Keqiang Li 
  
Yajuan Cheng 
  
Hongying Wang 
  
Yangyu Guo 
  
Zhongwei Zhang 
  
Marc Bescond 
  
Massahiro Nomura 
  
Sebastian Volz 
  
Xiaohong Zhang 
  
Shiyun Xiong 
email: xiongshiyun216@163.com
  
Phonon resonant effect in silicon membranes with different crystallographic orientations

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.

INTRODUCTION

Designing structures with well controlled heat flow is extremely important in many fields ranging from waste energy harvesting, novel computations, information storage based on heat, to efficient heat spreading [1][2][3][4]. The phonon scattering method is a widely studied approach for heat transfer engineering, which either introduces scattering sources inside materials to impede phonon transport [2] or reduces structural disorder to facilitate phonon transport [5,6]. Although the phonon scattering method can tune the thermal conductivity (TC) of materials in a large magnitude, it relies on the phonon particle picture and is efficient in controlling high-frequency phonons but less efficient for lowfrequency long-wavelength modes. Moreover, the scattering sources are in general inside materials, which may affect other material properties, such as electrical conductivity. The second strategy to control phonon transport is the phononic crystal method [7,8], which is based on the fabrication of periodic holes inside materials. In phononic crystals, the interference between forward waves and back scattered waves modifies the band structure of phonons and create phonon band gaps. While similar to phonon scattering, the generated periodic holes inside materials could be also problematic to other properties. Recently, a new strategy for controlling phonon transport at nanoscale based on nanophononic metamaterial (NPM) has been proposed [9][10][11][12]. Similar to the phononic crystal approach, the NPM method is also based on the phonon wave effect by introducing phonon resonances. However, the resonant structures are usually located at the surface of a nanostructure, which is different from the phononic crystal method. As a result, the NPM strategy can be regarded as a complementary heat transfer engineering method to phonon scattering and phononic crystal methods. Isolated surface pillars were initially found to be ideal structures to create surface resonances [9,10,13,14]. It was found that the surface pillars can reduce the TC through the resonant hybridization effect, which can simultaneously decrease the group velocity and the relaxation time of phonons, especially at low frequencies [10,15,16]. The ability to tune the low-frequency phonon transport with small pillars makes the NPM an ideal approach to engineer the thermal transport at low temperatures, where only phonons with low energy are populated. Besides, it has been illustrated that phonon resonances can be complementary to phonon scattering for entire frequency phonon engineering, i.e., they can im-pede both low-and high-frequency phonon transport synergistically. Apart from pillared resonant structures, the phonon resonant effect has also been found in many other structures like nanojunctions [17,18], fullerene attached graphene [19], graphdiyne [20], clatherates [21][22][23][24]. Especially, the native oxide surface layers in Si-membranes were found to be able to generate random resonances [25], which can greatly simplify the NPM structure fabrications. Moreover, the machine learning strategy has been applied to optimize the distribution of resonant structures, which can help to further improve the thermal conductivity reduction magnitude by resonances. [26] More recently, the phonon resonant mechanism was further proved in graphene nanoribbon systems through an observation of unexpected TC enhancement by defects [27].

