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Abstract

:

Clathrates are a materials class with an extremely low phonon thermal conductivity, which is a key ingredient for a high thermoelectric conversion efficiency. Here, we present a study on the type-I clathrate La    1.2   Ba    6.8   Au    5.8   Si     38.8    □  1.4     directed at lowering the phonon thermal conductivity even further by forming mesoscopic wires out of it. Our hypothesis is that the interaction of the low-energy rattling modes of the guest atoms (La and Ba) with the acoustic modes, which originate mainly from the type-I clathrate framework (formed by Au and Si atoms, with some vacancies □), cuts off their dispersion and thereby tilts the balance of phonons relevant for thermal transport to long-wavelength ones. Thus, size effects are expected to set in at relatively long length scales. The structuring was carried out using a top-down approach, where the wires, ranging from 1260 nm to 630 nm in diameter, were cut from a piece of single crystal using a focused ion beam technique. Measurements of the thermal conductivity were performed with a self-heating   3 ω   technique down to 80 K. Indeed, they reveal a reduction of the room-temperature phonon thermal conductivity by a sizable fraction of ∼40 % for our thinnest wire, thereby confirming our hypothesis.
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1. Introduction


In view of global warming and the recent energy crisis, sustainable alternatives to fossil fuels are more important than ever [1,2]. Whereas at present thermoelectric generators (TEGs) play only a minor role in the wide group of renewable energy sources, their ability to turn a temperature difference into electricity makes them uniquely suited to be used in combination with other generators to recover energy that is otherwise lost as waste heat [3]. To boost the energy output, however, it is necessary to maximize their thermoelectric conversion efficiency. This in turn requires the used materials to have a high thermoelectric figure of merit   Z T  .



A material’s (dimensionless) thermoelectric figure of merit is given by   Z T =     S 2  σ  κ   T  , with the absolute temperature T, the Seebeck coefficient S, the electrical conductivity  σ  and the thermal conductivity  κ . S,  σ  and  κ  are interrelated via their dependencies on the charge carrier concentration, which are such that maximizing   Z T   amounts to a compromise [4]. However, the fact that the thermal conductivity is determined by both an electronic and a phonon contribution opens up the possibility to reduce  κ  without significantly degrading the electronic properties. This is the basis for the so-called phonon glass–electron crystal concept, which has triggered the research on several materials classes. Clathrates, for instance, form cage-like structures that encapsulate heavy guest atoms (Figure 1a). The rattling of these guest atoms disrupts the heat-carrying phonons, thus leading to a remarkably low phonon thermal conductivity, while leaving the electrical conductivity essentially unaffected [5,6,7,8,9].



Using inelastic neutron and X-ray scattering, an avoided crossing between the acoustic phonon modes and the flat rattling modes was identified [10,11,12], as illustrated in Figure 1b. The strong interaction of these modes, together with the associated thermodynamic signatures, the particular temperature dependence of the thermal conductivity and the observed universal scaling of the room-temperature phonon thermal conductivity with the product of sound velocity and Einstein temperature of the lowest-lying rattling mode, were taken as evidence for a phonon Kondo effect as the underlying mechanism [13]. The suppression of high-frequency acoustic phonons not only causes remarkably low phonon thermal conductivities, but also means that low-frequency (long-wavelength) phonons have a greater share in the heat transport. In fact, calculations suggest that in certain clathrates more than 90% of the heat is carried by phonons with a wavelength longer than 10 nm [14]. Therefore, even mesoscopic structures (about 100 nm to a few  μ m) made from those clathrates are expected to lead to a sizable reduction of the thermal conductivity.



We set out to test this conjecture by measuring individual type-I clathrate mesowires, fabricated from a clathrate single crystal using a focused ion beam (FIB). We study the electrical resistivity and thermal conductivity at temperatures between 300 K and 80 K, where the lattice thermal conductivity of bulk type-I clathrates was shown to be dominated by intrinsic phonon–phonon Umklapp scattering; notably, for two well-controlled sample series—one with a varying vacancy content and one with a varying charge carrier concentration—the curves collapsed above about 50 K, demonstrating that scattering of phonons from vacancies and electrons does not play a significant role at higher temperatures [13]. To avoid uncertainties in the thermal conductivity measurement, which are common in this temperature range, we implement a   3 ω   technique in which a suspended mesowire acts as both the heater and the thermometer [15]. Our results confirm that, even with relatively thick wires (diameters   < 600   nm), a sizable reduction of the phonon thermal conductivity is achieved.



