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Thermoelectric conversion is capable of converting heat directly to electricity. However, actual 

implementations of thermoelectric devices are still limited with the leading bottleneck being the 

costs of materials and device integration, which calls for thermoelectric materials based on 

standard semiconductors with sufficient figure of merit (ZT) at room temperature. Bulk silicon 

crystal comes on the top of the list, however, the ZT even with nanostructuring has been limited 

due to its high thermal conductivity. Here, we have realized nanostructured silicon material with 
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ZT larger than 0.3 at room temperature by a scalable process consisting of metal-assisted chemical 

etching and plasma activated sintering. The material structure is highly complex being composed 

of randomly distributed nanograins, nanopores, and metal nanoprecipitates with hierarchical sizes, 

which significantly reduces thermal conductivity without appreciably sacrificing electrical 

conductivity. It is further identified by detailed experimental and theoretical investigations that the 

key contribution to the reduction comes from the softening of grain boundaries significantly 

limiting the interfacial phonon transmission. The developed high-performance silicon 

nanocomposite is expected to greatly enhance the application of thermoelectrics by lowering the 

material and process costs.  

 

1. Introduction 

Thermoelectric materials are capable of directly converting heat into electricity by Seebeck 

effect. They are applicable to a wide range of industrial applications, such as energy harvesting to 

power sensors for internet of things (IoT), waste heat utilization in automobiles or industrial 

furnaces, solar thermal power generation, charging of mobile devices in remote areas, and co-

generation such as topping power generation 1-4. Benefits of using thermoelectric devices include 

long service life, silent operations, and environment friendliness 5, 6. However, the industrial use 

of thermoelectric devices to this date is still limited, largely due to the poor cost efficiency, i.e. the 

power output for the costs of the materials and processes. 

To improve the cost efficiency, one can enhance the energy conversion efficiency of the 

materials, which is gauged by the dimensionless figure of merit, ZT=(S2σ/κ)T, where S, σ, κ and T 

are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, 
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respectively. To date, various approaches have been adopted to optimize ZT by enhancing 

electrical properties (power factor, S2σ) through quantum confinement 7, resonant doping 8, 2D 

electron gas 9, and energy filtering 10, or lowering κ by scattering phonons with lattice 

anharmonicity 11, alloys 12, 13, and nanostructures 14, 15. The latter approaches have achieved ZT 

significantly larger than 1 based on crystal compounds like Bi2Te3 
13, PbTe 14, and SnSe 11. 

However, heavy elements are required for small phonon group velocity and large anharmonicity, 

which inevitably increase the costs of the materials and process because of the limited abundance 

and processing options. The softness of these materials is also in trade-off with thermal and 

chemical stabilities. All these result in insufficient cost efficiency for spreading the range of 

industrial applications. 

Conversely, if the material and process costs can be greatly suppressed, even moderate ZT of 

conventional materials may be sufficient for some applications. For example, ZT around 0.3 could 

generate sufficient power to intermittently drive self-powering sensors in IoT if the module is 

efficiently integrated. In other words, the key challenge to promote industrial use of 

thermoelectrics is to achieve the sufficient ZT with inexpensive materials and processes. In this 

sense, crystal silicon (Si) comes to the top of the list. 

Si is a non-toxic element with the highest abundance, high thermal stability and mechanical 

strength, and high S2σ, and its compatibility with the existing and matured Si technology would 

reduce the process cost for module integration 16-20. Single crystal Si itself is not a good 

thermoelectric material due to its high κ, but high ZT values (0.4-0.6 at room temperature) have 

been reported when nanostructured into a “holy” Si thin film 21 or a rough nanowire 20, where 

strong phonon scattering reduced κ nearly to the amorphous limit. The next non-trivial and 

discontinuous step is to realize similar ZT with a scalable material, however, scaling up the above 
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individual nanomaterials for instance to a nanowire network has been challenging and the attempt 

so far has resulted in σ that is short by several orders of magnitude to reach the above level of ZT  

even with the large Seebeck coefficient and low thermal conductivity 22. A typical approach to 

synthesize nanostructured bulk material is to sinter nanoparticles, which has been successful for 

high-temperature performance (ZT over 0.5 for above 873 K) 23, but the room-temperature ZT 

values were as low as 0.01. As more waste and environmental heat is available at temperatures 

closer to room temperature, and there are other alternatives to reuse high-temperature heat, to 

widen the industrial use of thermoelectrics, the primary target is ZT around room temperature. 