In this work, we aim to investigate the effect of phonon resonances on the thermal transport of Si membranes bounded with different crystalline facets based on nonequilibrium molecular dynamics simulations (NEMD). We uncover that the TC of Si membranes can be largely reduced by surface pillars. However, the reduction percentage strongly relies on membrane orientations, i.e., surface types. Besides, the quality of interfaces between surface pillars and the base material, which plays an important role in resonant hybridization strength, is further evaluated to control heat transport. We consider Si membranes bounded with {100}, {110} and {111} facets, for which the thicknesses are 4.3 nm, 3.8 nm and 3.8 nm, respectively; see Fig. 1(a). For the {100}-membrane, the two in-plane directions are equivalent ([100] direction) and simulations along one direction is considered. For the {110}-and {111}-membranes, the two in-plane directions are non-equivalent and the thermal transport along the [100] and [110] crystallographic directions for the {110}-membrane, and along the [11 2] and [1 10] crystallographic directions for the {111}membrane is studied. In cubic lattices, the lattice directions [11 2] and [1 10] are equivalent to [112] and [110], respectively. Hereafter we refer to [11 2] as [112] and to [1 10] as [110] for simplicity. Starting from the pristine membranes, we constructed the resonant structures by introducing pillars on the two surfaces; see Fig. 1(b). Two pillar heights, 2 nm and 8 nm, are considered to study the height effect on thermal transport. The periods of the resonant structures (Fig. 1b) are as follows: L 100 = 4.3 nm for the {100}-membrane, L 110 = 3.8 nm and L 100 = 4.3 nm for the {110}-membrane, L 112 = 4.0 nm and L 110 = 3.8 nm for the {111}-membrane. Here the subscript index denotes the crystalline orientation, which also corresponds to the transport direction. The side lengths of pillar cross-sections are one half of the structure period in the corresponding directions. To study the interfaces quality (between pillars and the base material) dependent phonon resonances, we further create vacancy defects (of size 1.1 × 1.1 × 1.1 nm 3 for {100}-membrane, 1.1×1.2×1.2 nm 3 for {110}-membrane and 0.7×1.2×0.9 nm 3 for {111}-membrane) around the interface between pillars and the membrane; see Fig 1(c). All TCs were calculated with NEMD simulations implemented in the GPUMD package [28] with the interatomic interactions described by the Stillinger-Weber three-body potential [29], which is commonly adopted for TC calculations in silicon-based materials [30][31][32]. A time step of 0.5 fs is chosen to ensure the energy conservation during the simulations. All simulations were performed at a target averaged temperature T = 300 K with the thermostat temperature T h/c = T ± ∆T /2, where ∆T = 40 K was used. The schematic illustration of NEMD set up is shown in Fig. 2. The atoms in the two ends (1 nm in length) are fixed to avoid the drift of samples. Close to the fixed regions, the atoms within the length L bath = 16 nm are coupled to the langevin thermostat [33,34] with a coupling constant of 0.25 ps. The width of samples (including the pristine structures) is set as one period length of the corresponding resonant structures. Simulations for various system lengths L sys are performed to extract the TC corresponding to the infinite length. In NEMD simulations, a temperature jump can usually be observed close to the thermostat due to the ballistic transport of a portion of phonons. It was proved by Li et al [35] that such a temperature jump in NEMD simulations is physical and should not be excluded for TC calculations. As a result, we calculated the TC based on the temperature difference ∆T according to the Fourier's law:

STRUCTURES AND METHODS

κ = J ∆T /L s , ( 1 
)
where J is the heat flux and L s corresponds to the sample length. For both the pristine and resonant structures, the heat flux J is evaluated based on the cross-section of the base membrane. The obtained total heat current can be decomposed into each phonon frequency as proposed by Sääskilahti et al [36,37] and later modified by Fan et al [38]. The spectral heat current (SHC) is expressed as:

J(ω) = 2 ∞ -∞ dte iωt K T (t) (2) 
where K T (t) is the component of K(t) in the transport direction. K(t) is evaluated as:

K(t) = i j =i r ij (0) ∂U j ∂r ji (0) • v i (t) (3) 
here r ij is the distance vector between atoms i and j, U j denotes the potential energy of atom j and v i is the velocity vector of atom i. The summation is taken over all atoms in region R shown in Fig. 2. Here for samples with lengths shorter than ∼ 40 nm, the size of region R is slightly smaller than the system size to exclude the atoms connecting the thermal baths. For samples with lengths longer than ∼ 40 nm, the length of region R is set as ∼ 40 nm.

RESULTS AND DISCUSSIONS

Since the TC obtained directly from NEMD simulations corresponds to a finite sample length, one needs to extrapolate the TC to infinitely long structures. The linear extrapolation between 1/κ and 1/L as proposed by Schelling et al [39] has been widely applied to obtain the intrinsic TC due to its simplicity. The linear extrapolation was derived by assuming that all the phonon modes have the same averaged properties. However, it was recently pointed out that this method is only valid when the extrapolation is based on samples with lengths larger than phonon mean free path (MFP). Such a precondition dramatically increases simulation loads, especially for materials with long MFP. Actually, if the properties of each phonon mode are considered explicitly, the length dependent TC is a complex function of 1/L and can be expanded by a Taylor-series as shown by Sellan et al [40]. As a result, to improve the extrapolation accuracy, one can truncate the expansion to the second-order: [20,[40][41][42] 1

