-porous medium (κ∗ = κ(1 + φ)/(1− φ)).

works as a goes from 4 to 27 nm (fig. 2b), which seem
reasonable given the huge S/V ratios. In contrast with
the behavior of the TC κ, it is found for both 2D and
3D systems that κ∗ slightly increases when the period
increases, as expected from ref [22] due to less impact
of backscattering at the nodes. Thus, the decrease of κ
when increasing the period is mainly due to the growing
porosity.

In spite of the increasing S/V ratio which should lead
to more phonon scattering, κ∗ increases with the pe-
riod [22]. When considering one direction of measure-
ment (direction of the heat flux), phonon scattering on
the nanowires walls are not always resistive to heat trans-
port. In nanowires parallel to the direction of interest,
if scattering is fully diffuse, there is only 50% chance for
each scattered phonon to go back (backscattering); while
at the crossings with the perpendicular nanowires, which
do not contribute to heat transport in the direction of
measurement, phonons colliding with the walls are nec-
essarily scattered backward. Moreover, it has been shown
that free surfaces modeled in Molecular Dynamics have
a great specularity, even at room temperature [28]. In
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the case of fully specular walls, nanowires parallel to the
heat flux are supposed not to be resistive at all, while
perpendicular nanowires would lead to 100% of back-
scattering. Thus, the nodes hinder the TC more than the
intrinsic thermal resistance of the nanowires. Increasing
the period, the nodes move away from each others and
there is less resistance to thermal transport, even if there
is more scattering surface in the system. Thus, κ∗ in-
creases with the period. However, for very long periods,
not considered here, the effective TC shall reach satura-
tion to the TC of a single nanowire with cross section
d × d (∼ 11 W m−1 K−1). For 3D networks, there are
more phonon reflections at nodes than in 2D networks,
this explains the lower effective TC in 3D networks.

The impact of the diameter of the nanowires on ther-
mal transport has also been investigated. In fig. 3 is
depicted the TC κ of 2D and 3D nanowire networks with
a constant period a = 21.72 nm as a function of the
nanowires dimension d. Obviously, increasing the cross
section of the nanowires, thermal transport is enhanced.
Decreasing the diameter, the TC of 2D networks drops
below the amorphous limit while porosity varies from 60
to 85%. For 3D structures, κ is less than 1 W m−1 K−1

for all diameters, and the porosity is between 87 and
98%. For d ' 5 nm, the TC of the 3D network is di-
vided by 300 as compared to the bulk. These dimensions
can already be reached with current fabrication meth-
ods for MnO2 nanowire networks [7]. Finally, we no-
tice that the diameter dependent TC of 2D networks in-
creases with d2 while 3D networks follow a d3 law. This
observation is valid when d is small compared to the pe-
riod. When d tends toward a, the TC of 2D and 3D
systems are expected to reach the values of a nanofilm
of thickness d (κ ' 23 W m−1 K−1) and of bulk silicon
(κ ' 160 W m−1 K−1), respectively.

FIG. 3. Thermal conductivity of 2D and 3D nanowire networks as
a function of nanowire diameter for a constant period a = 21.72 nm
at T = 300 K.

Interestingly, heat conduction is always hindered fur-
ther in 3D network than in 2D network, even for a same
S/V ratio (TC as a function of S/V is plotted in Ap-

pendix B). For example, for S/V ' 1.41 nm−1 the TC
is about 0.8 W m−1 K−1 in 2D networks and less than
0.1 W m−1 K−1 in 3D networks). This observation is
even valid when considering κ∗ (κ∗2D '4.8 W m−1 K−1

and κ∗3D '3.7 W m−1 K−1 at the same S/V '
1.41 nm−1). This phenomenon is counter-intuitive, as re-
duction of the dimensionality usually leads to lower TC.