Here, we report a new type of scalable nanostructured Si material with ZT larger than 0.3 at 

room temperature fabricated by a combination of metal-assisted chemical etching (MacEtch) and 

plasma activated sintering as shown in Fig. 1. The material structures are highly complex 

consisting of Si nanograins, nanopores, and metal nanoprecipitates with hierarchical sizes, which 

reduce the κ to the amorphous limit of Si without appreciably sacrificing electrical properties (S2σ). 

Detailed experimental and theoretical investigations are carried out to explain the thermal-

conductivity reduction in terms of softening of the grain boundaries that limits the interfacial 

phonon transmittance. 

 

2. Results and discussion 

Figures 2(a) and (b) show SEM images of the fabricated Si nanowire arrays on the Si substrate. 

The length and diameter of the nanowires were about 20 um and 100 nm, respectively. Nanoscale 

pores were formed inside the Si nanowires due to a longer etching time compared with usual 

MacEtch process (Fig. 2(b)). These nanopores effectively soften the nanowire arrays and make 
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them easier to be reshaped to dense materials. Nanocomposites with the thickness of about 10 μm 

and porosity of 10.5% are then obtained by sintering the softened nanowire arrays (see Method). 

Four samples were fabricated under the same etching and sintering conditions to check 

reproducibility. The scanning electron microscope (SEM), transmission electron microscope 

(TEM), and high-angle annular dark field scanning TEM (HAADF-STEM) images of the obtained 

nanocomposites are shown in Figs. 2(c), (d) and (e), respectively. The nanocomposites consist of 

complex nanostructures: Si nanograins, nanopores, and nano-precipitates, whose sizes were 

identified to be hierarchically distributed (Figs. 2(i), (j) and (k)) with average diameters of 138 ± 

11 nm, 43 ± 8 nm, and 20 ± 5 nm, respectively, by using image processes (See Supplementary 

Material (SM), Section 4). The smallest end of the sintered grain size reaches 10 nm, which 

indicates that the nanowires were effectively crushed into small pieces of several nanometers by 

the force applied along the longitudinal direction of the nanowires during the sintering process 

(Fig. 2(a)). The high-contrast spots in the HAADF-STEM image (Fig. 2(e)) show that the nano-

precipitates with a volume fraction of about 2.8% are formed by elements that are heavier than Si, 

which is further confirmed to be Ag by EDX analysis (Fig. 2(f)). Ag comes from the silver acetate 

used for the MacEtch process, and thus the resulting nano-precipitates are uniformly distributed. 

The measured thermal and electrical properties of the four nanocomposite samples are shown 

in Fig. 3. For thermal properties, the distributions of the measured κ of the four samples at 300 K 

are indicated as the error bars in Fig. 3(a), where κ varies from 1.48 ± 0.13 W/m-K to 3.52 ± 0.27 

W/m-K in the in-plane direction, and from 1.86 ± 0.17 W/m-K to 3.72 ± 0.28 W/m-K in the out-of-

plane direction. The variations of κ for different samples fabricated under the same conditions 

suggest that κ is sensitive to detail variations in the nanostructures, which indicates the possibility 

for even further structure optimizations. The average κ of the four samples at 300 K in the in-plane 
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and out-of-plane directions are 2.72 ± 0.33 W/m-K and 3.01 ± 0.30 W/m-K, respectively. The 

anisotropy ratio ranges from 0.80 to 0.93 with the value of 0.9 (=2.72/3.01), which are close 

enough to 1 to state that the sintered nanocomposites are isotropic despite the initial alignment of 

the nanowires. The best performing sample has the lowest in-plane κ of 1.48 ± 0.13 W/m-K and 

the lowest out-of-plane κ of 1.86 ± 0.17 W/m-K, which are equivalent to κ of amorphous Si (1.8 

W/m-K), suggesting strong phonon scattering in the nanocomposite. 

We selected the sample with κ that is close to the average κ at 300 K and measured the 

temperature dependence of κ from 3 K to 300 K (Fig. 3(a)). Therefore, the temperature-dependent 

κ shown in Fig. 3(a) is meant to illustrate the average behavior. The result shows a saturation of 

temperature dependence when the temperature is higher than 150 K. Such saturation has been also 

observed for a Si nanowire with the diameter of 115 nm (similar to the average grain size of the 

current nanocomposite) with etched rough surface, in contrast to the smooth Si nanowire whose 

thermal conductivity exhibited a maximum at a temperature below 300 K. 20 This indicates that 

the grain boundaries play a dominant role in reducing thermal conductivity. The precise underlying 

mechanism will be further discussed later.  

