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S1. Atomic Layer Deposition 
 

ALD provides angstrom level control over the film thickness which allows the composition, 

stoichiometry, uniformity and conformity of a multilayer to be regulated.[1,2] Zhang et al.[3] 

varied the deposition temperatures and precursor pulse times during ALD processing of PbTe 

and PbSe in order to discover the optimal conditions for producing sufficient nucleation, 

smooth surfaces and good coverage of the underlying substrate. These conditions were 

applied during the fabrication of the nanocomposites in this study to promote the creation of 

internal interfaces between layers (corroborated by HR-TEM).  Since interface roughness 

plays a large role in the type of scattering that dominates at an internal compositional 

boundary, it is important to understand the interface roughness of the nanocomposite. A 

smooth interface can produce phase preserving specular scattering while a rough interface 

will promote phase destroying diffusive scattering. Therefore, we provide high resolution 

TEM (Figure 1(b), S 10, and S 11), AFM (Figure S 6) and EDS data 

(

 

Figure S 7) to quantify the roughness quality of the interfaces and grain boundaries.. Zhang et 

al.[3] showed that ALD deposition of PbTe-PbSe films do not follow a classical growth mode 

of monolayer upon monolayer, but grows  in the initial incubation phase by heterogeneous 

nucleation as an expanding conglomerate of island clusters (Volmer-Weber growth) leading 
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to polycrystalline PbTe and PbSe rather than amorphous films. This Volmer-Weber island 

growth mode is a result of the fact that the optimized ALD deposition temperature of 150 oC 

is above the crystallization temperature, but first and foremost due to the fact that the lead 

selenide and telluride ALD precursor atoms bond more strongly with one another than to the 

surface and exhibit weaker substrate chemisorption. Specifically, in the case of ALD 

synthesis of PbTe and PbSe films, the precursor adatom-adatom interactions provide much 

stronger bonds than the interaction of the adatoms with the Si substrate surface. Deposition at 

150 oC leads to immediate crystallization into nano-scale cubic nuclei. The resulting films are 

therefore nanocrystalline, rather than amorphous, which is supported by the XRD (Figure 

1(a) & Figure S 4) and Raman Spectroscopy analysis (Figure 3). The Volmer-Weber growth 

and the tendency for oxidation to occur with the Te precursor does result in pronounced 

surface and interface roughness within the ALD PbTe-PbSe films.  

 

These characteristics also impact the composition and stoichiometry of the samples were 

observed by energy dispersive X-ray spectroscopy analysis (EDS). 
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Figure S 7 shows that the PbTe control and nanocomposite films are n-type semiconductors 

because they are non-stoichiometric being lead rich. 

 

Figure S 7 also lists the element compositions in the samples. This will lead to additional 

point defects within the films as we discuss in detail in the proceeding sections.  
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S2. Thermal Conductivity Measurements: Time Domain 

Thermoreflectance (TDTR) 
 

The cross-plane thermal conductivity of lead chalcogenide PbTe-PbSe nanocomposites grown 

by ALD were examined using time domain Thermoreflectance (TDTR) to assess the 

contributions of size effects, periodic effects, and boundary scattering versus defects intrinsic 

to the material. The ALD growth resulted in a variety of nanostructures including 

compositional boundary layers created by cycling through layers of PbTe and PbSe. The 

approximate period thickness that was attempted for each nanocomposite is listed in Table S1, 

where a target layering thickness during growth of 20 nm indicates that 10 nm of PbTe was 

deposited followed by 10 nm of PbSe. Note that our characterization data indicate that these 

compositional period thicknesses contain extremely large roughness and likely much different 

thickness than what was targeted during the ALD growth. The total thicknesses and standard 

deviations are also shown in the table, where thicknesses were confirmed either through TEM 

or SEM. The thicknesses of the PbSe were not confirmed through TEM since the PbSe 

follows a homogeneous growth during ALD and is not expected to have high surface 

roughness.  Figure S 1 shows the results for the thermal conductivity as a function of the 