κ (L) = 1 κ 0 + α L + β L 2 (4) 
where κ(L) is the TC obtained by NEMD simulations for samples with length L. κ 0 corresponds to the extrapolated TC with α and β the extrapolation coefficients. To improve the extrapolation accuracy, the values of short samples are omitted and the intrinsic TC is extrapolated with relatively long samples [40][41][42]. Fig. 3 reports the TC extrapolation for the pristine and resonant (2 nm in height) {110}-membrane based on Eq. 4. For both the pristine and resonant membranes, the relationship between 1/κ and 1/L clearly deviates from the linear shape, especially for pristine structures. In principle, when the majority of the phonons are travelling diffusively, i.e., for samples longer than phonon MFP, one could approximate the inverse of TC as a linear relationship with 1/L. However, for samples with lengths smaller than phonon MFP, i.e., the majority of the phonons are travelling ballistically, the obtained TC will deviate from the linear approximation. Such deviation could be compensated by adding a quadratic term of 1/L 2 in the TC extrapolation formula as shown in Eq. 4. In resonant membranes, the phonon MFP is dramatically reduced, especially at low frequencies (see below). As a result, their deviations from the linear relationship are much smaller than the case of pristine structures, where the phonon MFP is relatively large. It should be pointed out that, even for quadratic fitting, one should not use samples with ultra-short lengths [42]. In our case, the TC can be well extrapolated by the quadratic fitting for samples with lengths larger than 30 nm (Fig. 3). For pristine structures, since their phonon MFPs are relatively large, we performed simulations for long samples with maximum length reaching ∼ 550 nm to improve the extrapolation accuracy. Fig. 4(a) illustrates the TC along different crystallographic directions in the pristine and resonant membranes bounded with {100}, {110}, and {111} surfaces. The Stillinger-Weber potential adopted here overestimates the TC of silicon, however, we aim to study the phonon resonant effect on thermal transport in membranes with different orientations. Consequently, the relative TC change is more important and the absolute value of TC will not change our conclusions. Due to the symmetry breaking, the pristine {110}-membrane shows large anisotropic thermal transport, the TC along the [100] and [110] directions are 160 W/mK and 218 W/mK, respectively. Although the two in-plane transport directions are along different crystallographic directions in pristine {111}-membrane, it shows almost isotropic thermal transport with κ =∼ 225 W/mK. On the contrary, they are different in the case of the pristine 110membrane. This might be due to different bond symmetries for atoms on the {110} and {111} surfaces. For both the {110}-and {111}-membranes, the atoms on surfaces possess one dangling bond. However, among the three left bonds, two of them are on the surface and one is below the surface for the {110}-membrane. In contrast, the three left bonds in the {111}-membrane are all below the surface with equivalent environment (See Fig. 1(e)). As a result, a large/small anisotropic effect is expected for the {110}/{111}-membrane. The equivalent bond environment for surface atoms in the {111}-membrane can also lead to a small phonon-surface scattering rate, resulting in a larger TC compared to the {100}-and {110}membrane. With the introduction of resonant pillars on surfaces, the TC of all membranes is reduced greatly. However, the reduction percentage is dependent on the membrane type and transport direction as shown in Fig. 4(b). Among the three membrane types, the resonant effect is most effective in the {111}-membrane. In pristine membranes, the {111}-membrane possess the largest TC compared to the {100}-and {110}-membrane. However, with the creation of resonant pillars, the TCs along both the [110] and [112] directions are smaller than the values in the other two membrane types. Note that the pillar densities (the ratio between pillar and membrane length along a specific direction) along all directions in all membrane types are the same (50%). With resonant pillars of 2 nm in height, the reduction percentage can reach up to 81% and 83% along the [110] and [112] directions, respectively. The TC reduction in other membrane types is also larger than 70%, showing good TC tunability of phonon resonances. Interestingly, adding resonant pillars on the {111}-membrane will change the isotropic transport in pristine membranes to an anisotropic transport with the TC along the [112] direction smaller than the one along the [110] direction. Although the three bonding environment of surface atoms in the {111}-membrane is the same, the lattice constant is different along the [110] and [112] directions. As a result, the pillar cross-section lengths along the two directions are different, which eventually produces the anisotropic thermal transport. To evaluate the effect of pillar height on TC, the TC of resonant membranes with pillar height of 8 nm is also simulated. Pillars with increased height can lead to a further reduction of TC in all membrane types. However, such a further reduction is not significant compared to the original TC reduction by 2 nm height pillars.