A number of previous studies explored size effects on the thermoelectric properties of clathrates in polycrystalline bulk samples, using melt spinning [16,17,18], ball milling and (high-pressure torsion) hot pressing [18,19,20], high-pressure and high-temperature (HPHT) sintering [21,22], as well as approaches that introduced a secondary phase to stabilize small grains [23]. Whereas some of the results were promising, firm conclusions on the relation between the grain size and the lattice thermal conductivity remained elusive. This calls for a proof-of-concept study on single wires, as performed in the present work.
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Figure 1. (a) Crystal structure [24] of a type-I clathrate, with the guest atoms (green) sitting inside cages formed by essentially covalently bonded host atoms (blue and orange). In the case of La    1.2   Ba    6.8   Au    5.8   Si     38.8    □  1.4     (La-BAS), the green spheres denote Ba and La, the blue ones Si and the orange ones Au. The vacancies □ are distributed between Si and Au; (b) sketch of the phonon dispersion of type-I clathrates, as proposed in [13]. An acoustic phonon mode (the dashed line shows the dispersion assumed in the Debye model) hybridizes with a flat rattling mode (blue), resulting in a severe flattening of the former at large wave vectors q (red). This shifts the characteristic energy scale from the Debye energy   ℏ  ω D    to the Einstein energy   ℏ  ω E    of the lowest-lying rattling mode. 
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2. Materials and Methods


2.1. Samples


For our study, we chose La    1.2   Ba    6.8   Au    5.8   Si     38.8    □  1.4     (La-BAS) single crystals, which were grown in-house using a floating zone technique. They were studied using scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX) and wavelength-dispersive X-ray spectroscopy (WDX) analyses, transmission electron microscopy (TEM) as well as powder X-ray diffraction (XRD). This thorough analysis confirmed the phase purity of the grown crystals down to the nanometer scale [25]. As a result of the decreased charge carrier concentration, the substitution with La enhances the thermopower of the Ba   8  Au   x  Si    46 − x    series substantially [25]. However, while the phonon thermal conductivity    κ ph  ∼ 1.8   Wm    − 1   K    − 1    at 300 K is within the range of the Ba   8  Au   x  Si    46 − x    series [26], it is rather high compared to other clathrates, leaving room for improvement. We thus found this well-characterized compound to be ideally suited for our mesostructuring study.



A piece of crystal was investigated using Laue X-ray diffraction. We confirmed that it was indeed a single crystal (Figure 2a) and oriented it (Figure 2b). A crystal oriented along the 1–10 direction was then used to fabricate several mesowires with diameters of approximately 630 nm, 920 nm and 1260 nm.




2.2. Nanofabrication Process


The mesowires were fabricated with a top-down approach, in which the Ga   +   focused ion beam (FIB) of a FEI Quanta 200 3D Dual Beam system is used to form mesowires out of bulk single crystals. To protect the sample surface, first a platinum metal layer is deposited over the area of interest. Two trenches, one on each side of the metal line, are then cut with the FIB, so that a thin platelet, a so-called lamella, is obtained. In order to remove the lamella from the surrounding bulk crystal, it is tilted and cut free except for a small area on the side. It is then welded to a micro-manipulator needle using ion beam induced tungsten deposition. Finally, the remaining bridge between the lamella and the bulk sample is cut, and the lamella is transferred to and mounted on a transmission electron microscope (TEM) grid (Figure 3b), where the FIB is used to shape thin wires out of it (Figure 3c). The amorphous surface layer that forms due to bombardment with the high-energy Ga   +   ions is removed by an Ar   +   soft-milling procedure once the mesowires have almost the desired thickness. Next, the individual wires are again welded to the micro-manipulator tip and cut off from the rest of the material. The samples are then transported to a measuring platform, which was prepared beforehand using optical lithography. It consists of Ti/Au stripes (5 nm/45 nm thick, respectively) on an etched Si/SiO   2   substrate and can hold up to four wires. The wires are contacted there, using a combination of ion beam induced and electron beam induced tungsten deposition (Figure 3d).




