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Abstract 

    We demonstrate, both by experiments and by data informatics, an alternative strategy to 

achieve ultralow thermal conductivity in a dense solid. The interfacial thermal resistance (ITR) 

prediction of machine learning model is implemented in a nanoscale field. The size dependence 

on ITR is considered and applied to the interface design of nanostructuring. The Bi/Si system was 

selected from 2025 kinds of interfaces through the interface thermal resistance prediction model 

by machine learning. The BiSi nanocomposite, which was composed of crystallized Bi and 

amorphous Si, was designed with various parameters by a laboratory-built combinatorial 

sputtering system. Electrically conductive, thermally insulating BiSi nanocomposites reported for 

the first time and have a thermal conductivity as low as 0.16 Wm-1K-1. The ultralow thermal 

conductivity is attributed to the high ratio between the interfacial surface area and the volume 
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because of the small Bi particle size and high Si/Bi atomic ratio. By introducing the informatics 

method, the potential candidates can be discovered and realized for thermoelectric applications. 

 

Introduction 

Nanostructuring has become a potential option in the design of materials due to the unique 

electrical and thermal properties.1-11 The nanostructures design can provide ultralow thermal 

conductivity as phonon propagation in such structures is hindered. The heat can be carried by 

phonons to dissipate through various vibrational modes; however, the phonons scatter into random 

directions or associated interferences when they encounter grain boundaries or interfaces inside 

nanostructured materials. As a result, the heat conduction paths are impeded, resulting in high 

thermal resistance, which can be exploited for thermal insulating films, high efficiency turbine 

coatings, and thermoelectric devices. Nanolaminates or superlattices that consist of alternating thin 

films without porous defects are attractive and promising, especially because of their good 

mechanical characteristics. Periodic nanolaminates or superlattice nanowires such as Si/Ge,12-16 

Ge/SiGe,17 Si/SiGe,18-21 GaAs/AlAs,22-25, Bi2Te3/Sb2Te3,
26-28 W/Al2O3,29 Ta/TaOx,30 

Ge2Sb2Te5/ZnS:SiO2,31 Mo/Si,32 and Au/Si33 have been proposed; in some cases, they have been 

demonstrated to have a thermal conductivity perpendicular to the multilayers even lower than that 

of homogeneous amorphous structure and the theoretical predicted values. As the distances 

between interfaces decrease, the reduction effect on thermal conductivity increases.34 Therefore, 

the issue of how to realize this effect more efficiently has arisen. Interface design nanostructuring 

and synthesis and the selection of the materials system have become main issues to be addressed 

toward this goal.  

    Researchers have proposed various methods to select the candidates for interface design, Lee 

and Cahill have reported a correlation between the sound velocity ratio and thermal conductivity, 
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specifically, they reported that Si/Ge superlattices, which have a higher ratio of 1.7, exhibit a lower 

thermal conductivity than GaAs/AlAs superlattices, which have a ratio of 1.2.12 Another approach 

to identifying candidates̶predicting the interfacial thermal resistance (ITR)̶has led to the 

identification of models such as the acoustic mismatch model, the diffuse mismatch model, and 

molecular dynamics. A comparison of different prediction methods and details is presented 

elsewhere.35 Although these models can aid in evaluating various materials systems, the ITR 

prediction is a high-dimensional problem that includes chemical, physical, and process factors that 

are not easily considered simultaneously.   

 

Materials design 

In this work, we introduce a direct and efficient way to select the materials from among 

hundreds of thousands of systems by the ITR prediction model through machine learning. Machine 

learning was used to predict ITR on the basis of experimental data; in this study, the machine 

learning was conducted with 746 data entries composed of 125 interface types and 35 materials, 

including metals, semiconductors and insulators, collected from 56 published papers. The 

references to the complete datasets are detailed in a previous study.35 A detailed discussion of the 

machine learning model for ITR prediction, including the selection of the dataset, descriptors, and 

the algorithms, will be published soon. The ITR prediction model considers the physical, chemical, 

and process factors categorized into three main sets of descriptors: property descriptors, compound 

descriptors, and process descriptors; more importantly, the size dependence is also considered.36 

