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Novel phonon resonator based on surface screw thread for suppressing thermal transport of Si nanowires

We propose a novel phonon resonator for hindering the thermal transport of nanowires (NWs), based on a screw threadlike helical nanowall. Results from molecular dynamic simulations reveal that the thermal conductivity and phonon transmission of the screw threadlike Si NWs continuously decrease with an increase in the period density of the helical nanowall. The reduction can reach as high as 36% for the NW with six circles of the helical nanowall, which is much larger than in the case of NWs with straight nanowalls (12%) and nanopillars (15%). This phenomenon is due to that the helical nanowall has a larger contact area with the base structure, which leads to a larger volume of the resonating substructure with a constant height and width. Phonon dispersion relations show the formation of flat bands, which confirms the occurrence of phonon resonances due to the surface screw threadlike structures. The phonon spatial distribution reveals mode localization in the helical resonator at the resonant frequency. With regard to suppressing the phonon propagation, the helical nanowall as a phonon resonator exhibits superiority over the straight nanowalls or conventional nanopillars, because (1) it may be easier to fabricate a larger contact area with the base structure and (2) it avoids the problem of nanopillars or nanowalls touching each other, which maintains the ability of generating localized modes. The obtained results provide a novel design of efficient surface phonon resonators to realize nanowires with ultralow thermal conductivity.

I. INTRODUCTION

Semiconductor nanowires (NWs) exhibit many attracting properties owing to their confined dimension with nanoscale characteristic lengths [1]. For example, silicon nanowires with diameters on the order of their phonon mean free paths or less show impeded thermal transport due to phonon boundary scattering [2]. The suppressed phonon propagation in NWs is beneficial to applications in thermoelectrics [3], where the energy conversion efficiency is inversely proportional to the thermal conductivity.

A phonon is a collective quantization of the lattice waves. The superposition of phonons of multiple frequencies existing in the solid forms wave packets, which can be considered as particles as long as they are much smaller than the crystal size [START_REF] Chen | Nanoscale Energy Transport and Conversion: A Parallel Treatment of Electrons, Molecules, Phonons and Photons[END_REF]. Conventionally, the design of low-thermally conducting NWs is based on the phonon particle picture, by utilizing * These authors contributed equally to this work.

† yuxiang.ni@swjtu.edu.cn the phonon scattering mechanisms, such as phonon-boundary scattering [START_REF] Rojo | [END_REF][6][7], phonon-imperfection scattering [8][9][10][11][12][13], and phonon-impurity scattering [14][15][16]. Phonons with lower frequencies (long wavelengths) will ignore the spatial structural patterns, thus in general only phonons with a relatively high frequency (typically above 1 ∼ 2 THz) can be scattered efficiently. Meanwhile, in most cases, grain boundaries, imperfections, and impurities are unfavorable for the electronic transport, which negates the increase of thermoelectric efficiency.

On the other hand, manipulating the thermal transport based on the wave nature of phonons, particularly by local resonance, has intrigued research interests in recent years [17]. By adding pillars on the base structure, standing waves that hybridize with phonons in the base structure can be introduced, which leads to flat bands in the phonon dispersion relation [18,19]. Inspired by this idea, a series of nanophononic metamaterials (NPMs) with resonant structures were proposed to achieve low thermal conductivity. Xiong et al. [20] systematically studied the heat transport in Si based resonant structures. Their molecular dynamic (MD) simulations show that the branched NWs can produce numerous resonances in a broad frequency range, and the phonon group velocities were reduced accordingly. Further investigations on oxidized Si membranes show that surface amorphous structures can also produce phonon resonances [21]. Giri et al. used fullerenes as phonon resonators to functionalize carbon nanotubes (CNT) and graphene, and tunable thermal conductivities of individual CNTs and graphene were obtained [22,23]. By introducing phonon resonators, the thermal rectification can also increase up to 470% under small temperature bias in pristine/branched graphene nanoribbon junctions [24].