target layer thickness during growth. The thermal trend shows a lack of dependence on this 

target layer thickness during growth, indicating that the MFP of the thermal carriers are likely 

so small (~10 nm) that they are unaffected by any internal periodicity or layering resulting 

from this growth method. This is similar to what has been seen in other PbTe-PbSe multilayer 

systems.[4] Also, as discussed in the main manuscript, this is not surprising since we also do 

not observe any superlattice-like layering on the length scales for the target layer thicknesses 

during growth in any of our PbTe-PbSe nanostructured samples. 
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Table S1: The list of control materials and PbTe-PbSe nanocomposite samples that were fabricated. The 

corresponding compositional layer thicknesses that were targeted during growth, total thickness, standard deviation 

to the measured total thickness, and the thermal conductivity measured by TDTR is shown for each sample. 

Material 
Targeted repeat 
layer thickness 

during growth [nm] 

Total 
Thickness 

[nm] 

Thickness 

Std. Dev. 

[nm] 

Thermal 
Conductivity   

[Wm-1K-1] 

Control        

PbSe - 127 - 2.32 ± 0.10 

PbSe - 96 - 2.40 ± 0.09 

PbSe - 60 - 2.24 ± 0.17 
PbSe - 25 - 2.53 ± 0.28 

PbTe - 105 12 1.25 ± 0.36 

PbTe - 77 1 1.28 ± 0.06 
PbTe - 33 7 0.79 ± 0.35 

PbTe - 25 6 0.97 ± 0.11 

Nanocomposite        

PbTe-PbSe 20 121 21 1.05 ± 0.37 
PbTe-PbSe 20 135 11 1.03 ± 0.09 

PbTe-PbSe 12 196 6 1.31 ± 0.08 

PbTe-PbSe 12 188 15 1.05 ± 0.10 

PbTe-PbSe 12 73 15 0.74 ± 0.29 
PbTe-PbSe 12 60 15 0.77 ± 0.28 

PbTe-PbSe 12 26 1 0.45 ± 0.06 

PbTe-PbSe 4 243 28 1.32 ± 0.07 

PbTe-PbSe 4 226 26 1.26 ± 0.15 

 

 
Figure S 1: Thermal conductivity results for the PbTe-PbSe nanocomposite material as a function of the intended 

compositional repeat layer thickness targeted during the ALD growth. Our characterization via TEM and EDS do not 

show any evidence of layering or superlattice-like structures on these length scales in the resulting nanocomposites. 

The annotations show the total thickness of the sample.  
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The thermal response of the TDTR signal is selectively sensitive to heat capacity and/or 

thermal conductivity by selection of the pump modulation frequency.[5] Therefore, we take 

advantage of different modulation frequencies to directly measure the thermal conductivity 

and heat capacity of the nanostructure samples by controlling the thermal penetration depth 

using different pump modulation frequencies. Representative TDTR data and the 

corresponding sensitivity analysis[6] are provided in Figure S 2. At a modulation frequency of 

10 MHz, the TDTR signal is most sensitive to the thermal conductivity of the PbTe-PbSe 

nanocomposite thin film and has relatively low sensitivity to the heat capacity of the sample. 

Therefore the thermal conductivity was first measured at 10 MHz, and then that value was 

used as the input to the model to measure the volumetric heat capacity of the thin films at a 

pump modulation frequency of 3 MHz. We measure a volumetric heat capacity of 1.34x106 ± 

8.78x104 J m-3 K-1 for the 121 nm PbTe-PbSe nanostructured film at room temperature. No 

literature value is available for direct comparison, however heat capacity values are available 

for the control materials, where the volumetric heat capacity of PbTe is 1.31x106 J m-3 K-1 and 

that of PbSe is 1.42x106 J m-3 K-1.[7] Taking the average of these two values to be 1.36x106 J 

m-3 K-1 indicates that our measured value for that of the nanostructured film is reasonable. 
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Figure S 2: Representative TDTR data for the PbTe-PbSe nanocomposite films. Shown here are measurements 

(symbols) and a best fit thermal model (line) on a 121 nm thick PbTe-PbSe film grown on silicon. The inset contains 

the sensitivity analysis at 10.00 MHz and 3.00 MHz. 