To gain more knowledge on TC variations, we calculated the spectral heat current (SHC) in NEMD simula- S1. For pristine membranes, SHC at high frequencies decreases with the increase of sample length, which is a result of anharmonic scattering. However, at low frequencies, all structures show ballistic transport behavior with SHC almost unchanged with sample length up to ∼ 500 nm. The frequency range of ballistic transport depends on the system. To compare quantitatively, we define a critical frequency ω c , below which SHC decreases less than 10% when the sample length is increased from the shortest one to the longest one as demonstrated in Fig. 5(a)-(c). The corresponding frequency ranges are demonstrated by the pink regions in Fig. 5(a)-(c). We find that the critical frequency depends strongly on transport orientation while less affected by surface types. The obtained critical frequencies for the {100}-[100], {110}-[100], {110}-[110], {111}-[110], and {111}-[112] structures are 1.4, 1.5, 2.0, 2.0, and 1.9 THz, respectively. The ballistic transport region is smaller in the transport direction [100] compared to the [110] and [112] directions, no matter the surfaces are bounded by {100} or {110} facets. The relatively smaller ballistic transport region can result in smaller TC along [100] direction. Although the surface orienta-tion does not have a large impact on the frequency range of ballistic transport, it can affect SHC at higher frequencies. For example, the SHC in {110}-[100] beyond ω c is smaller than that in {100}-[100] with similar sample lengths (Fig. S1). Together with the small ω c , the {110}-[100] structure eventually results in the smallest TC among the five studied cases. In the presence of surface pillars, the SHC is reduced noticeably compared to the corresponding pristine structure of similar length. Especially at long sample lengths, SHC is dramatically reduced. More importantly, SHC is notably reduced with the increase of sample length at low frequencies, where ballistic transport appeared in the corresponding pristine structures. Such a phenomenon indicates that the surface resonant pillars can dramatically tune the low-frequency thermal transport in all membranes, which is in good agreement with previous findings [10,25,32]. The ability of tuning the low-frequency phonon transport is an advantage of the resonant mechanism over scattering, which usually impedes high-frequency modes extensively [10,25]. As observed from TC calculations, although the TC in the pristine {110}-[110] and {111}-[112] structures is similar, adding surface pillars can make their TC much different. From SHC curves (Fig. 5(e)-(f)), one could observe that the small TC in the resonant {111}-[112] structure is originated from the frequency range between 3 and 12 THz, where the SHC is smaller in the {111}-[112] membrane compared to the {110}-[110] membrane of similar length. The TC along the [100] direction of resonant {110}-membrane is also small, however, different from the case {111}-[112], it possesses small SHC beyond 12 THz (Fig. S1).

The resonant effect relies on the hybridization between resonant and propagating modes. As a result, the interface quality between the base membrane and pillars is crucially important as it determines the penetration of resonant phonons into the base membrane. To illustrate such an effect, we examined the TC of {100}-membrane with pillars in [110] and [111] crystallographic orientation of 2 nm in height. In such cases, the interface between the {100}-membrane and [110]/[111] pillars is not perfect anymore. The obtained TCs for pillars in [110] and [111] orientation are 54.0±1.6 and 60.1±2.6 W/mK, respectively. These values are larger than the membrane with [100] pillars (51.3±2.1 W/mK). The larger TC in 100-membrane with non-perfect interfaces ([110] and [111] pillars) reveals that the non-perfect interface can reduce the resonant hybridization. Actually, it was shown by Wang et al that the TC of resonant structure can be even enhanced by introducing vacancies at the interface between resonant pillars and the base material compared to the perfect resonant structures [27]. Such an anomalous TC enhancement is also due to the decoupling between resonant and propagating phonons. To further investigate such decoupling effects by interface qualities in our membranes with different orientations, we also created vacancies inside the material as demonstrated in Section II. Fig. 6 compares the TC of resonant structures with and without interface vacancies. For all structures, an increase of TC is observed with the introduction of interface vacancies when compared to the perfect resonant structures, which inhibits the penetration of resonant modes into the base material. The TC enhancement is most noticeable in the {111}-membrane, where the enhancement along the [110] and [112] directions reaches 18% and 20%, respectively. The large enhancement of TC in the {111}-membrane is in accordance with the significant resonant effect in this system. In contrary, the TC enhancement by interface vacancies is small in the {100}-membrane and along the [110] direction of the {110}-membrane due to the relatively weak resonant effect. However, we found that the TC enhancement effect is also large along the [100] direction in the {110}-membrane, which possesses the smallest resonant effect. Such an uncorrelated TC enhancement with resonant strength indicates that the resonant coupling in the {110}-[100] structure is very sensitive to the interface quality. The enhancement of TC by interface vacancies not only proves the existence of phonon resonant hybridization in pillared structures, but also brings a degree of freedom to tune the TC in resonant structures.