2.3. Measurement Method


The mesowires were measured at temperatures between 300 K and 80 K in an LN   2  -flow cryostat, which is equipped with two radiation shields inside a vacuum chamber. Using a 4-point configuration, a   3 ω   method was deployed to measure the sample’s thermal conductivity. In this technique, which is commonly used for microwires [27], nanotubes [28] and nanowires [29,30], the suspended sample acts as both heater and thermometer. This makes it less sensitive to radiation losses than other measurement methods, which is a big advantage for high-temperature measurements. Figure 4b shows a schematic of the set-up: a lock-in amplifier (Signal Recovery 7265) provides a sinusoidal voltage signal, which is turned into an AC current using a current source (Anmesys AMS220). The current is fed through the sample, and the voltage is picked up on the inner contacts. The   V ( I )   dependence of the first harmonic signal provides information on the electrical resistance, whereas the thermal conductivity can be obtained from the third harmonic using the equation [15]


   V  3 ω   ≈   4  I 3  R  R ′  L    π 4  A κ   1 +   ( 2 ω γ )  2       ,  



(1)




where I is the root mean square of the applied AC current,  ω  is its angular frequency, R and   R ′   are the sample’s resistance and its temperature derivative,  γ  is the thermal time constant and L and A are the length between the voltage contacts and the cross-section of the sample, respectively. This equation not only gives direct information on the thermal conductivity  κ , but also via the thermal time constant  γ , on the specific heat   C P  .



The measurement setup and program were tested using a 25  μ m thick Pt wire. The frequency dependent third harmonic at 300 K is shown in Figure 5a. The fitted curve yields   κ = 71.9   Wm    − 1   K    − 1   , which is in excellent agreement with the literature value for Pt,   κ = 71.6   Wm    − 1   K    − 1    [31]. The difference between the obtained specific heat (   C P  = 137   Jkg    − 1   K    − 1   ) and the literature value (   C P  = 133   Jkg    − 1   K    − 1    [31]) is slightly larger, but still only about 3%. With these results, we deemed the setup suitable for the mesowire measurements.



Compared to the microwire measurements, the characteristic frequency dependence of the mesowires is shifted to higher frequencies. As it can no longer be fully detected by the lock-in amplifier, we decided to use a different approach for determining the thermal conductivity: in the low-frequency limit, Equation (1) takes the form


   V  3 ω   ≈   4  I 3  R  R ′  L    π 4  A κ    ,  



(2)




i.e., the third harmonic becomes nearly frequency independent. Although the information on the specific heat is lost, the thermal conductivity can be readily obtained by varying the excitation current at a fixed frequency. Figure 5b shows that the third harmonic signal of a 920 nm mesowire is linear in   I 3   for the whole temperature range. The slopes of the linear fits are used to calculate  κ .





3. Results


Figure 6a shows the temperature-dependent thermal conductivity of La-BAS mesowires with three diameters of roughly 630 nm, 920 nm and 1260 nm. The results are the average of measurements of two different mesowires, the dispersion being represented by the shaded area. The left axis shows the phonon thermal conductivity, which was obtained by subtracting the electron thermal conductivity from the measured total thermal conductivity. It is rather flat over the measured temperature range, with a small decrease at higher temperatures. The room temperature phonon thermal conductivity   κ ph   ranges from   1.29   Wm    − 1   K    − 1    for the thickest wires to   1.08   Wm    − 1   K    − 1    for the wires with 630 nm diameter. Compared to the bulk phonon thermal conductivity [25], this corresponds to a reduction of roughly 40% for the thinnest wires.