 

In the analysis of the TDTR data discussed above, we determined the most appropriate layer 

configuration to use in our thermal model via a methodology outlined previously, where the 

thickness of the target thin film layer is compared to the thermal penetration depth induced 

from our modulated pump heating event.[5] We found that at a modulation frequency of 10 

MHz for films ≤26 nm, a two layer heat conduction model was appropriate for fitting the data 

because the heat diffuses deeply into the substrate. In this geometry, the thin sample between 

the Al transducer and substrate was treated as an interfacial layer and the thermal boundary 

resistance was measured and used to calculate an effective thermal conductivity by dividing 

the film thickness by the measured thermal boundary resistance. An intrinsic thermal 

conductivity was directly measured for the films thicker than 26 nm using a three layer heat 

diffusion model, since the film thicknesses are in a regime where the thermal wave from the 

modulated pump beam penetrates into a limited depth of the layer. Note, for the thin films 

with thicknesses ≤ 26 nm, we could not measure their volumetric heat capacities as in the 

thicker films. It is therefore presumed that the specific heats are the same irrespective of film 

thickness. 
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The uncertainty in our measurements accounts for the scan to scan variability on different 

spots of the sample, the uncertainty in the Al transducer thickness and the uncertainty of the 

thickness of the nanocomposite or control films. The mean uncertainty in our TDTR 

measurements is ~21% and up to ~46 % for the roughest sample (243 nm PbTe-PbSe). The 

ability for TDTR to accurately measure the thermal properties of a sample is limited by the 

samples surface roughness. Once the sample surface roughness increases above ~40-50 nm, 

non-thermal artifacts along with diffusive laser scattering can skew traditional TDTR 

analysis.[8] We note that even for the roughest sample (243 nm nanostructure), we are still 

sensitive to the thermal conductivity of the nanostructured film and we do not observe any 

non-specular-related signals in our thermoreflectivity data, as exemplified in Figure S 3We 

show a sensitivity plot on the left, where the sensitivity to a parameter is reflected by a large 

relive magnitude over the pump-probe delay time. The sensitivity plot further justifies our 

uncertainty analysis. Additionally, we show the raw TDTR data and thermal model fit for our 

roughest sample in Figure S 3: TDTR data and thermal fit for the roughest PbTe-PbSe 

nanocomposite film (243 nm total thickness). Shown here are measurements (symbols) and a 

best fit thermal model (line). The inset contains the sensitivity analysis that justifies our 

characterization for the uncertainty., demonstrating the goodness of fit and also the clean data 

we obtain on these samples, indicating surface roughness is not obfuscating our data. 
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Figure S 3: TDTR data and thermal fit for the roughest PbTe-PbSe nanocomposite film (243 nm total thickness). 

Shown here are measurements (symbols) and a best fit thermal model (line). The inset contains the sensitivity analysis 

that justifies our characterization for the uncertainty. 
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S3. Sample Characterization 
 

The films were characterized using field emission scanning electron microscopy (FE-SEM), 

atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), Energy-dispersive X-ray spectroscopy (EDS) and Raman spectroscopy to understand 

the crystallinity, composition, microstructure, and morphology of the samples and get better 

insight into the defects and phases that are produced in our ALD growth. The following 

outlines the finding from each of these techniques individually while also pointing out 

conclusions in qualitative trends that are corroborated by multiple techniques. Take in total, 

the characterization indicates that the nanocomposite films are highly disordered in both 

crystallinity and composition, where the disorder scales with the total thickness. 