To explain the lower thermal transport in 3D struc-
tures, a model based on the use of thermal resistances
has been developed. The derivation of this model is given
in Appendix C to this work and results in the following
expressions for the TC:

κ2D =
1

d
(
RNW +R2D

node

) (3)

κ3D =
1

a
(
RNW +R3D

node

) (4)

with RNW the thermal resistance of a portion of
nanowire between two nodes computed from EMD sim-
ulations. Rnode is the thermal resistance of a node. It
is chosen as the adjustable parameter and it is different
for 2D and 3D networks because the number of intercon-
nected nanowires is not the same.

In fig. 2 the model is compared to EMD results for 2D
and 3D nanowire network with constant size of nanowire
d = 2.715 nm and varying period. Simulations and model
are in a particularly good quantitative agreement for 3D
networks. The model correctly reproduces the trend for
both 2D and 3D networks and predicts that thermal con-
duction in 3D systems is always lower than in 2D systems.
This phenomenon mainly comes from the difference in to-
tal cross sections of 2D and 3D networks, which leads to
a factor a/d between κ2D and κ3D in the model, assum-
ing that R2D

node ' R3D
node. This factor is approximately

retrieved from EMD results.
The best fit was obtained with Rnode = 1.2 ×

108 K W−1 for 2D network and Rnode = 1.6×108 K W−1

for 3D network. For the sake of comparison, RNW varies
from 0.2 × 108 to 3.0 × 108 K W−1 as a goes from 4 to
27 nm. The thermal resistance of a node is roughly equiv-
alent to a 15 nm portion of nanowire with d = 2.715 nm,
whereas the length of a node is only d. The impact
of the nodes on thermal conduction is huge and cannot
be neglected. At each node, some phonons experience
back scattering because of the free surface of perpendicu-
lar nanowires and this greatly reduces thermal transport
[22, 29]. Moreover, the node resistance is found to be
slightly higher for 3D networks than 2D networks. This
is related to the fact that 3D nodes have 4 perpendicular
branches (compared to 2 perpendicular branches for 2D
nodes), so more backscattering occurs at 3D nodes. This
also confirms what has been claimed above explaining
why even κ∗ is lower for 3D systems than for 2D ones:
this is due to the more important scattering at 3D nodes.

To conclude, we investigated thermal conduction in 2D
and 3D networks of interconnected Silicon nanowires and
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we showed that the TC is drastically reduced in such
structures due to a combination of large porosity and
increased backscattering at the nodes. The lowering of
thermal transport is more pronounced in the 3D net-
works than in the 2D networks because 3D structures
have higher porosity and their nodes have more branches
which lead to increased backscattering and larger thermal
resistance. A model based on equivalent thermal resis-
tances reproduces the main trends of the MD results and
confirms these interpretations. The small discrepancy
between model and simulations could arise from correla-
tions between resistances, or from new vibrating modes
emerging for specific dimensions of the networks.
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APPENDIX A: SIMULATION METHODOLOGY

All simulations were performed with LAMMPS open
source software [30], using the Stillinger-Weber potential
for silicon [31] with modified coefficients [32]. The struc-
tures are built from a slab of bulk crystalline silicon delet-
ing atoms of certain regions to obtain one “node” (figs.
1a and 1b of the main article) of the nanowire’s network.
Periodic boundary conditions are applied along two or
three directions to model an infinite 2D or 3D nanowire
networks, respectively (figs. 1c and 1d of the main arti-
cle). Then a conjugate gradient minimization is done and
the structures are relaxed at 300 K under NVT ensemble
during 200 ps. Finally, the thermal conductivity at room
temperature is extracted thanks to Green-Kubo formal-
ism, estimating the correlation of flux fluctuations during
10 ns with a time window of 40 ps. Computational de-
tails can be found in previous works [21, 29]. Size effects
due to the small size of the simulation box were checked,
modeling a bigger structure containing four nodes of a
2D system. The difference between computed thermal
conductivities with one and four nodes is less than 7%
and remains within the error bars.

