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Nanostructured materials are of great interest for many applications because of their special properties. Understanding the effect of grain boundaries on phonon transport in polycrystals is important for engineering nanomaterials with desired thermal transport properties. The phonon transport properties of Σ3 grain boundaries in silicon are investigated by employing atomistic Green's function method. Results show that similar to electron transport, the perfect grain boundary does not significantly reduce the thermal conductance, while defective grain boundaries can dramatically reduce the thermal conductance. This work may be helpful for the understanding of the underlying thermal transport mechanism across grain boundaries and the design of grain boundaries for energy applications.
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INTRODUCTION

Nanostructured materials are promising and attracting considerable attention because they are the fundamental building blocks for continuous technology advancement and have special properties due to the nanoscale size [1]. Polycrystals widely exist in nanostructured materials while single-crystals only form in special conditions. Polycrystals are comprised of many individual grains and grain boundaries are the interfaces between different grains. Understanding the effect of grain boundaries is critical in controlling transport properties. For electron transport, the effects of grain boundaries on electron mobility has been studied both experimentally [2–4] and theoretically [5–7]. Grain boundaries generally present an energy barrier to the transport of electrons and lead to a reduction of electron mobility [2, 4]. However, perfect (defect-free) grain boundaries were found to be almost transparent to electron transport in highly symmetric grain boundaries [8].

Besides electron transport, grain boundaries in polycrystals play an important role in thermal transport [9–12] because grain sizes are usually nanometers or sub-microns, which are comparable to phonon mean free paths. The thermal conductivity of polycrystals is lower than that of their corresponding single-crystals and further reduces with decreasing grain sizes due to the decreased phonon mean free paths [1, 13–15]. The overall thermal conductivity reduction has been observed in polycrystals of a wide variety of materials [16–19], which has been attributed to many mechanisms including the effects of grain boundaries, vacancies, impurities, and dislocations [1, 20–22]. Understanding the effect of grain boundaries on phonon transport is important and necessary for the engineering and design of nanomaterial thermal transport properties for many applications such as thermoelectrics [23, 24], micro/nano-electromechanical devices [25], phononic devices [26], and thermal barrier coatings [17].

Non-equilibrium molecular dynamics were previously performed to calculate the thermal interface conductance across grain boundaries, while phonon wave packets were launched in molecular dynamics to study the phonon transmission across grain boundaries [27–29], which can calculate the mode-dependent transmission. Atomistic Green's function method [30, 31], a computationally efficient way to extract frequency-dependent phonon transmission in a single calculation, has been applied to study phonon transport across interfaces [32–35] but has not yet been applied to study phonon transport across grain boundaries. Moreover, the effects of perfect vs. defective grain boundaries on thermal transport remain unknown.

In this paper, we apply atomistic Green's function to study the influence of grain boundaries on thermal transport in silicon. Silicon is chosen as a model material because of its wide applications in microelectronics as the best characterized and purest semiconductor [12], and we expect similar results exist in many other materials. Specifically, the phonon transport properties of both perfect and defective Σ3 grain boundaries in silicon are investigated. Results indicate that similar to electron transport, the perfect grain boundary does not significantly reduce thermal conductance, while defective grain boundaries can dramatically reduce the thermal conductance. This work may help understand the underlying thermal transport mechanism across grain boundaries and facilitate the design of grain boundaries for energy applications and beyond.

COMPUTATIONAL METHODS

Based on atomistic Green's function method, the whole system is partitioned into three regions: left lead, center region, and right lead. Left and right leads are semi-infinite crystal lattices. All the three regions impose periodic boundary conditions in the transverse direction to represent the infinite lateral dimension.

Green's function is defined as
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where ϕC (C stands for center) is the force constant of center region, ω is phonon frequency, ΣL (L stands for left lead), and ΣR (R stands for right lead) are the self-energies which describe the effect of the leads on the center block. Green's function projects the infinitely large parts onto the part of interest and replace the infinite leads by finite leads with self-energies. The phonon transmission function is computed from the Green's function at each frequency:
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where G+ is the Hermitian conjugate of G, and [image: image] is the rate at which phonons enter and exit the leads (α stands for L or R). The phonon transmission function can be larger than unity since it represents the number of modes transmitted at a specific frequency. Transmittance, on the other hand, describes the fraction of the incident phonons that is transmitted, whose value is between zero and unity [32].