 

The XRD data were collected on a Rigaku MiniFlex II Benchtop X-ray diffractometer with a 

Cu K-alpha wavelength of 1.54 Å. XRD indicates the presence of polycrystalline PbTe and 

PbSe in the PbTe-PbSe nanocomposites, where the growth direction is predominantly along 

the <200> crystallographic direction (Figure S 11) as indicated by the predominance of this 

peak, where the large linewidths are indicative of poly- rather than single crystallinity.  

 

FE-SEM micrographs shown in Figure S 5, depicting the cross sections of the ALD 

synthesized nanocomposites, corroborate this deduction of polycrystallinity. Additionally, the 

columnar morphology is indicative of Volmer-Weber growth, where the grains from 

individual islands have conglomerated to form a cohesive film. Volmer-Weber growth 

induces roughness into the nanocomposite interfaces, as measured by AFM, EDS, and HR-



  

12 

 

TEM (Figure S 6, 

 

Figure S 7 and 

 

Figure S 9). Typically the surface roughness of a polycrystalline film is not constant, but 

instead is a function of the film thickness and increases with grain growth as the film grows. 

Figure S 6 shows a 3-D AFM image of a PbTe-PbSe nanocomposite structure grown at 150 

oC on a planar Si substrate with a total thickness of 121 nm where significant surface 
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roughness is observed as would be expected as roughness will scale with thickness during 

Volmer-Weber growth. 

 

Beyond inducing roughness, Volmer-Weber growth also creates numerous grains and grain 

boundaries with preferred columnar orientations that run perpendicular to the internal 

interfaces, as shown in detail by the TEM cross-sectional image in Figure 1 (b) of the main 

manuscript. 

 
Figure S 4: X-ray Diffraction data of PbTe (top), PbSe (middle) and a PbTe-PbSe nanostructure (bottom). All samples 

have total thicknesses ≥ 120nm.  
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Figure S 5: FE-SEM images of (a) surface morphology of PbTe-PbSe 121 nm nanocomposite. (b) Cross-sectional 

image of PbTe-PbSe nanocomposite with total thickness of 73 nm. (c) Cross-section image of PbTe-PbSe 

nanocomposite with a total thickness of 188 nm. This SEM data was taken after 80 nm of Al had been deposited on 

top of the nanocomposite and by cutting the film in half. Note the decreased film quality compared to (d), which shows 

the cross-sectional image of PbTe-PbSe nanocomposite with a total thickness of 196 nm. 
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Figure S 6: (a) 3D AFM image of PbTe-PbSe nanocomposite deposited at 150 oC  on a silicon substrate. The AFM 

shows 11.369 nm RMS surface roughness induced by the Volmer-Weber growth during ALD. 

 

To examine how the grain structure impacts thermal transport in more detail, TEM and EDS 

were performed to assess how defects emerged with film thickness in both the monolithic 

PbTe control material and the nanocomposite samples. To this end, Figure 2 in the main 

manuscript shows that the film quality improves with increased total thickness, where image 

analysis shows that the grain sizes on the 73 nm nanocomposite are ≤100 nm whereas the 196 

nm nanocomposite possesses grain sizes are ≥150 nm.  
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While image analysis provides a means of examining planar defects, EDS provides a means 

of examining compositional variations point defects via analysis of elemental composition.

 

Figure S 7 presents the EDS data for a thin (60 nm) and thick (188 nm) nanocompsite that 

shows the presence of PbO both at the front and backside surfaces (again, there is no way to 

know if PbO is confined to the surface) and within the films. Lead oxide was also confirmed 

in the XRD data presented in Figure 1(a) in the main manuscript, where additional peaks 

representative of secondary phases are labeled.  The PbO will play a large role as point 

defects to scatter phonons and reduce the thermal conductivity of the films. It is difficult to 

quantify the point defects based on a quantitative spot analysis of the EDS data because the 
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Tellurium and Oxygen EDS signals overlap 

(  

Figure S 8).  So we can only quantitatively state that the line defect (grain boundary) density 

decreases with the films total thickness.  