APPENDIX B: THERMAL CONDUCTIVITY AS
A FUNCTION OF THE SURFACE-TO-VOLUME

RATIO

In nanostructures, heat transport is usually controlled
by the surface-to-volume ratio S/V , which is inversely
proportional to the phonon boundary mean free path
linked to the nanostructuration (Λ ' 4V/S). In the
structures studied in this work, the boundary mean free
path is between 2.7 nm (for S/V ' 0.95 nm−1) and
4.2 nm (for S/V ' 1.45 nm−1). When S/V increases, the

thermal conductivity decreases due to enhanced scatter-
ing on the free surfaces. In figure 4 is plotted the thermal
conductivity of 2D and 3D nanowire networks obtained
with Molecular Dynamics as a function of S/V . For a
same S/V , the thermal conductivity of 3D networks is
always lower than that of 2D networks. This means that
the S/V ratio is not sufficient to describe the reduction
of thermal transport in nanostructures with different ge-
ometries. The reason is that the S/V ratio does not take
into account the surface orientation which influences the
degree of phonon backscattering. For both 2D and 3D
networks, the thermal conductivity follows a linear trend
given by

κ2D = 11.4− 7.5S/V (5)

κ3D = 4.1− 2.9S/V (6)

FIG. 4. Thermal conductivity of 2D and 3D nanowire networks
as a function of the surface-to-volume ratio S/V for a constant
nanowire diameter d = 2.715 nm at T = 300 K. The thermal
conductivities in this figure are those presented in fig. 2a of the
main article. The dashed lines are linear fits.

APPENDIX C: THERMAL RESISTANCES
MODEL

When a temperature gradient is applied within the
network nanostructure, heat carriers are subject to two
types of thermal resistances (fig. 5). The first one is
RNW the thermal resistance of a short nanowire (“strut”)
between two nodes (blue in fig. 5), which depends on the
cross section d×d and the length a−d of each portion of
nanowire (see eq. 10). The second one is the thermal re-
sistance related to the nodes Rnode (red in fig. 5), which
is unknown. By analogy with macroscopic heat transfer,
the heat flux per surface area J in the direction of the
temperature gradient is given by Fourier’s law

J = −κTH − TC
L

(7)

with TH and TC the temperatures of hot and cold ther-
mostats, respectively, and L = N × a the distance be-
tween the two thermostats (see fig. 5). To reproduce
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the results of the present work, N has to tend toward
infinity. Thus, the model describes a cubic (or square)
infinite nanowire network.

FIG. 5. Schematic of the thermal resistances model for a 2D
nanowire network with N ×N periods.

With respect to the thermal resistance formalism, the
heat flux can also be written as

J =
TH − TC
RtotS

(8)

where Rtot is the total thermal resistance and S is the to-
tal cross section (perpendicular to the flux) of the system.
The total cross section of 2D networks is S = Na × d,
whereas for 3D network S = Na ×Na (see fig. 1 in the
main article). From equations 3 and 4, we derive the
expression for thermal conductivity:

κ =
L

RtotS
(9)

in which the total thermal resistance is different for 2D
and 3D networks:

1

R2D
tot

=
1

RNW +R2D
node

(10)

1

R3D
tot

=
N

RNW +R3D
node

(11)

Combining the last three equations and replacing
L = Na and S = Na× d (2D) or S = Na×Na (3D), it
comes two simple expressions for thermal conductivity:

κ2D =
1

d
(
RNW +R2D

node

) (12)

κ3D =
1

a
(
RNW +R3D

node

) (13)

In order to determine RNW , the thermal conductivity
of an infinitely long nanowire with cross section 2.715×
2.715 nm has been computed with EMD. We obtained
κNW = 11±2 W m−1 K−1. Then the thermal resistance

of the portion of nanowire between two nodes is deduced
for each system with

RNW =
a− d
κNW d2

(14)

Finally, Rnode is chosen as the adjustable parameter. It
is considered as a constant parameter for a given d, but
it is not the same for 2D and 3D networks because the
number of interconnected nanowires at a node is differ-
ent (4 and 6, respectively). Each node corresponds to
an abrupt change of cross section of the material for a
length d. This surely affects thermal transport, but in a
manner which is unknown. The proposed model allows
to quantify the thermal resistance due to the nodes.
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