That is, the ITR prediction of a nanoscale field can be manipulated for nanostructuring design. The 

property descriptors (density, melting point, unit cell volume, and heat capacity), the compound 

descriptor for the interface conditions (atomic coordinates, electronegativity, ionization potential, 

mass, and binding energy), and process descriptors (thickness, interlayer) are input as descriptors 
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for machine learning. While the initial algorithm settings are implemented in Matlab, the details 

are available elsewhere.35 The entire dataset was randomly separated into five folds that were 

orthogonal to each other. The five-fold cross validation was conducted to generate optimized 

hyperparameters for the model and to estimate the fluctuations between each data fold. The 

correlation coefficient (R) and the root-mean-squared error (RMSE) were used to evaluate the 

models among various algorithms such as support vector machines, Gaussian regression processes, 

and regression tree ensembles of LSBoost. Here, the algorithms of regression tree ensembles of 

LSBoost was used, resulting in an R and RMSE of 0.93 and 11.9 × 10-9 m2KW-1, respectively. The 

correlation between the target and the prediction is shown in Figure 1(a). The mismatch between 

the target and the prediction is small and is suitable for further prediction. We next input 2025 

kinds of interfaces (A/B) composed of 45 materials including metals, semiconductors, and 

insulators, with single element and binary compositions into the prediction model. The assumption 

used to select the materials system from the prediction rank was (1) high ITR and (2) no stable 

compound formation between the materials (A/B). By means of the clean interface without new 

compound or intermediate formation, the ITR effect was analyzed.  

    For the prediction of compound formation, we trained a prediction model using the 

categorized data of 15,419 from Villars et al.37 The training data included 2016 binary (1382, 634), 

7021 ternary (4274, 2747) and 6382 quaternary (4264, 2118) systems, with neglect of the 

contradictory information; values in the parentheses are the data number that form and that do not 

form a compound, respectively. In addition, the formation of a stable compound or intermediate 

was also checked using the data platforms of AtomWork Adv. and Material Project.38-39  

    On the basis of the aforementioned procedures, the Bi/Si system that exhibits a high ITR, 

does not form stable intermediates, and that can be practically manufactured was selected. Figure 

1(b) shows the ITR prediction of Bi/Si from the machine learning model as a function of the 
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thickness and temperature. At room temperature, the predictive ITR of Bi/Si without an interlayer 

and with a nanoscale thickness of 0.5 to 3 nm is 86.29 × 10-9 m2KW-1. The ITR value predicted 

from our machine learning model is very similar to the experimental result of 88.5 × 10-9 m2KW-1 

for a Bi/Si(100) interface, as reported by Cahill et al.40 That is, the mismatch between the real 

experiments and this ITR predictive model is very small. An electrically conductive, thermally 

insulating BiSi hybrid nanocomposite is proposed for the first time. It shows promise as a hybrid 

system for thermoelectric materials or applications requiring electrical conductivity. To design the 

nanostructure with low thermal conductivity, more interfaces—specifically, a high ratio of 

interfacial surface area to volume (S/V)—can hinder heat transport and lead to lower thermal 

conductivity. Therefore, the Bi and Si materials were deposited alternatingly in order to restrict 

their sizes and thicknesses.  

 

Experimental procedure 

The samples of BiSi nanocomposites were prepared in laboratory-built combinatorial 

sputtering system, which can control fourteen parameters in the same chambers simultaneously.41 

The Bi and Si films with a few-nanometer thickness were deposited onto Si(100) substrates 

alternatingly and continuously, corresponding to various parameters such as Si-RF power, Si-target, 

and working pressure, as shown in Table 1. Samples 1-5 were prepared using an undoped-Si target, 

whereas samples 6-9 were prepared using a Si target doped with B at a concentration of 1.4 × 1019 

cm-3. The RF power was set at 100 W for Bi, whereas the RF power for Si was varied between 50 

W and 100 W. The base pressure of the sputtering system is 3.75 × 10-7 Torr. The working pressure 

varied from 0.005 and 0.007 Torr, Ar was used as the sputtering gas, and the substrate temperature 

was maintained at room temperature (25°C). The RF power and working pressure affect the 

velocity and mean free path of the ions causing various ions to interact. Parameters hBi and hSi are 
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the thickness of Bi and Si corresponding to the quartz crystal resonator; the thicknesses of Si and 

Bi were increased from 0.5 to 3 nm. The nanoscale alternating deposition produced numerous Bi 

nanoparticles embedded in the Si matrix. In general, the Bi nanoparticles spread uniformly in the 

Si matrix; however, in some samples, local layered structures remained. The total film thickness 

and average Bi particle sizes were measured by scanning transmission electron microscopy 