Based on Landauer's formula, the thermal conductance can be calculated as

[image: image]

where s is the cross-sectional area of the calculated cell perpendicular to the heat flow direction and f is the Bose-Einstein distribution. This is a widely used formula to calculate thermal conductance. Note that this definition leads to a finite thermal conductance for pure material without grain boundaries since the temperature drop T in Equation (3) is between the reservoir temperatures T1 and T2, instead of temperature drop right across the interface. A modified expression is needed to obtain infinite thermal conductance for pure material without grain boundaries [32]. However, in this work, we are interested in the relative change in thermal conductance instead of the absolute values of thermal conductance. Equation (3) is thus used to so that we can estimate the relative change in thermal conductance.

The force constants are calculated by using molecular dynamics (MD) simulations implemented in the large-scale atomic/molecular massively parallel simulation (LAMMPS) molecular dynamics package [36]. In the simulations, silicon-silicon bonding interactions are described by Stillinger-Weber (SW) interatomic potential. Although first-principles force constants are desired for precise quantitative predictions, the following calculations are based on SW potential due to the much higher computational cost for large cell of grain boundary system in the first-principles calculations. As a semi-empirical potential, SW is expected to give qualitative predictions. Periodic boundary conditions are imposed in the transverse direction. The timestep is set to be 10 fs. Force and displacement data are recorded in a microcanonical ensemble (NVE) at 10 K for 60 ps, from which the force constants are extracted.

RESULTS AND DISCUSSIONS

The Σ3 grain boundary is constructed as Figure 1. The unit cell of center region contains 96 atoms and the unit cell of each lead is composed of 48 atoms. Each layer has 8 atoms. After fully relaxing the system, the force constants are extracted from the force and displacement data. Then the phonon transmission function is calculated based on force constants.
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FIGURE 1. Silicon with perfect Σ3 grain boundary. The system is partitioned into three regions: left lead (L), center region (C), and right lead (R). Left and right leads are semi-infinite crystal lattices. All the three regions impose periodic boundary conditions in the transverse direction to represent the infinite lateral dimension. The grain boundary has 2 layers and each layer has 8 atoms. The unit cell of center region contains 96 atoms and the unit cell of each lead is composed of 48 atoms.



In Figure 2A, the transmission function of a perfect Σ3 grain boundary does not drop significantly compared to the pure silicon case. The overall thermal conductance of the perfect Σ3 grain boundary case decreases only 15% at room temperature as shown in Figure 2B, indicating that perfect grain boundary itself does not have significant impact on phonon transmission. This phenomenon is similar to the electron transport case where defect-free grain boundaries are almost transparent to electron transport in highly symmetric grain boundaries [8]. However, in real samples, the defect-free grain boundaries rarely exist [37].
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FIGURE 2. (A) Phonon transmission, and (B) thermal conductance for pure silicon (black solid line) and silicon with perfect Σ3 grain boundary (red dashed line).



Then we evaluate the influence of the disorders or defects at the grain boundary. The simple treatment for the disorders or defects used in this work is not exact or rigorous, but should provide a general idea. We calculate the dangling bonds case by randomly deleting the bonds at the grain boundary to mimic point defects or impurities. In Figure 3, the phonon transmission and thermal conductance keeps decreasing as the number of dangling bonds increases. The thermal conductance is reduced by 60% when half of the bonds at the grain boundary are deleted.
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FIGURE 3. (A) Phonon transmission and (B) thermal conductance for pure silicon (black solid line), silicon with perfect Σ3 grain boundary (red dashed line), and silicon with defective Σ3 grain boundary with dangling bonds (dotted lines).



We then randomly delete atoms from the two layers at the grain boundary to mimic the vacancy case. More significant reduction in the phonon transmission and thermal conductance is observed as in Figures 4, 5. The total thermal conductance decreases by 80% when half of the atoms are missing. The reason for the larger reduction in the case of missing atoms compared with that in the case of dangling bonds is that missing atoms makes the grain boundaries more defective.
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FIGURE 4. (A) Phonon transmission and (B) thermal conductance for pure silicon (black solid line), silicon with perfect Σ3 grain boundary (red dashed line), and silicon with defective Σ3 grain boundary with missing atoms (dotted lines).
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FIGURE 5. (A) Phonon transmission and (B) thermal conductance for pure silicon (black solid line), silicon with perfect Σ3 grain boundary (red dashed line), and silicon with defective Σ3 grain boundary with dangling bonds (yellow dotted line), and missing atoms (purple dotted line).



CONCLUSION

In summary, we apply atomistic Green's function method to investigate the phonon transmission across Σ3 grain boundaries of silicon and the overall thermal conductance. The results indicate that similar to electron transport, the perfect grain boundary does not significantly reduce thermal conductance, but defective grain boundaries can dramatically reduce the thermal conductance. This work may help understand the underlying thermal transport mechanism across grain boundaries.
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