We now discuss the electrical properties of the samples. The reference single crystal sample is 

the boron-doped single crystal Si wafer that is used for fabricating the nanocomposites. The value 

of σ, S, and carrier concentration of the reference single crystal at 300 K are 1.03×104 S m-1, 502.9 

μV K-1 and 9.33×1018 cm-3, respectively. The carrier concentration of the nanocomposites is 

reduced to 5.48×1018 cm-3 during the MacEtch and sintering processes. Carrier mobility of the 

reference sample and nanocomposites are 68.4 cm2 V-1 s-1 and 35.1 cm2 V-1 s-1, respectively. The 

influence of boundary scattering is moderate for electrons than for phonons because mean free 

paths of electrons are much shorter than those of phonons 24. Consequently, the σ of the sintered 
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nanocomposite from 300 K to 1000 K is about 4 times smaller compared with that of the reference 

simple crystal (Fig. 3(b)). On the other hand, the value of S of the nanocomposite at 300 K (Fig. 

3(c)) is higher than the reference single crystal Si due to the lower carrier concentration. 

Consequently, the reduction S2σ of the nanocomposite is moderate and maintained to be 60% of 

the reference single crystal Si at 300 K. The percentage decreases as temperature rises due to the 

rapid reduction in S (Fig. 3(d)), especially when temperature is higher than 600 K, but this is 

because we set the carrier concentration low aiming for the performance at around room 

temperature. Such a drop of S, in general, can also be related to the bipolar effect, however, we 

expect the bipolar effect to be weak at this low carrier concentration. Note that such drop of S has 

been shown in previous reports25, and it is has been explained that temperature dependence of 

chemical potential has influence on temperature dependence of Seebeck coefficient in materials 

with high Seebeck coefficient26. Unlike the thermal conductivity, the electrical properties for all 

the four samples were the same, which suggests that electric properties are much less sensitive to 

the details of the nanostructures.  

From the thermal and electrical properties, we obtain the ZT values of the nanocomposites at 

300 K, as shown in Table 1.  Here, we take κ in the in-plane direction to be in line with the direction 

of the electrical conductivity but, as indicated by the observed isotropy in nanostructures and 

thermal conductivities, the ZT is expected to be fairly isotropic. It is shown that ZT of our best 

performing nanocomposite at 300 K is as large as 0.3 (Table 1, Sample 4), which is about 50 times 

larger than ZT of single crystal silicon 27. Even in terms of the minimum ZT values, those of the 

nanocomposite samples are significantly high, as they reach 0.14 for 300 K, which is nearly 20 

times higher than ZT of single crystal silicon, and nearly one order of magnitude higher than the 

ZT of the nanostructured Si in previous reports23, 27-29.  
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As shown in Fig. 3, κ of the nanocomposite become convergence when temperature reaches 200 

K, therefore, we also estimated the temperature dependence of ZT from 300 K to 1000 K by taking 

the value of κ at 300 K. Note that measurements of κ could not be done for higher temperatures 

because of the limited thermal stability of the metal lines in the 3-omega method. However, this 

way, ZT will at least not be overestimated but rather underestimated considering the fact that κ is 

expected to decrease with increasing temperature above 300 K due to enhancement of phonon-

phonon scattering if it does not remain constant. In fact, experimental works of  Miura et al 28 have 

shown that κ of nanocomposites from 300 K to 1000 K show a slightly-decreasing trend. The 

estimated temperature-dependent ZT (Fig. 4) show that ZT can reach 0.41 at 600 K.  

Table 1 is the summary of the measured thermoelectric properties of the current nanocomposite 

at 300 K in comparison with that of the bulk nanostructured Si in the previous works. The 

properties are list for all the four samples measured. It is well known that a lower carrier 

concentration leads to a smaller σ but a larger S, which is also the case here. The carrier 

concentration of our nanocomposite is similar to that of the samples in the works of Stranz et al 27, 

and their σ and S are comparable, despite that the current sample is nanocomposite and the one in 

the reference is bare doped single-crystal Si. The samples of Bux et al 23, Schierning et al 29 and 

Miura et al 28, have much higher carrier concentrations, which resulted in larger σ but smaller S. 