(STEM). The atomic percentages (At%) were analyzed through energy-dispersive X-ray 

spectroscopy (EDX) with focused-ion beam (FIB) samples of 100-nm thickness. The FIB was 

carried out using a Hitachi FB-2100 (30 kV); the STEM was carried out using a Hitachi HD-2700 

Cs-corrected STEM (200 kV), and a JEOL JEM 2100F (200 kV); the EDX was carried out using 

an AMETEK EDAX Octane T Ultra W (200 kV). After the Bi/Si deposition, a 120 nm-thick Au 

layer was deposited, without evacuation, at the top as a heat absorber for thermal resistance (R) 

measurement by frequency-domain thermoreflectance (FDTR).42 The thermal resistance was 

along the perpendicular direction (cross-plane) to the Si substrate. By dividing the film thickness 

by R, we subsequently determined the thermal conductivity (κc) along cross-plane. The electrical 

conductivity (σi) and thermal conductivity (κi) along the direction parallel to the Si substrate (in-

plane) of sample 6 were performed with the Linseis thin film analysis (TFA) system. And the 

electrical conductivity (σi) of other samples were measured through the four-point probe method. 

The details of experimental parameters and measured results are shown in Table 1.  

 

Results and discussion 

Figure 2(a) illustrates the structure of the system composed of an Au layer, the Bi/Si 

composite thin film, and a Si substrate. The samples with Au layer were only used for the FDTR 

measurement, whereas the samples without Au layer were used for other measurements, such as 

XRD. In the Bi/Si composite thin film, there are several Bi particles marked by the grey dashed 
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line embedded in the Si-matrix. The small-angled XRD patterns of all of the samples at an incident 

angle of 0.5 ﾟ are shown in Figure 2(b). The single dominant peak is Bi(012), space group is R-

3mh (space group no. 166), defined from the NIMS database of AtomWorkAdv.39 No Si peak is 

observed, indicating that the nanocomposite is composed of crystallized Bi and amorphous Si (a-

Si), with no additional phase. The intensity of the dominant peak of sample 8, which was prepared 

at a lower working pressure, is relatively low compared with those of the other samples. By 

contrast, the pattern of sample 9, which was prepared at a lower RF power for Si, shows the highest 

peak intensity. The working pressure and RF power change the Bi and Si interaction by changing 

the velocity and mean free path of the source ions; the working pressure and RF power therefore 

change the crystallinity of Bi.  

The thermal conductivity (κi) and electrical conductivity (σi) of sample 6 along the direction 

parallel to the Si substrate (in-plane) are plotted against the temperature in Figure 3. As the 

temperature increases from 123.3 K to 348.3 K, the electrical conductivity increases linearly from 

1.98 to 4.66 × 102 S/cm, whereas the thermal conductivity increases from 1.04 to 1.7 Wm-1K-1. 

The conductive property of the BiSi nanocomposites can benefit to various electronic devices. The 

electrical conductivity (σi) and thermal conductivity (κi) at room temperature of sample 6 is 3.94 

× 102 S/cm and 1.65 Wm-1K-1 in Figure 3, respectively. Although the Wiedemann–Franz law is 

reported to breakdown in nanoscale,43-44 it is not further considered here. From the estimation 

based on the Wiedemann–Franz law, the thermal conductivity contributed by the electrons in the 

in-plane direction is 0.29 Wm-1K-1. The in-plane thermal conductivities (κi) of sample 6 are around 

three times larger compared with the cross-plane thermal conductivity (κc) of 0.44 Wm-1K-1.  

The electrical conductivity (σi) at room temperature of sample 3 is 0.74 × 102 S/cm in Table 

1. Based on the Wiedemann–Franz law, the thermal conductivity (κi) for samples 3 in the in-plane 

direction contributed by the electrons is 0.05 Wm-1K-1, which is much smaller than that of 0.29 
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Wm-1K-1 for sample 6. The difference of sample preparation between sample 3 and 6 is that the Si 

target was changed from undoped-Si (samples 1-5) to a B-doped Si target (samples 6-9). These 

results imply that the B-doped Si target increases the thermal conductivity of the BiSi 

nanocomposites, which is consistent with the experimental thermal conductivity results shown in 

Table 1.  

The B-doped Si target increases the electrical conductivity of BiSi samples by one order, 

however, the sample 9 deposited with B-doped Si has two-order differences compared with sample 

6-8. The horizontal Bi particles dominantly contribute to the in-plane electrical conductivity, 

therefore, the sample 6 with large Bi particles has the highest electrical conductivity. The dark-

field STEM images of sample 3, 6, and 9 can be found in Figure S2 of “supporting information.” 