 



  

18 

 

To better understand the composition and morphology of our films, we take FFT’s of the HR-

TEM data to characterize the periodicity of the nanocomposites 

(  

Figure S 10), since the individual nanocomposite layers cannot be differentiated in the HR-

TEM images 

(  
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Figure S 9). The EDS data in 

 

Figure S 7 show that the Pb is distributed homogeneously throughout the film (except for the 

Se righ grain in the thin sample), but the Se and Te are not in a periodic pattern. We see that 

the thicker nanocoposite shows two wavelengths of multi-layers at the top of the sample, 

while the thinner nanocomposite exhibits a granular structure. The resolution of the EDS 

makes it hard to confirm if a periodic nanocomposite structure truely is present, therefore we 

rely on the FFT of the TEM to investigate any periodicity. 
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Figure S 10 shows the resulting interplanar spacing and indicates that no nanocomposite 

periodicities with length scales on the order of the target layering length scales during growth 

(Table S 1) are observed.      
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Figure S 7: EDS data for (top panels) 188 nm thick and (bottom panels) 60 nm thick PbTe-PbSe films, where (i)(vi) 

show  the EDS HAADF cross sectional image, (ii)(vii) show the distribution of Pb species, (iii)(viii) show the 

distribution of Se species, (iv)(ix) show the Te species and (v)(x) show the oxygen species which act as point defects in 

the films. 

 

 

 
Figure S 8: Semi-quantitative EDS spot analysis for a 132 nm thick (top) and a 55 nm thin (bottom) PbTe-PbSe film. 

The quantification is standardless. The Te and O EDS signals overlap so the quantification is not accurate.  
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Figure S 9: TEM data for (Top) 188 nm nanocomposite. The square boxes in (a) are indicative of the zoomed in areas 

that are shown in (b) and (c). TEM data for (bottom) 60 nm nanocomposite where the square boxes in (d) are 

indicative of the zoomed in areas shown in (e) and (f). 

 

 
Figure S 10: (a) HR-TEM image of 132 nm PbTe-PbSe thin film and (b) an FFT of the region indicated in blue. Inter 

planar spacings of 0.309 (blue arrows), 0.432 (solid green arrow) and 0.552 (hollow green arrow) nm. The 0.309 and 

0.432 nm spacing relate to the 002 and 011 planes of PbSe. (c) HR-TEM image of 55 nm PbTe-PbSe thin film and (d) 

an FFT of the region indicated in blue.  Inter planar spacings of 0.312 nm (blue arrows) which is in between the 002 

spacing of PbSe and PbTe.  Reciprocal space peaks indicated by yellow arrows result from Moiré fringes. No 

nanocomposite periodicities were observed. 
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To provide more objective comparisons of the film quality versus thickness, Williamson-Hall 

analysis was performed using the XRD data of the  nanocomposites and control material.9 

Two sets of XRD data were analyzed to this end. First, samples having a total thickness of 

approximately ~121 nm with varying compositional period thickness prescribed during 

growth were examined. Additionally, a contrasting set in which the intended periodic layer 

thickness prescribed during growth was held constant (~12 nm) and the total thickness was 

varied (again, our characterization data shows that the intended periodicity was not achieved 

in the resulting nanostructured samples) (c.f. Figure S 11). It is important to note that the 

XRD data for the 12 nm intended period nanocomposite with a total thickness of 26 nm does 

not have two distinct peaks for the PbTe and PbSe phases. Instead only the PbTe (200) and 

(400) peaks are resolved and used for further analysis.  