The electron thermal conductivity is plotted on the right axis of Figure 6a. It was estimated using the Wiedemann–Franz law    κ el  = L T / ρ  , with the Lorenz number   L = 2.44 ×  10  − 8     V   2  K    − 2    and  ρ  as shown in Figure 6b. With the highest obtained value being    κ el  ∼ 0.25   Wm    − 1   K    − 1    at room temperature, it is apparent that the thermal conductivity is governed by the phonon contribution.



As expected for a metal, the electrical resistivity of the La-BAS mesowires decreases with decreasing temperature. Comparing Figure 6a,b, one can see that, while the thermal conductivity decreases when reducing the diameter, the electrical resistivity somewhat increases. In terms of the overall thermoelectric conversion efficiency, the question of whether the positive effects outweigh the negative ones will thus have to be addressed.




4. Discussion


The phonon thermal conductivity of clathrates can be fitted using a modified Callaway model, as proposed in [13]. It uses the formalism of the well established Callaway model [32], but accounts for the suppression of high-frequency phonons by substituting the Debye temperature with the Einstein temperature of the lowest-lying rattling mode,


   κ ph  =     k B 4   T 3    2  π 2   v s   ℏ 3      ∫ 0   θ E  / T   τ     x 4   e x     (  e x  − 1 )  2    d x   with   x ≡    ℏ ω    k B  T     ,  



(3)




where  τ  is the relaxation rate obtained from three main contributions and Matthiessen’s rule


     τ  − 1      =  τ D  − 1   +  τ U  − 1   +  τ B  − 1     with        τ D  − 1      = A  ω 4   ,   τ U  − 1   = B  ω 2  T  ,   τ B  − 1   =  v s  / λ  .     



(4)







The contributions    τ D  − 1   ,  τ U  − 1     and   τ B  − 1    are the defect scattering rate, the high-temperature Umklapp scattering rate according to Klemens [33] and the boundary scattering rate, respectively.



Using Equations (3) and (4), and the values    θ E  = 82.3   K and    v s  = 3330   m/s [34], a good fit to the bulk phonon thermal conductivity of La-BAS is obtained, as shown in Figure 7a. From the fit, one obtains the defect scattering constant   A = 5.74 ×  10 3    K    − 4   s    − 1   , the Umklapp scattering constant   B = 38.8 ×  10 3    K    − 3   s    − 1    and the boundary scattering length   λ = 4.11 ×  10  − 5     m.



We then simulate curves assuming that the FIB processing changed the boundary scattering length to the diameters of the mesowires (1260 nm, 920 nm and 630 nm) but left the other scattering processes unaffected. These curves match the measured data quite well at high temperatures. Deviations are observed below about 270 K. They are likely due to additional defects introduced during the mesostructuring process. As shown in [13], defect scattering in type-I clathrates dominates at low temperatures but can be discarded as the dominating effect at room temperature.



For comparison, we also fit the bulk data with the original Callaway model with    θ D  = 348.3   K [34] (Figure 7b). This fit, though it naturally yields different fitting parameters, is of similar quality as the one using the modified Callaway model. However, the simulated curves, obtained by again changing the boundary scattering length to match the mesowire diameters, differ much less from the bulk curve and fail to capture the high-temperature mesowire data. This confirms the validity of the assumption that the (Kondo-like) interaction between the acoustic modes and the rattling modes effectively cuts off the acoustic phonon spectrum and thus shifts the weight of heat-carrying phonons to lower wavelength ones.



Focusing on the high-temperature region, where effects of point defect scattering were shown to be unimportant [13], we visualize the difference between these two models by plotting the phonon thermal conductivity vs. the boundary scattering length. Figure 8 shows the respective simulations at 300 K, together with the data points for bulk and mesowires. It is clear that only the modified Callaway model, where the Einstein temperature takes the role of the Debye temperature, captures our data. The fact that the boundary-scattering effect is governed by the Einstein and not by the Debye temperature makes type-I clathrates uniquely suited for size effect approaches. Moving on, it will be of great interest to test whether the thermal conductivity of clathrate mesowires with a lower Einstein temperature does in fact show an even stronger size dependence.