The large Bi aggregations in sample 3, as shown in Figure S2(a), may also contribute to the 

electrical conductivity. Although the sample 9 has similar Bi particle size along vertical direction 

with sample 3 and 5 in Table 1, the different shapes of Bi particles lead to different Bi particle 

sizes between cross-plane and in-plane directions. The Bi particles of sample 9, compared with 

sample 3 and 6 as shown in Figure S2, have more isotropic shapes and the shortest length in the 

in-plane direction. The in-plane electrical conductivity of sample 9 of 0.010 x 102 S/cm (Table 1) 

is only a bit higher than that of the B-doped Si thin film of 0.008 x 102 S/cm. It implies that the 

discontinuous small Bi particles in sample 9 contributes less to the in-plane electrical conductivity. 

As a result, the sample 9 has the lowest in-plane electrical conductivity among all the samples. 

To further analyze the factors contributing to low thermal conductivity of the BiSi 

nanocomposites, we characterized their structures by bright-field STEM; the results are shown in 

Figure 4, where subfigures (a)-(g) correspond to samples 2, 3, 5, 7, 9, 6, and 8, respectively. In 

Figure 4. (a)-(e), numerous small Bi particles with diameters from 3 to 10 nm are uniformly spread 

in the thin films. In particular, for the samples 2, 3, and 5, which exhibit thermal conductivities 
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less than 0.2 Wm-1K-1 in Figure 4(a)-(c), respectively, the a-Si (light-grey areas) is separated by 

many small Bi particles approximately 5 nm in diameter (black areas). In order to define the Bi 

particles clearly, several Bi particles are marked by the red squares for examples in each sample in 

Figure 4. By contrast, Figure 4(f) and (g), which correspond to samples 6 and 8, show several large 

Bi aggregations or particles distributed in the film. The particle sizes of Bi, as measured from 

STEM images, are plotted against the cross-plane thermal conductivity in Figure 5, where the 

numbers next to the data points are the sample ID numbers. The cross-plane thermal conductivity 

decreases with decreasing particle size, and the lowest thermal conductivity of 0.16 Wm-1K-1 is 

observed for sample 5. In the case where the particle size increases to greater than 10 nm (sample 

6), the thermal conductivity substantially increases to 0.44 Wm-1K-1. High-resolution (HR) STEM 

dark-field images of samples 3, 7, and 6 are shown in Figure 6(a), (b), and (c), respectively, 

whereas the corresponding bright-field images are shown in larger scale in Figure 6(d), (e), and 

(f), respectively. The Bi particles are defined by the grey dashed lines in Figure 6(d), (e), and (f), 

and the average lengths along the vertical direction of three different STEM regions were measured 

as the Bi particle sizes for each sample as shown in Figure 5 and Table 1. The statistical histograms 

for Bi particle distribution of each sample are shown in “supporting information”. The Bi exhibits 

a brighter color in the dark-field images and a darker color in the bright-field images. Figure 6(g) 

and (h) shows the diffraction pattern of a Bi particle and its corresponding fast Fourier transform 

(FFT) pattern in reciprocal space. The selected region of the Bi particle, marked by a red square in 

Figure 6(f), has a clear lattice structure along [001] direction determined through the FFT. The Bi 

particle was analyzed as bismuth trigonal phase, Bi(R-3mh), which corresponds to the XRD in 

Figure 2. The change in the Bi particle size from 4.33 nm in sample 3 to 6.39 nm in sample 7 and 

to 10.04 nm in sample 6 is evident in Figure 6. The hetero-interfaces can hinder the heat transfer 

and increase the thermal resistance.27, 32, 34 Smaller Bi particles spreading in a-Si create additional 
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interfaces: that is, the S/V ratio becomes high. The samples with smaller Bi particles thereby 

achieve a lower thermal conductivity consistent with the results in Figure 5.  