 

Practically, the Williamson-Hall analysis is presented to compare relative crystalline domain 

sizes from sample to sample, and is not meant to be quantitative. Therefore the domain results 

were normalized to the PbSe peak in the 6x6 nm intended period thick 188 nm total thick 

PbTe-PbSe nanocomposite sample. This method takes advantage of the fact that the 

broadening of XRD peaks is due to three features: broadening that is intrinsic to the XRD 

instrument, contributions from inhomogeneous strain, and the size of the ordered crystalline 

domains. The broadening due to the instrument is determined by analyzing a NIST Si 

calibration sample.[10] The broadening due to the effects of crystallite size and strain are 

represented by the following equations respectively: 

𝛽𝐿 =
𝐾𝜆

𝐿 cos 𝜃
           (S1)     

𝛽𝑒 = 𝐶𝜀 tan 𝜃            (S2) 
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where K is the dimensionless shape factor, 𝜆 is the x-ray wavelength, 𝛽𝐿  and 𝛽𝑒 are the line 

broadening at FWHM after subtracting the instrumental line broadening (in radians) due to 

crystalline and strain effects, L is the mean size of the ordered domains, 𝜃 is the Bragg angle, 

and 𝐶 depends on the assumptions made concerning the nature of the inhomogeneous strain 

(𝜀). We make no assumptions about 𝐶 and calculate 𝐶𝜀 directly as the slope of each line in the 

Williamson-Hall plots shown in Figure S 12 and Figure S 13. These Williamson-Hall plots 

provide information about the components of peak broadening for the nanocomposite samples 

of interest, where again, the slope is equal to the strain component (𝐶𝜀), and the y-intercept is 

indicative of the domain size (
𝐾𝜆

𝐿
).  

 

The results for the relative crystallite size derived from the Williamson-Hall analysis are 

plotted in Figure S 14 for varying period thicknesses and in Figure S 15 for varying total 

thicknesses. We find that the domain sizes for the PbTe layers are enhanced with multilayer 

period thickness, while the approximate domain size for the PbSe layers remain relatively 

constant with period thickness reaching saturation early. We see this same trend as function of 

total thickness. In the nanocomposites with the smallest period thickness (4 nm), PbTe 

domain size is reduced by nearly 80 % compared to the largest period thickness. 
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Figure S 11: X-ray Diffraction (XRD) of the PbTe-PbSe nanocompisute samples for (top) different compositional 

repeat layer thicknesses targeted during growth, where the total thickness of the samples is >130 nm). The additional 

peaks in the top spectrum labeled by stars are indicative of secondary lead oxide phases.[11,12] (Bottom) Nanocomposite 

samples with a constant repeat layer thickness of 12 nm and varied total thicknesses. Note the 26 nm nanocomposite 

only has a clear peak for the PbTe phase and not the PbSe, and the peaks are non-existent due to the reduction in the 

measurement volume. 
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Figure S 12: Williamson-Hall plots based on the XRD data taken on (a) PbTe and PbSe control materials, (b)20 nm 

period nanocomposite, (c) 12 nm period nanocomposite, (d) 4 nm nanocomposite that are ~121 nm, 188 nm, and 226 

nm thick respectively. Note that the data for the control material are two separate samples of PbTe and PbSe, while 

the nanocomposite plots represent a single sample. 

 

 
Figure S 13: Williamson-Hall plots based on the XRD data taken on PbTe-PbSe nanocomposites with 12 nm periods 

and varying total thicknesses of (a) 188 nm, (b) 73 nm, and (c) 25 nm. Note that only the PbTe (200) and (400) peaks 

are obtained in the XRD data and therefore the Williamson-Hall analysis was performed only on the PbTe peaks. 
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Figure S 14: The results from the Williamson-Hall analysis shown for the nanocomposite samples vs. layer thickness 

intended during growth (left) and the control material (right shaded region). The plots show the results normalized to 

the PbSe peak of the 6x6 nm period 132 nm thick PbTe/PbSe nanocomposite for the crystallite domain size (equation 

S1). Normalization is performed to emphasize the qualitative comparison of relative domain size from one sample to 

another. For further distinction, the results for the nanocomposite samples are plotted as open symbols as a function 

of period thickness and the control materials are plotted using opaque symbols as a function of total thickness. The 

total thickness of the nanocomposites measured here range from ~135-226 nm. 