Finally, we estimate the effect of the mesostructure on the thermoelectric efficiency of La-BAS. Using the compound’s Seebeck coefficient measured in [25], we calculate the figure of merit, as shown in Figure 9. While   Z T   is almost identical for the mesowires with diameters of 1260 nm and 920 nm, a notable enhancement is observed for the thinnest mesowires (of 630 nm diameter), caused by the strong reduction of phonon thermal conductivity at this diameter.



For materials with more conventional phonon spectra, where the Debye temperature governs the phonon thermal conductivity, size effects are observed for much shorter dimensions. For instance, in Bi   2  Te   3   wires, a reduction of the room temperature phonon thermal conductivity of only ∼25% is observed for a diameter of 300 nm [35], and, in Bi   2  Se   3  , a reduction of ∼29% was found for a diameter of 200 nm [36]. The room temperature total thermal conductivities of 182 nm PbTe wires [37] and 50–100 nm PbSe wires [38] show a reduction of ∼50%, but, in the latter work, the decrease is partly attributed to the rough surface. While the total thermal conductivity of InAs nanowires of 40 nm diameter shows an 80% decrease, the decrease expected for 400 nm wires amounts to only ∼26% [39]. Most studies on Si have focused on extremely thin wires [40]. In a study comparing somewhat larger structures [41], the change in the total thermal conductivity between films with characteristic dimensions of 250 nm and 150 nm amounts to less than 10%, whereas, for nanowires of 50 nm and 20 nm, it differs by more than 45%, showing that substantial size effects in Si require nanostructures as opposed to mesostructures. As our work shows, this is in contrast to type-I clathrates, where sizable effects can already be achieved with mesostructures. Our proof-of-concept study opens the door for new approaches to enhance   Z T   in type-I clathrates, using mesostructures as opposed to nanostructures that are much more difficult to stabilize.
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Figure 2. (a) Laue X-ray diffraction pattern of the used La-BAS single crystal; (b) oriented single crystal. 
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Figure 3. Scanning electron microscopy images of (a) the bulk single crystal with cut out lamellas; (b) a lamella; (c) mesowires cut from the lamella; and (d) a single mesowire on the measuring platform. 
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Figure 4. (a) measurement setup; (b) schematic of the measurement circuit, adapted from [15]. 
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Figure 5. (a) Frequency dependence of the third harmonic voltage signal of a Pt test wire at 300 K, measured with 3.5 mA; (b) current dependence of the third harmonic of a 920 nm La-BAS mesowire at different temperatures. Prior to measuring the   V ( I )   dependencies, frequency sweeps were performed to select a measuring frequency at which the   3 ω   signal is nearly frequency independent and thus Equation (2) is valid. For better visibility, not all measured temperatures are included in this plot. 
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Figure 6. Temperature-dependent (a) phonon thermal conductivity (full symbols, left axis) and electron thermal conductivity (open symbols, right axis), as estimated from the Wiedemann–Franz law and (b) electrical resistivity. 
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Figure 7. Temperature-dependent phonon thermal conductivity of a bulk La-BAS single crystal and mesowires fabricated from the same batch (symbols), the best fit to the bulk single crystal (full blue line) and simulated curves (dashed lines) for which the boundary scattering length is fixed to the mesowire diameters and all other parameters are kept unchanged, using (a) the modified Callaway model with    θ E  = 82.3   K and (b) the original Callaway model with    θ D  = 348.3   K. Data for the bulk single crystal are taken from [34]. Only the modified Callaway model can capture the overall high-temperature behavior. Deviations at low temperatures are attributed to small changes in the defect scattering rate due to the FIB processing. 
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Figure 8. Phonon thermal conductivity as a function of boundary scattering length at 300 K, simulated using the modified (black) and the original Callaway model (red). Squares denote mesowire data, the circle the bulk data point taken from [34]. 
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Figure 9.   Z T   as a function of T. The behavior of the mesowires with a 630 nm diameter at high temperatures points towards an improvement as a result of mesostructuring. 
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