Nevertheless, because the power factor is proportional to S2, a relatively larger S contributes more 

to S2σ, and thus, our nanocomposite sample has the largest S2σ despite the smallest σ. More 

importantly, the current nanocomposite has extremely small κ that is equivalent to κ of amorphous 

Si. The κ of the nanocomposite is about 5 times smaller than κ of the sintered nanocrystalline Si 

in the works of Bux, et al 23 and Miura et al 28, and one order magnitude smaller than κ of Stranz 

et al 27. As a result of both a decent S2σ and extremely small κ, ZT of the nanocomposite reaches 
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0.30 at 300 K. To our knowledge, this is the highest ZT among scalable Si thermoelectric materials 

to this date.  

To deepen the understanding in the cause of high ZT value of the nanocomposite, we have 

investigated the mechanism of the κ reduction. We calculated the effective κ by Monte Carlo ray 

tracing method 30, in which the effect of phonon-phonon, impurity scatterings, phonon-pore 31-36, 

phonon-boundaries30 and phonon-interfaces scatterings are incorporated. We also included the 

effect of Ag particles by assuming them to be pores of the same size (38 nm on average), which is 

an extreme assumption with zero phonon transmission through the Ag particle. This increased the 

total porosity from 10.5% to 12.7%. Here, as mentioned above, the error the sizes of pore and Ag 

particle due to the uncertainties in binarizing the boundaries are ± 8 nm and ± 5 nm, respectively 

but were confirmed to change the thermal conductivity only by a few percent. The error in 

determination of the grain size (± 11 nm) is somewhat larger but was also confirmed to change the 

thermal conductivity by less than 10%, which is similar to the measurement error. In Fig. 5 (a), the 

calculated cumulative κ in the frequency domain is shown for various values of TBC, where the 

values at the largest frequency are to be compared with the experimental κ. It can be seen that TBC 

as low as 40 MW m-2 K-1 is required to explain the experiment. However, in the previous work, 

where TBC across sintered Si interfaces prepared with various chemical treatments and sintering 

temperatures were measured, even interface with oxide nano-precipitates has TBC larger than 100 

MW m-2 K-1 and a clean interface between grains with different crystal orientation can be as high 

as 500 MW m-2 K-1 37. Note that we mean here the clean interface formed by sintering, and 

atomistically smooth interface such as twin boundary would exhibit higher TBC 38. As can be seen 

in the effective phonon mean free paths plotted in Fig. 5(b), grain boundaries with TBC=40 M m-
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2 K-1 reduces the phonon mean free path to range from the lattice constant (0.54 nm) to 10 nm, 

which is comparable to the wavelength of phonon at room temperature.  

To this end, we turn to the elastic properties of the nanocomposite, which have been recently 

shown to influence κ of crystalline materials 39, 40. For instance, Wingert et al experimentally 

showed that κ of crystalline Si nanowires can decrease below the amorphous limit due to the strong 

elastic softening 30. They show that elastic modulus (E) can be as low as 30 GPa when the diameter 

of the nanowires reaches 5 nm, which is one-fifth of the E of single crystal silicon (167 GPa). 

Motivated by this result, we measured the E of the nanocomposite, and the reference single crystal 

Si sample, as shown in Fig. 6. It is shown that the E=147 GPa of the reference simple crystal is 

close to the literature value of single crystal Si (167 GPa), and E= 25.6 GPa of nanocomposite is 

much softer. Since porosity (12.7%) should contribute to the E reduction, we removed the porosity 

effect following the experimental finding of Bellet et al 41 (see SM, Section 7 for detail). The 

resulting E of the solid part of the nanocomposite is 48.9 GPa, which is still much smaller than E 

of the single crystal. To identify whether the softening is due to the lattice softening of the crystal 

grains or/and softening of the interfaces between the grains42, we have performed first-principles 

phonon calculations of crystal Si with lattice constant expanded by 10%, which softens E to 56.3 

GPa (i.e. close to 48.9 GPa). As a result, the softening does reduce κ of single crystal Si from 141 

W/m K to 47 W/m K (Table 2) due to suppression of transport of low-frequency phonons. However, 

when extending the calculation to the nanocomposite in the same manner as the previous non-

strained case by Monte Carlo ray tracing calculation using the phonon properties of the softened 

Si crystal, it did not result in an additional reduction of thermal conductivity because the low-

frequency phonons had already been scattered by the grain boundaries. The analysis, therefore, 

suggests that the softening arises from softening of the grain boundaries rather than that of internal 
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crystal grains. This was further verified by performing Raman spectroscopy on the nanocomposite 

sample. We confirmed that the Raman shift of the 520-cm-1 peak due to nanostructuring was only 

-0.3 cm-1, corresponding to the strain of only 10-3 with respect to the single crystal Si. Note that 

softening of the grain boundary, on the other hand, should hardly be observed by Raman 

spectroscopy due to the small volume fraction. 