As shown in Figure 5, sample 8 has a Bi particle size that is smaller than 7 nm but a high 

thermal conductivity of 0.42 Wm-1K-1. Figure 7 (a) and (d) show the bright-field HR-STEM 

images of sample 8, which is clearly composed of large Bi particles embedded in an a-Si matrix 

as well as in local layered-like structures. As shown in Figure 6 (b) and (e), compared with the 

thermal conductivity of sample 7, which has a similar particle size, the thermal conductivity of 

sample 8 is 1.68 times greater. The S/V ratio of spherical Bi particles is larger than that of the 

layered structure; thus, the spherical Bi particles can contribute more to the thermal resistance than 

the layered structure because of the random direction of heat transport. Moreover, the sample 6, 

which has several horizontal Bi particles embedded in an a-Si matrix as shown in Figure 4(f) and 

Figure 6(c), has higher in-plane thermal conductivity (Figure 3) than cross-plane thermal 

conductivity (Figure 5) by 3.8 times at room temperature. It is implied that the anisotropy of the 

structure between the in-plane and cross-plane directions may influence the thermal 

conductivity.45-46 Since the sample 7 and 8 have similar shapes of Bi particles with sample 6 as 

shown in Figure 4(d), (f) and(g), they should also have the anisotropic structure dependence on 

thermal conductivity. On the other hand, the anisotropic grains, anisotropic particles, rods, or 

laminar structures, may also cause the anisotropic electrical conductivity as addressed in the 

research.47-49 As a result, we believe the BiSi nanocomposites would have higher electrical 

conductivity along the in-plane directions. 

Figure 7(b) and (e) show the bright-field and dark-field STEM images, respectively, of 

different regions of sample 3. Several large aggregations are observed in the film, near the Si 

substrates. The aggregations are Bi, as revealed through the EDX analysis results in Figure 7(c) 

and (d), corresponding to the selected region of Figure 7 (e). The red spots and blue spots represent 
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Bi and Si, respectively. On the contrary, no or few aggregations appear in samples 6-9, which were 

deposited using a B-doped Si target. The melting point of Bi, 271.5°C, is not high; thus, when the 

temperature increases during sputtering deposition, Bi tends to evaporate or to diffuse to lower 

temperature regions. The B-doped Si increases the electrical conductivity and thermal conductivity 

of the sample and therefore reduces the temperature gradient perpendicular to the Si substrate.  

Sample 1-5 have rather steep temperature gradients compared with sample 6-9 in the direction 

perpendicular to the substrate; these large gradients induce Bi to diffuse from the surface to the 

lower-temperature Si substrate and to form large Bi aggregations near the substrate. Consequently, 

in samples 6-9, Bi is assumed to form Bi particles that spread throughout in the film instead of 

forming large Bi aggregations near the Si substrate. In addition, the Si/Bi atomic ratios listed in 

Table 1, shows that sample 3, which was prepared using an undoped-Si target, has an Si/Bi atomic 

ratio of 3.65. This is higher than the corresponding ratios of samples 6-8, which were deposited 

using a B-doped Si target. The Bi At% in most regions that contributed to the increase of thermal 

resistance decreases, resulting from the existence of Bi aggregations. As a result, the difference in 

the aforementioned Si/Bi atomic ratio is attributed to the formation of Bi aggregations. Among 

sample 6-8, some local fluctuations from experimental parameters or Bi diffusion occur; these 

fluctuations cause the Si/Bi atomic ratio to range between 1.55 and 2.42.  

Figure 8(a) shows the Si and Bi At% as functions of the thermal conductivity, where red 

circles represent Si At% and black squares represent Bi At%. Samples 3, 7, 8, and 6 are labeled 

near the red curve of Si At%. With an increasing Si/Bi atomic ratio, the thermal conductivity 

decreases. The main factor by which the Si/Bi atomic ratio affects the thermal conductivity is the 

difference in intrinsic thermal conductivity between Bi and Si. The intrinsic thermal conductivity 

of Bi and a-Si are 8 and 0.93 Wm-1K-1, respectively. Thus, BiSi nanocomposites with a higher Si 

At% tend to exhibit a lower thermal conductivity.  
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Figure 8(b) summarizes the thermal conductivities of several inorganic material systems with 

nanostructured-design, including Si/SiGe,18 GaAs/AlAs,25 Si/Ge superlattice nanowires 

(SLNWs),13 W/Al2O3,29 Ta/TaOx,30 Mo/Si,32 Ge2Sb2Te5/ZnS:SiO2,31 Au/Si,33 and Bi2Te3/Sb2Te3.26  

The thermal conductivity ranges from 0.25 to 9.6 Wm-1K-1. The BiSi nanocomposites proposed in 

this work labeled as green triangles exhibit the lowest thermal conductivity of 0.16 Wm-1K-1. The 

ideal parameter range for BiSi nanocomposite is defined and an extremely low thermal 

conductivity in condense materials field is achieved. The small particle size of Bi spreading in the 

a-Si matrix and the high Si/Bi atomic ratio both hinder heat transport. The high S/V ratio through 

the interface design can successfully decrease the thermal conductivity. In addition, the designed 

thermally insulating BiSi nanocomposites are electrically conductive, unlike other low-thermal-

conductivity materials, and have a strong potential in applications that require materials with good 

electrical conductivity, such as thermoelectric devices. 