Despite the progress made in the thermal transport manipulation with local resonance, further enhancing the impact of the resonators is challenging. It is reported that the phonon transport suppression in Si membranes can be enhanced with increasing volume of the nanopillars, by changing their height and contact area with the main structure [25][26][27]. However, enlarging the nanopillar size leads to the extreme case of connective nanopillars, which forms a uniform waveguide and favors the thermal transport in the host structure. For example, by replacing the nanopillars by nanowalls (parallel to the phonon transport direction) on a Si membrane, the localized modes almost disappeared and the thermal conductivity reduction decreased [27]. A similar trend was also found for nanopatterned Si membrane systems [28]. In this regard, it is necessary to design a connective resonator structure in order to increase the contact area with the base structure, while maintaining the ability of generating localized modes.

In this work, we propose using a helical nanowall as a phonon resonator for NWs. There are two important advantages of helical nanowall resonators compared with conventional nanopillars or straight nanowalls: (1) The helical nanowall is consecutive, which provides larger contact area with the base structure; (2) the curved nature of the helical nanowall makes it a poor phonon waveguide, which ensures the generation of localized modes. Besides, the screw threadlike NWs are already obtained experimentally in recent years [29,30]. Our MD simulations show that, compared with the pristine Si NW, the screw threadlike Si NW exhibits a 36% reduction in thermal conductivity (κ), much larger than in the case of NWs with straight nanowall (12%) and nanopillars (15%). Phonon analyses such as dispersion relations, group velocity, phonon transmission, and phonon spatial distribution are conducted to gain more insights into the underling physical mechanisms.

II. METHOD A. Computational models

The atomistic models of Si nanowires are illustrated in Fig. 1. Cylindrical Si NWs are obtained by cleaving the bulk Si supercells along the [100] direction. The radius of the cross section (1.48 nm) and the total length (38 nm) are fixed in all the NW models. Helical nanowall, i.e., the screw thread, is then added to the main NWs. We label the NWs according to the period number of the helical nanowall on NWs with a fixed length (38 nm). For example, 2P corresponds to the NW with two circles of the helical nanowall [Fig. 1 on the thermal transport of NWs, we design a set of NWs from 1P to 6P. The width of the helical nanowall is 0.32 nm and the height is set between 0.5 and 3.5 nm.

B. Thermal conductivity calculation of screw threadlike Si NWs

We compute the thermal conductivity (κ) along the NWs by using the nonequilibrium molecular dynamics (NEMD) with the LAMMPS package [31]. The Stillinger-Weber (SW) potential is employed to describe the covalent Si-Si bond [32]. Free boundary conditions are applied at the boundaries transverse to the direction of the heat current flow, while atoms at both ends of the structures are fixed. Adjacent to the two fixed areas, sections with a length L bath = 10 nm are set as the hot and cold heat baths, as illustrated in Fig. 2. To reach the equilibrium state, a 500 ps simulation run is performed in the canonical ensemble (NVT) at 300 K, followed by a 200 ps run in the microcanonical ensemble (NVE), with a time step of 1 fs. Subsequently, the Langevin thermostat is applied to the groups of atoms in the thermal baths to achieve temperatures T hot = T + T and T cold = T -T , respectively. Here T is set to 300 K and T is 60 K. A 2 ns run was performed to reach the steady state and another 8 ns run to time average the local temperature and heat flux along the wires. The thermal conductivity κ along the wires is calculated from the temperature gradient ∇T and the heat flux Q/S determined from a steady state according to Fourier's Law:

κ = Q S∇T . ( 1 
)
Here, Q is the thermal power across a cross-sectional area S perpendicular to the transport direction. It should be noted that both the cross-sectional area of the NW and the helical FIG. 2. Schematic illustration of a Si nanowire model (3P) for NEMD simulations.

nanowall are included in S. In our study, the size (length) effect in NEMD is not removed in the computations, since our purpose is to compare the trend of the relative κ change rather than to obtain the absolute value of the thermal conductivity.