Pursuing with the scenario of interface softening, to evaluate E of the grain boundary, we first 

modeled the effective E of the solid part of the nanocomposite Eeff by separating contributions 

from internal grains and grain boundaries adopting the mixing rule as 43 

 

(1) 

where Ein and Ebd are E of the internals and boundaries of the grains, and φin and φbd are their 

volume fractions, respectively. Here, Ein is set to E of the doped single crystal Si, 147.50 GPa. φin 

can be obtained from the average grain size d, and φbd is estimated from d and the thickness of 

boundary Δ as43, 

 

(2) 

The magnitude of Δ is expected to correlate with the surface roughness of the nanowires before 

sintering, whose root-mean-square (rms) value typically ranges from 1 nm to 5 nm for silicon 

nanowires 20. Firstly, we assume Δ to be the average room-mean-square of surface roughness 

(3nm), and the influence of uncertainty in Δ will be discussed later. Then, from Eqs. (1) and (2), 

we find that Ebd needs to be as small as 6.2 GPa, which is merely 4.2 % of Ein, for Eeff to be 48.7 

GPa. In fact, the value of Ebd is comparable to the value obtained by extrapolating the diameter 

𝐸eff
−1 = 𝜑in  𝐸in

−1  + 𝜑bd  𝐸bd
−1 , 

𝜑bound = 1 − (
𝑑 − ∆

𝑑
)3 , 
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dependence of E of the nanowires 39 to 3 nm (10 GPa). Therefore, the current result suggests that 

the grain boundaries are significantly softened in the nanocomposite.  

Next, we discuss how the reduction of Ebd affects the TBC of the grain boundaries by using the 

atomistic Green’s function (AGF) calculation. Firstly, we prepared the interface structures for 

AGF calculations, where a 3-nm-thick softened Si crystal layer with Ebd= 6.2 GPa (interface 

structure) sandwiched by two semi-infinite single-crystal Si layers with Ein=147.5 GPa. The 

Tersoff potential was used for the structural relaxation and AGF calculations44. As for the softened 

interface layer, the original potential parameters were tuned so that the modulus becomes 6.2 GPa, 

without changing the lattice constant (parameters are shown in SM, Section 8). The interaction 

potential between the atoms in the semi-infinite layers and those in the softened interface layers 

are modeled according to the mixing rule 44. The AGF calculation was then performed on the 

softened interfaces, and TBC was obtained to be 39.6 MW m2 K-1. This agrees well with the 40 

MW m2 K-1 that was required to explain the average thermal conductivity of the nanocomposite 

obtained by the experiments.  

Finally, we discuss the influence of the uncertainty in Δ, as it can vary from 1 nm to 5 nm 

according to the root mean square of surface roughness. With the variation in Δ, the elastic modulus 

of the soft interface ranges from 2.5 GPa to 9 GPa. Following the same process as that for Δ=3 nm, 

the TBC is estimated to vary from 17 MW m-2 K-1 to 60 MW m-2 K-1. On performing multiscale 

phonon transport calculations using there TBC values, the obtained range of composite thermal 

conductivity is 1.10 W/m-K to 3.55 W/m-K. This is in reasonable agreement with the variation of 

the measured thermal conductivity:1.48 W/m-K to 3.52 W/m-K in the in-plane direction and 1.86 

W/m-K to 3.72 W/m-K in the out-of-plane direction. Therefore, the variation in Δ can 

appropriately explain the variation in the thermal conductivity of different samples. The result not 



 13 

only explains the mechanism of the large thermal conductivity reduction in the nanocomposite but 

also suggests the general possibility of employing the elastic softening effect to lower thermal 

conductivity of crystalline nanostructures without appreciably reducing the electron transport, 

which leads to a promising path for developing scalable materials that decouple thermal and 

electrical transport. 