To gain more knowledge on the frequency range where heat flux is primarily affected by the interface vacancies, the SHC is analyzed for the longest samples that we studied. Three systems, {100}-[100], {110}-[110], and {111}-[112], are selected for analysis and the corresponding results are illustrated in Fig. 7. The SHC of the other two cases, {110}-[100] and {111}-[110], is provided in Fig. S2. Interestingly, for all structures, the SHC is only enhanced in a narrow frequency window, not at all frequencies. The range of frequency window in which SHC is enhanced depends on transport directions. As illustrated by Fig. 7(a) and Fig. S2(a), SHC is enhanced between 5 and 9 THz when the transport direction is along the [100] crystallographic direction, no matter it is in the {100}-or {110}-membrane. This frequency range is situated immediately after the first peak of the SHC. When the heat flux is along the [110] crystallographic direction, SHC is enhanced around the first peak in both the {110}-and {111}-membranes (Fig. S2(b)). The frequency range is also enlarged to [4][5][6][7][8][9] THz. For {111}-[112], SHC is also enhanced around the first peak but the frequency range is further broadened to [4][5][6][7][8][9][10][11] THz compared to the transport along the [110] direction. As a result, one can conclude that the interface vacancy in resonant structures mostly decouples the hybridization between resonant modes and propagating modes at intermediate frequencies.

CONCLUSIONS

Based on NEMD simulations, the thermal transport along different crystallographic orientations in silicon membranes bounded with {100}, {110} and {111} facets is evaluated. Surface pillars are introduced to create resonant modes, which can tune the thermal transport in nanostructures with a large degree of freedom. It was found that in pristine membranes, the crystal symmetry breaking of bulk silicon by surfaces leads to anisotropic transport. SHC analysis demonstrates that there is a ballistic transport region at low frequencies in the pristine membranes. The frequency range of ballistic transport is mainly dependent on the transport direction while less sensitive to the surface orientation. The introduction of resonant pillars can effectively break the ballistic transport characteristics at low-frequencies, indicating the ability of tuning the low-frequency phonon transport. The reduction of TC by resonances strongly depends on both the transport direction and surface orientation. The resonant effect is maximized in the {111}membranes, where the TC is the largest and smallest before and after the introduction of resonant pillars among the three types of membranes. Along both the [110] and [112] directions of the {111}-membrane, the TC reduction by resonant pillars (2nm) reaches up to 83%. Along the [100] direction, the TC reduction is the smallest with the reduction percentage around 74% in both the {100}and {110}-membranes. Introducing vacancies at the interfaces between resonant pillars and the base material can reduce the resonant phonon hybridization by affecting heat transport at intermediate frequency range. The ability of tuning the resonant coupling by interface quality thus provides a further degree of freedom to engineer the resonant effect and thermal transport.
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 1 FIG. 1. Schematic illustration of (a) pristine Si membrane, (b) resonant Si membrane, (c) resonant Si membrane with interface vacancies, (d) cross-section of pillars indicated by the dashed line in (c) (top) and the top view of resonant structures (bottom), and (e) relative orientations between the four bonds of a Silicon atom and the three facets. The coordinates below indicates the crystallographic orientations of the {100}-membrane, {110}-membrane and {111}-membrane, respectively. All membranes lie in the x-y plane.
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 2 FIG.2. The set-up of NEMD simulations. Region R is defined for SHC calculations.

FIG. 3 .

 3 FIG.3. The extrapolation of TC based on Eq. 4 for pristine and resonant (2 nm) {110}-membrane. The size of error bars for all data is smaller than the size of the symbols.

FIG. 4 .

 4 FIG. 4. (a) The TC along different directions in pristine and resonant membranes bounded with different facets. (b) The TC reduction percentage by resonant pillars with height of 2 nm and 8 nm.

FIG. 5 .

 5 FIG. 5. The spectral heat current in NEMD simulations for pristine and resonant (2 nm) membranes with different sample lengths. (a) pristine {100}-[100], (b) pristine {110}-[110], (c) pristine {111}-[112], (d) resonant {100}-[100], (e) resonant {110}-[110], and (f) resonant {111}-[112]. For pristine membranes, the pink region denote the ballistic transport region with SHC reduces less than 10% from the shortest sample to the longest sample calculated.

FIG. 6 .

 6 FIG.6. Comparison of TC between perfect resonant structures and resonant structures with interface vacancy.

FIG. 7 .

 7 FIG. 7. Comparisons of spectral heat current before and after the introduction of interface vacancies for (a) {100}-[100], (b) {110}-[110], and (c) {111}-[112] structures. The length of the samples is indicated in the corresponding figures.
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