 

Conclusion 

    Electrically conductive thermally insulating BiSi nanocomposites were demonstrated through 

interface design, data informatics, and a laboratory-built combinatorial sputtering system. The 

Bi/Si system was selected from the ITR predictive model by machine learning. The BiSi 

nanocomposites were composed of crystallized Bi and amorphous Si. The ultralow thermal 

conductivity was attributed to the high S/V ratio of Si/Bi, consistent with the small Bi particles 

uniformly spreading in an a-Si with a high Si/Bi atomic ratio. The electrically conductive thermally 

insulating BiSi nanocomposites are proposed for the first time. They feature an ultralow thermal 

conductivity of 0.16 Wm-1K-1 and an anisotropic thermal property. The combination of a machine 

learning prediction model and an interface design enable the discovery and realization of potential 

systems for specific thermal management, such as thermoelectric materials. 
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Captions of Tables  

Table 1 The experimental parameters and measured properties of BiSi nanocomposites labeled as 

samples 1-9. The hBi and hSi are the thicknesses of Bi and Si corresponding to the quartz crystal 

resonator, respectively. The thermal resistance (R) was measured by frequency-domain 

thermoreflectance (FDTR) along the perpendicular direction (cross-plane). The Bi particle size 

and film thickness were measured by STEM. The average lengths along the vertical direction of 

three different STEM regions were measured as the Bi particle sizes for each sample. The thermal 

conductivity (κc) was evaluated by dividing the film thickness by R. The electrical conductivity 

(σi) along the direction parallel to the Si substrate (in-plane) were measured by four-point probe 

method. 

 

 

Table 1 
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Captions of Figures 

Figure 1 (a) The plot of ITR target (real data from the references) against ITR prediction (predicted 

data by the model). (b) The ITR prediction of Bi/Si interface from the machine learning model as 

functions of the thickness and temperature. The ITR prediction with or without interlayer are both 

shown, and the latter have higher ITR values than the former.  

Figure 2 (a) The illustration of the system structure of Bi/Si nanocomposites. (b)The XRD of BiSi 

nanocompoites. All samples from 1 to 9 have a single dominant peak of Bi(012), whereas no peak 

is observed for Si. 

Figure 3 The thermal conductivity (κi) and electrical conductivity (σi) along the direction parallel 

to the Si substrate (in-plane) of sample 6 are plotted against the temperature.  

Figure 4 The bright-field STEM images of BiSi nanocomposites. (a) to (g) are samples 2, 3, 5, 7, 

9, 6, and 8, respectively. The scale bar of 100 nm is on the right bottom. The sample IDs are labeled 

in white in each image. There are several Bi particles marked by the red squares to show the particle 

shapes in each sample.  

Figure 5 The cross-plane thermal conductivity against Bi particle size of BiSi nanocomposites. 

The thermal conductivity increases with larger Bi particle size. 

Figure 6 The HR-STEM images of samples 3, 7, and 6 in (a)(d), (b)(e), and (c)(f), respectively. 

Images (a), (b), and (c) are dark-field images, and (d), (e), and (f) are bright-field images. (g) and 

(h) are the diffraction patterns of Bi particles of the red square region in (f) and the corresponding 

fast Fourier transform (FFT) pattern with the [001] viewing direction, respectively. The Bi has 

brighter colors in the dark-field images and has darker colors in the bright-field images. The sample 

numbers are labeled in white in (a), (b), and (c).  

Figure 7 The bright-field HR-STEM images of sample 8 are shown in (a) and (d). The bright-field 

and dark-field STEM images of sample 3 are shown in (b) and (e). The sample ID numbers are 
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labeled in white in (a) and (b). The corresponding EDX images of (e) for Bi and Si are shown in 

(c) and (f), respectively. 

Figure 8 (a) The Si, Bi At% plotted against thermal conductivity of BiSi nanocomposites. The red 

circles are Si At% and the black squares are Bi At%. (b) A comparison of the thermal conductivities 

with various material systems with nanostructuring design. The data with various parameters for 

each material system are all collected in this plot. The BiSi nanocomposites in this work have the 

lowest thermal conductivity reported for an inorganic nanostructure to date (0.16 Wm-1K-1).  
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