 

3. Conclusions 

We have developed a scalable Si thermoelectric material that can achieve ZT exceeding 0.3 at 

room temperature. The material is fabricated by combining the metal-assisted chemical etching 

and plasma-activated sintering methods. The material consists of nanograins, nanopores, and metal 

nanoprecipitates with largely hierarchical distribution realized by crushing and sintering Si 

nanowire arrays that have two-scale pores: space between the nanowires due to the primary etching 

and the pores inside the nanowires due to the secondary etching. The extraordinarily high ZT at 

room temperature for being a Si material is attributed to the extremely low thermal conductivity, 

which, through multiscale phonon transport calculations and elastic modulus measurements, has 

been identified to be caused by the mechanically-softened grain boundaries formed by the etching 

and sintering processes. The nanocomposite is fabricated by a scalable process that can be 

extended to bulk production, and thus is expected to greatly enhance the application of 

thermoelectrics by lowering the material and process costs, particularly as energy harvesting 

devices to power sensors and transmitters for the internet of things. 
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4. Methods 

4.1 Fabrication of Si nanocomposite  

We fabricated nano-structured Si by using metal-assisted chemical etching 45, 46 (MacEtch) and 

plasma activated sintering as shown in Fig. 1. MacEtch is an etching method by nano-structured 

noble-metal formed on Si surface. MacEtch can fabricate periodic structures such as nano-porous, 

nanowire array, and nano-wall array materials depending on the shape and density of surface 

metals. In addition, MacEtch, being a self-assembly method, can fabricate nano-structures in large-

area, and thus is a scalable process for bulk nanostructured materials. 

Firstly, we fabricated Si nanowire array by using MacEtch. Si wafer with boron dopants at a 

concentration of 9×1018 cm3 was immersed into 10% hydrofluoric acid (HF) solution for 1 min to 

remove the native oxide layer. The cleaned Si wafer was then immersed in a solution of 0.2 % 

silver nitrate (AgNO3) and 10% HF for 1 min to form Ag nano-particles on Si surface (Fig. 1(b)). 

In this process, Ag+ ions deposited on Si surface nucleate and self-assemble into Ag nanoparticles, 

which serve to initiate the Si etching. The Si wafer with Ag nanoparticles was next immersed in a 

solution of 2.5% hydrogen peroxide (H2O2) and 10% HF for 2 hours (Fig. 1(c)), and this etches 

the Si wafer to form the nanowire-array structure with nanowire length and diameter of about 20 

um and 100 nm, respectively. The etching also produces secondary holes in the nanowires, and 

thus some of the Ag remains inside the wires.  

Secondly, the nanowire array structure was sintered at 980 ℃ and 50 MPa by plasma activated 

sintering (PAS) using Ed-PAS IV (Elenix) into a nanocomposite with a thickness of about 10 μm 

and porosity of 10.5% (Fig. 1(d)). Here, as illustrated in Fig. 1(d), the Si wafer with nanowire array 

was sintered together with another Si wafer with 300-nm SiO2 thin-film on the surface facing the 
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nanowire array to make the electrical and thermal property measurements possible as will be 

explained later. The sintering was performed for 3 min at 980 °C, and sintering pressure was set 

to 50 MPa.  

 

4.2 Measurement of thermal conductivity  

The sintered sample is configured, from bottom to top, as Si-substrate/Si-nanocomposite 

(sintered porous nanowire array)/SiO2-thin-film/Si-substrate. For thermal conductivity 

measurement, the sample was etched from the top-Si-substrate side by XeF2 dry-etching so that 

the SiO2 thin film was exposed at the surface of the sample (Fig. S1 in SM). We then deposited 

metal-wire on the SiO2 layer as shown in Fig. S1(e) and measured thermal conductivity by using 

the 3-omega method 47. Here, we measured both in-plane and out-of-plane thermal conductivity 

by performing measurements with heaters of multiple widths48. Thermal conductivity of out-of-

plane direction 𝜅⊥ is obtained as 

 
(3) 

where P is the amplitude of supply current, d is the thickness of the sample, b is the half-width of 

the heater, ΔTs and ΔTref are the temperature rises of sample and reference, respectively. On the 

other hand, thermal conductivity in the in-plane direction 𝜅∥ is obtained from the anisotropic ratio 

η, which was extracted by fitting the following expression to the measured data, 

   
(4) 

𝜅⊥ =
𝑃𝑑

2𝑏 Δ𝑇s 𝜔 − Δ𝑇ref  𝜔  
, 

Δ𝑇 =
𝑃

2𝜋𝑙
 

𝐵+ 𝜆 + 𝐵− 𝜆 

𝐵− 𝜆 𝐴+ 𝜆 − 𝐵+ 𝜆 𝐴− 𝜆 

∞

0

sin 2 𝑏𝜆 

𝑏2𝜆2

1

𝜅𝑛 ,⊥𝛾𝑛
𝑑𝜆 
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where A+(λ), A-(λ), B+(λ), and B-(λ) are dimensionless parameters determined by matric recursions 

49, D is the thermal diffusivity and l is the length of the heater. Thermal conductivity was measured 

from about 3 K up to room temperature by using a cryostat (OptistaDry, Oxford instrument). 

