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Abstract A radial decomposition of the heat ﬂux in a silicon crystalline nanowire is studied with molecular dynamics (MD) and Monte Carlo (MC) simulations. Less heat ﬂux is carried in the external layer of nanowires than in the center. The difference between the center and the surface is of the order of 50% and 30% with MD and MC simulations, respectively. As a result, a heat ﬂux close to the surface is 30% and 15% lower than the total axial heat ﬂux in the structure. The physical mechanism behind is analyzed from partial contribution of each atom in each phonon mode calculated from lattice dynamics. The reduction of the ﬂux close to the surface is related to back-scattering, the amorphouslike DOS of the external layer and ﬂattened dispersion curves, thus lower phonon group velocities. Our study points to the need for cautions analysis of experimental determination of the thermal conductivity involving contact measurements, such as scanning thermal microscopy.



1. Introduction The thermal conductivity of nanowires has been a popular issue the last two decades due to the potential applications in thermal management and energy harvesting. As the fabrication methods evolve rapidly several issues emerged concerning the modiﬁcation of their physical properties, in particular their thermal properties. In semiconductor nanowires, phonons are the dominant energy carriers. Several studies showed that the thermal conductivity of nanowires is not anymore an intrinsic property but it depends on the diameter, length, surface roughness, composition, doping, crystallinity and crystalline orientation, ending facets, native oxides or eventual nanoconstriction of nanowires [1]. The thermal conductivity of silicon nanowires can be reduced by a factor up to 100 depending on the above parameters. In general the severe reduction of the thermal conductivity in nanowires is related to the increase of the surface to volume fraction thus the increase of the boundary scattering, and the phonon conﬁnement due to the reduction of the dimensionality which leads to softened phonon dispersion and reduced phonon group velocities. Donadio and Galli argued that non-propagating modes and decrease of the lifetimes of propagating modes are the reasons for the dramatic reduction of the thermal conductivity of nanowires [2]. There is a plethora of experimental measurements and simulations for the thermal conductivity of silicon nanowires, and the results are quite dispersed. Theoretical articles show a variation of the thermal conductivity from 0.1 up to 50Wm−1K−1 depending on their diameter [2–8] . In most of them there is a deviation from Fourierʼs law [9]. Among the main methods for measuring the thermal conductivity of nanowires one ﬁnds the bridge technique [10–12] and the tip methodology [13]. While in the ﬁrst method the nanowires are attached in their extremities and a cold and a hot reservoir are imposed, thus the total thermal conductivity is measured, in the second methodology a hot AFM tip approaches the nanowire in a certain position and the thermal conductivity is deduced from the contact with the external layer. We note that in many nanostructures there is a native oxide layer at the surface which inﬂuences the heat conduction. In addition, rough surfaces should diffuse more phonons compared to smooth surfaces. The question treated here is if the surfaces conduct better or worse the heat current even if there are totally smooth
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Figure 1. Schematic representation of the modeled cylindrical nanowire. It is divided in 5 concentric layers (here represented with 5 different shades of gray) along the axis of the nanowire (z) and a temperature gradient is applied along the same direction. (Left) cross section of the system in the xz plane. (Right) cross section in the xy plane.



and free of amorphous phase shell layers including native oxides. This could have a severe inﬂuence on the thermal conductivity measurements with contact and scanning probe technique [14]. In this work we investigate the radial dependence of the heat ﬂux in a cylindrical nanowire. All nanowires are silicon crystalline nanowires with growth direction [100] and they are free of atomic roughness or presence of amorphous shells. The article is divided in four sections. After the introduction, details of the modeling of nanowires and the simulation method are given in the second section, including the methodology to calculate the partial DOS as well as the analytical model of Dingle [15]. In the third section the results of molecular dynamics (MD) and Monte Carlo (MC) simulations are given for several nanowires with small diameters ( 
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