C. Phonon transmission spectra calculations

To uncover the physical mechanism of the phonon transport in our models, phonon analyses were performed based on MD simulations. We use the same NEMD simulation set to calculate the phonon transmission spectra [Trans(ω)], by using the method developed by K. Saaskilahti et al. [33,34]. The frequency resolved heat flux between any atoms i and j can be expressed as:

q i-→ j ≈ - 2 t simu ω α,β∈{x,y,z} Im vα i (ω) * K αβ i j vβ j (ω) , ( 2 
)
where t simu and ω are the simulation time and the frequency, respectively. vα i and vβ j are the Fourier transformed atomic velocities of atom i in direction α and atom j in direction β, respectively. For calculating the flux spectra, the force constant matrix is calculated with the finite displacement method by Lammps, i.e., after relaxing the structures to the potential minimum, atom i is moved in the directions ±x, ±y, and ±z with a small value ( = 0.01 Å). After each displacement, the forces F of each atoms are calculated. As a result, the element of the force constant matrix can be evaluated as:

K αβ i j = F β- j -F β+ j 2 , (3) 
here F β- j and F β+ j denote the force on atom j in β direction when atom i is displaced to -α and +α directions, respectively. The heat current across any interface separating adjacent atom sets L and R can be obtained by summing over atoms in each set:

q(ω) = i∈L j∈R q i-→ j (ω). (4) 
The phonon transmission function can thus be defined according to the spectral heat current as:

Trans(ω) = q(ω) k B T , ( 5 
)
where T is the temperature difference of the two thermal baths in NEMD simulations.

D. Phonon dispersion relation, group velocity, and spatial distribution calculations

The phonon dispersion relations and the group velocity of the nanowires were obtained based on the harmonic lattice dynamics [35]. The normal-mode eigenvector components ε and their corresponding eigenfrequencies ω were obtained by solving the lattice dynamics equation,

D(k)ε = ω 2 ε. ( 6 
)
D(k) is the atomic mass normalized dynamical matrix, which is calculated from the second derivative of the Stillnger-Weber potential used in MD simulations. One period of the NW with helical nanowall (the repeating unit) was chosen as the unit cell in our calculations. Phonon group velocity was then derived according to the dispersion relations.

The spatial distribution of the phonon modes within a given frequency range of the models was calculated as follows [24]:

φ i,ω = ω∈ α ε * iα,ω ε iα,ω j ω∈ α ε * iα,ω ε iα,ω , (7) 
where α and i correspond to the Cartesian component (x, y, or z) and the atom index, respectively. denotes a frequency range and we considered 0.25 ± 0.2 THz and 14.5 ± 0.2 THz in this study.

III. RESULTS AND DISCUSSION

A. Thermal conductivity and phonon transmission spectra of screw threadlike Si NWs

Figure 3(a) shows the calculated thermal conductivity (κ) of the screw threadlike Si NWs as a function of different period density of helical nanowall at 300 K. It can be seen that the screw threadlike surface has obvious impact on the thermal conductivity of Si NWs. κ decreases from 6.7 W/mK (pristine) to 5.5 W/mK (1P). With the increasing period density of the helical nanowalls, κ continuously decreases, suggesting that a larger contact area of the base structure and the resonator is more efficient in suppressing the phonon propagation. A 35% reduction in κ is obtained for 6P NW compared with the pristine one. We attribute the thermal transport impedance in the screw threadlike Si NWs to the standing waves generated by the helical nanowalls that hybridize with the phonons (especially with low frequency) in the base NW. Evidences from the phonon dispersion relations and the group velocity will be shown later in the following section. It is interesting to note that by changing the atomic type of the helical nanowall from Si to Ge, κ can be further decreased from 5.4 W/mK to 4.7 W/mK.

To have a deeper understanding of the κ reduction, we calculated the phonon transmission spectra, as shown in Fig. 3(b). Overall, the phonon transmission spectrum decreases with increasing period density of the helical nanowall, which complies well with the thermal conductivity results. It should be noted that, for 4P and 6P models, there is obvious decrease of the transmission spectra in the low-frequency regime (below 4 THz), indicating the importance of the resonant effect at low frequencies. Such phenomenon was not observed in our previous studies on phonon-imperfection scattering [13] and phonon-impurity scattering [36], in which cases the transmission spectra almost remain unaltered in the low-frequency regime, and the ballistic transport is obvious due to the long-wavelength nature of these phonons. When the atomic type of the helical nanowall is changed from Si to Ge, the corresponding phonon transmission is further suppressed in the high frequency range (above 4 THz), as shown in the inset of Figure 3(b). This result implies that, to further suppress the phonon transport, the phonon resonance can be combined with other phonon hindering mechanisms such as introducing acoustic impedance.