 

4.3 Measurement of electrical conductivity and Seebeck coefficient  

For electrical measurement, the sample was etched from the bottom-Si-substrate side by DRIE 

so that the nano-composite layer was exposed at the surface (Fig. S1 in SM). After complete 

removal of the bottom substrate, the nano-composite layer is supported by the top substrate with 

the SiO2 layer in between. Here, the SiO2 layer electrically insulates the sample from the Si 

substrate as required for the electrical measurements. Electrical conductivity and Seebeck 

coefficient were measured from room temperature up to 1000 K by using ZEM-3 (ULVAC) with 

film measurement attachment. The carrier concentration at room temperature was obtained by 

using a hall effect measurement setup. 

 

4.4 Characterization of structures  

Structural characterization was carried out using the scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), high-angle annular dark field scanning TEM (HAADF-

STEM), and X-ray spectroscopy (EDS) analysis. The distributions of grain size and pore size were 

determined from the SEM and HAADF-STEM images by using an image processing software 

𝛾𝑛 =  𝜂𝑛𝜆
2 +

𝑖𝜔

𝐷𝑛
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(Azo-kun, Asahi kasei engineering). Elemental composition profile was obtained by using the EDS 

analysis. Lattice characteristics were determined by using micro-Raman spectroscopy (Renishaw 

inVia, 532 nm excitation wavelength). 

 

4.5 Measurement of elastic modulus  

The elastic modulus was measured by nano-indentation (ENT-1100b, Elionix). Prior to the 

measurements, the oxide layer of the sample used for the thermal conductivity measurement was 

removed by using HF so that nano-indentation measurements can be carried out directly on the 

bare surface of the nanocomposite. 

 

4.6 Calculation of phonon heat conduction  

We calculated the thermal conductivity of the silicon nanocomposite based on the kinetic theory 

of phonon gas expressed as 50: 

  

(5) 

where Cs(ω), Cs(ω), vs(ω), and Λeff,s(ω) are respectively the specific heat, density of states, group 

velocity, and effective MFP of phonons with angular frequency ω and branch s.  

The specific heat, density of states, and group velocity are related to the harmonic properties of 

phonons and can be obtained from the phonon dispersion relations. The effect of phonon-phonon, 

𝜅 =
1

3
  𝐶𝑠

∞

0𝑠

 𝜔 𝐷𝑠(𝜔)𝑣𝑠 𝜔 Λeff,𝑠 𝜔 𝑑𝜔 
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impurity scatterings, phonon-pore, phonon-boundaries, and phonon-interfaces scatterings are 

incorporated in the effective MFP by adopting the Matthiessen’s rule as 50:  

   
(6) 

where Λbulk, Λimp, Λpore and Λgrain are MFPs of phonon-phonon scatterings, impurity scatterings, 

phonon-pore, and phonon-boundaries and phonon-interfaces scatterings, respectively. Λbulk was 

calculated from first-principles-based anharmonic lattice dynamics. The Λimp was estimated by an 

impurity-scattering model 27: 

  
(7) 

where A=4.98×10-8 is determined to reproduce the thermal conductivity of the reference single 

crystal sample at 300 K. The Λpore is calculated by using the geometrical scattering model 31-36: 

  
(8) 

where σs and σl represent scattering cross sections in the limits of short wavelength and long 

wavelength, respectively, and n is the number density of pores, which includes the influence of Ag 

particles by taking them as pores. σs was calculated as 2πr2, where r is the radius of the pores. Here, 

we use the average radius as rav=29.91×103 nm2. σl is much larger than σs here, and thus can be 

neglected in Eq. (8).  

The Λgrain is calculated by the analytical model as 30: 

 

𝛬eff
−1 = 𝛬bulk

−1 + 𝛬pore
−1 + 𝛬𝑖𝑚𝑝

−1 + 𝛬grain
−1   

𝛬imp =  
𝐴𝜔4

𝑣
,  

Λpore
−1 =

𝑛

𝜎𝑠
−1 + 𝜎𝑙

−1, 

𝛬𝑔𝑟𝑎𝑖𝑛

𝐷ave
=   

3

4

𝑡

1−𝑡
 
−1

+  1.12 −1 
−1

  (9) 
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where t is the transmission probability at a grain boundary calculated based on TBC, and Dave is 

the average of grain size. The calculated values for Λimp, Λpore, and Λgrain are shown in Fig. S7 of 

the SM.  
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Tables 

Table 1 Measurement results of thermoelectric properties at room temperature for in-plane 

directions. 