We now evaluate the impact of the height and width of the helical nanowall on the NW thermal conductivity. As demonstrated in Fig. 4, κ monotonically decreases with the height of the screw thread. This phenomenon is expected because taller nanowall exhibits more local resonance modes (vibrons) than a thinner one and therefore more strongly affects the phonon propagation for a given length of NW section. On the other hand, κ is not sensitive to the width of the helical nanowall, as shown in Table I. This phenomenon may be due to the competition between the increased room for phonon propagation and the increased number of localized modes.

B. Analyses of phonon dispersion relation, group velocity, and spatial distribution

To confirm the phonon resonance effect of the helical nanowalls, we compare the phonon dispersion relations of pristine Si NW and 1P screw threadlike Si NW in Figs. 5(a tween the LA mode and the resonant phonon can be observed.

The standing waves that hybridize with the low-frequency phonons in the main NW lead to flat bands in the phonon dispersion relation. Therefore, reduction is observed for the phonon group velocity of the screw threadlike Si NW, compared with that of the pristine Si NW, as shown in Fig. 5(d).

To have an intuitive image of the phonon resonance, we calculated the spatial distribution of phonon modes from Eq. ( 7). According to the phonon dispersion relations, 0.25 THz is a resonant frequency, while 14.5 THz is an ordinary frequency where no phonon resonance occurs. For the NWs with helical nanowall, we calculated the phonon spatial distribution of the modes within the frequency ranges of 0.25 ± 0.2 THz and 14.5 ± 0.2 THz, as illustrated in Figs. 5(f) and 5(g). The phonon spatial distribution of a pristine NW is also calculated for comparison [Fig. 5(e)].

Here, the range ±0.2 THz is considered to ensure the inclusion of the resonant modes (if any) around the corresponding frequency. The color bar indicates the portion of the local mode energy over the total energy, at a given frequency range. Figure 5(e) shows that phonons distribute uniformly in the pristine NW. When the helical nanowall is added, phonons with the resonant frequency are mostly localized in the helical nanowall, and only a few atoms in the main NW participate in the vibration [Fig. 5(f)]. In contrast, Fig. 5(g) shows that the spatial distribution of an ordinary mode (around 14.5 THz) is relatively uniform, indicating that the phonon vibration is not affected by the resonators at this frequency.

C. Comparison between the impacts of helical and straight nanowalls on NW thermal conductivity

In this section, from two aspects, we will highlight the advantages of using helical nanowall as phonon resonators to suppress the phonon propagation in NWs. Firstly, we compare the thermal conductivity of Si NWs with resonators of helical and straight nanowalls, respectively, in order to show the advantage of the curved nature of the resonator. Secondly, we evaluate the impact of the continuity of the nanowalls on the NW thermal conductivity. Computational models are built as demonstrated in Fig. 6. Helical (3P) and straight nanowalls are introduced to Si NW [Figs. 6(a) and 6(c)], and then a set of atoms is removed from the nanowalls, leaving nanowall sections (nanopillars) with equal spaces [Figs. 6(b) and 6(d)]. Note that the straight nanowall is placed along the NW axis, which is parallel to the heat transport direction under consideration.

Figure 7 shows the thermal conductivity of Si NWs with resonators of helical and straight nanowalls as a function of the volume fraction (n v ) of the removed atoms. At n v = 0, both straight and helical nanowalls are consecutive, and κ of the helical nanowall case is about 10% smaller than that of the straight one. This discrepancy can be due to the fact that a large part of the localized modes in NWs with straight nanowall disappeared, as shown in Fig. 5(c). The dispersion diagram of Si NW with straight nanowall is relatively close to that of the pristine NW [Fig. 5(a)]. In this case, the straight nanowall is a uniform waveguide along the axial direction [27]. Phonon resonance would not occur without the localized modes, and therefore, the thermal conductivity is larger. When the nanowall revolves around the nanowire, phonon propagation along the curved nanowall is more difficult, and localized modes can be generated and then couple with the low-frequency modes in the main wire [Fig. 5(b)]. In this regard, the curved nature of the nanowall is important for phonon resonators.

As n v increases, in both straight and helical cases, κ first slightly decreases and then increases and finally converges to n v = 1 (the pristine NW). The slight decrease in κ stems from the breakdown of the nanowall continuity, which blocks the phonon transmission along the nanowall. As more atoms are removed, the contact area between the resonators and the host NW decreases, and the resonator impact on κ is weakened, which leads to the κ increase. It can be clearly seen that κ of NWs with helical nanopillars is still lower than that of the straight nanopillar cases, owing to the larger volumetric size of the helical nanopillars relative to the straight ones at the same n v . As n v further grows, the difference in κ between the two cases gets smaller, until κ of both cases converge to the value of the pristine NW. The results revealed by Fig. 7 prove that the helical resonators are more beneficial for suppressing the phonon transport than conventional nanopillars.

IV. CONCLUSIONS

In this study, we propose using the helical nanowall as a resonator for nanowires. Our molecular dynamics simulations show that, compared with the pristine Si NW, the screw threadlike Si NW exhibits a 36% reduction in thermal conductivity (6P), much larger than in the case of NWs with a straight nanowall (12%) and nanopillars (15%). Phonon transmission spectra show the hindering of phonon transport in the whole frequency range. Phonon analysis such as dispersion relations, group velocity, and phonon spatial distribution confirm the phonon resonance effect in the screw threadlike Si nanowires. We conclude that the helical nanowall as a phonon resonator exhibits superiority over the straight nanowall or conventional nanopillars, owing to its large contact area with the base structure while maintaining the ability of generating localized modes. The radius of NWs (1.48 nm) and the height of the nanowall (0.5-3.5 nm) in our theoretical models can be scaled to the experimentally synthesized screw threadlike NWs (5 nm for both the NW radius and the height of the nanowall [29]). Therefore, the findings in this study should be valuable to the design of efficient surface phonon resonators for nanowires, which is important for their applications in thermoelectrics and thermal insulators, where low thermal conductivity is desired.

  FIG. 1. Atomistic models of Si nanowires: (a) pristine, and (b),(c) with helical nanowall.
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 3 FIG. 3. (a) Thermal conductivity of Si NWs varying with the period density of the helical nanowall. The red dot indicates the thermal conductivity of the model with Ge helical nanowall (the main NW is still Si). The height of the nanowall is set to 1 nm. (b) Phonon transmission spectra of Si NWs with different period density of the helical nanowall. The inset compares the transmission spectra of the models with Si and Ge nanowalls, respectively.

  FIG.4. The thermal conductivity of Si NWs against the height of the helical nanowall.
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 5 FIG. 5. (a)-(c) Phonon dispersion relations in the frequency range [0, 3] THz for the pristine Si NW, 1P screw threadlike Si NW, and Si NW with surface straight nanowall, respectively. (d) Averaged phonon group velocities of the different models. (e)-(g) Spatial distribution of the modes in the pristine and the screw threadlike NWs with the resonant frequency (ω = 0.25 THz) and ordinary frequency (ω = 14.5 THz).
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 6 FIG. 6. Models of Si NWs with (a) helical (3P) and (c) straight nanowalls, and the corresponding NWs (b) and (d) with nanowall sections with equal spaces after the removal of certain atoms. (e) Side view of the NW with straight nanowall.
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 7 FIG. 7. The thermal conductivity of Si NWs with resonators of helical and straight nanowalls as a function of the volume fraction of the removed atoms.

TABLE I .

 I Thermal conductivity of Si NWs against the width of the helical nanowall (2P).

	Width (nm)	0.32	0.64	0.96
	κ (W/mK)	5.1	5.0	5.2
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