 Thermal 
conductivity 

[W m-1 K-1] 

Anisotropic 
ratio 

[-] 

Electrical 
conductivity 

[S m-1] 

Carrier 
concentration 

[cm-3] 

Electron 
mobility 

[cm2 V-1 s-1] 

Seebeck 
coefficient 

[μV K-1] 

Power factor 

[mW m-1 K-2] 

ZT @ 
300K 

[-] 

Sample 1 𝜅∥ : 3.52 ± 0.27 

𝜅⊥ : 3.72 ± 0.28 

0.94 3.10×103 5.48×1018 35.1 699.5 1.52 0.130 

Sample 2 𝜅∥ : 2.75 ± 0.20 
𝜅⊥ : 3.10 ± 0.24 

0.88 2.98×103 N/A N/A 721.5 1.54 0.168 

Sample 3 𝜅∥ : 2.29 ± 0.20 
𝜅⊥ : 2.57 ± 0.23 

0.89 2.78×103 N/A N/A 714.9 1.42 0.186 

Sample 4 𝜅∥ : 1.48 ± 0.13 
𝜅⊥ : 1.86 ± 0.17 

0.80 2.65×103 N/A N/A 747.8 1.48 0.300 

Nanocrystal 28 5.76  34.4×103 1.20×1020 18.5 -133 0.611 0.026 

Nanocrystal 23 6.3  110×103 4.6×1020 15.1 -70 0.538 0.023 

Nanocrystal 29 14.6  51.5×103 2.2×1020 15 62.6 0.202 0.021 

Single crystal 
(boron doped) 27 

89  4.17×103 5×1018 51.7 653 1.78 0.009 

 

Table 2 Calculation results of thermal conductivity and elastic modulus with/without strain on 

single crystalline Si. 

Strain [%] Thermal conductivity [W m-1 K-1] Elastic modulus [GPa] 

0 141 162.02 

10 47 56.31 
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Figure. 1 Schematic of sample fabrication method. (a) is the starting doped single-crystal 

wafer; (b) and (c) are the metal assisted etching process; (d) is the plasma activated 

sintering process.  
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Figure. 2 The results of the structural analyses. (a) SEM image of the Si nanowire 

array. (b) TEM image of a single Si nano-wire with nanopores. (c) SEM image of the 

nanocomposite sample obtained by sintering the nanowire array. (d) TEM image of the 

sintered nanocomposite. (e) HAADF-STEM and (f) EDS-mapping images of the 

sintered nanocomposite. The bright white parts in HAADF-STEM and purple parts in 

the EDS images are silver (Ag). (i), (j) and (k) are the size distributions of Si 

nanograins, nanopores, and Ag nanoparticles. 
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Figure. 3 Measurement results of thermal and electric properties of the Si nanocomposite. 

(a) thermal conductivity of the nanocomposite samples in the in-plane and out-of-plane 

directions over the temperatures from 3 K to room temperature. The filled red circle and 

blue square marks denote to the in-plane and out-of-plane thermal conductivity at 300 K, 

respectively. The numbers from 1 to 4 near the filled marks correspond to Sample 1 to 

Sample 4. The minimum thermal conductivity is comparable to that of a-Si (green square). 

(b), (c), (d) are electrical conductivity, Seebeck coefficient, and power factor in the in-

plane direction from 300 K to about 1000 K, respectively. Open and filled markers are the 

results of fabricated nanocomposite and the reference single crystal, which is the bare 

doped single crystal Si before the MacEtch processing. 
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Figure. 4 Temperature dependence of ZT of the four samples in the in-plane direction 

from room temperature to 1000 K. The dashed lines denote ZT of boron doped single 

crystal Si27. Note that thermal conductivity at 300 K was used to estimate the ZT at 

higher temperatures. 
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Figure. 5 (a) Effect of thermal boundary conductance (TBC) at the grain boundaries on 

cumulative thermal conductivity of the nanocomposite with and without strain that 

softens the crystal lattices. The solid and dashed lines are the calculated data with and 

without the strain. The open red circle and blue squares are the measured in-plane and 

out-of-plane thermal conductivity at 300 K, respectively. (b) Calculated effective mean 

free paths of nanocomposite with TBC=40 MW m-2 K-1, and a comparison with mean 

free path of single crystal Si. 
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Figure. 6 Measured elastic modulus of the reference single crystal silicon and nanocomposite. The 

datum of the blue circle is taken from the work of D. Bellet et al 41. 

 

 