 

 
Figure S 15: The results from the Williamson-Hall analysis shown for the nanocomposite samples of varying total 

thickness. The nanocomposites are represented as open symbols and the control material are represented as opaque 

symbols.  The plots show the results normalized to the PbSe peak of the 188 nm thick PbTe-PbSe nanocomposite. 

Normalization is performed to emphasize the qualitative comparison of relative domain size and strain from one 

sample to another.  
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Raman spectroscopy further highlights the reduction in film order with thickness.  In practice, 

Raman spectra were acquired at the University of Virginia using a Renishaw inVia 

spectrometer with 514 nm incident light. The cut-on for the Rayleigh filter was approximately 

100 cm-1 limiting our ability to examine the lowest energy modes of PbSe(Te).  While the 

crystal structures for PbX is expected to be rock-salt therefore Raman inactive for first order 

modes, several studies have observed the Raman response in these materials.[13–15] It has been 

postulated that resonant excitement or disorder lifts the selection rules allowing 

observation.[16]  

 

Raman spectra for thick and thin control materials and accompanying nanocomposites of 

varying thicknesses are displayed in Figure 3 of the main document. Spectra are scaled to 

allow for comparison.  In some cases, the background signal originating from the 2nd order 

acoustic overtones of Si has been removed via subtraction.[17]  Mode positions are consistent 

with expectation for the films.[18] The linewidth of the peaks varies significantly depending on 

total film thickness for both the PbTe control films and the nanocomposites whereas no 

substantial change occurs to the PbSe controls.  All told, these variations in linewidth with 

thickness further corroborate the reduction in film quality with reduced thickness that occurs 

as a consequence of the Volmer-Weber growth.   



  

29 

 

S4. Electrical Conductivity 

 

The total thermal conductivity of a material results from both heat carrying charge carriers 

(electrons or holes) and through lattice vibrations (phonons). In metals and doped 

semiconductors, the contribution from the electrical carriers can be significant.[19,20] Since our 

materials are Pb rich, it is important to quantify the role of the electrical component to the 

total thermal conductivity of our control and nanocomposite materials to understand the 

thermal trends captured in Figure 2 and 4 of the main manuscript.  The in plane electrical 

resistivity was measured using a Hall Effect measurement system based on the Van der Pauw 

method described elsewhere. These data are shown in Figure S 16, and reproduced with 

permission from X. Chen.[21]  The Wiedemann-Franz law is then used to provide the 

relationship between the electrical conductivity and the electronic contribution to the total 

thermal conductivity (𝜅𝑒) by: 

𝜅𝑒 = 𝐿𝑜𝜎𝑇           (S3) 

where 𝐿𝑜  is the Lorenz number (2.44 x 10-8 W Ω/𝐾2 ), 𝜎  is the measured electrical 

conductivity and T is the temperature. We find that the electrical component to the thermal 

conductivity is negligible (<1%) and the majority of heat carriers are phonons in our control 

and nanostructured samples. 
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Figure S 16: Electrical conductivity of representative control and nanostructured samples reproduced with 
permission from X. Chen. [21] The data show the nanocomposite has a much lower electrical conductivity compared to 

the control material and that the electrical component to the thermal conductivity is negligible in both the control and 

nanocomposite material (<1%).  
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S5. Characterization Supporting Temperature Dependent Thermal 

Conductivity  
 

In order to investigate if the change in the temperature dependent trend of thermal 

conductivity of the nanocomposite sample as compared to the control material is due to 

defects, we compare the XRD data of the 20 nm period thick nanocomposite (121 nm total 

thickness) to the control materials of comparable thicknesses using the Williamson-Hall (WH) 

analysis technique, which is described in more detail previously. The XRD data for these 

three samples are shown in Figure S 11. We find evidence of point defects occurring 

throughout the films as interstitials and impurities due to the non-stoichiometric nature of the 

lead rich PbTe and PbSe. Additionally, high resolution TEM images show the planar defects 

in the form of grain and interphase boundaries occur due to the Volmer-Weber growth. These 

data show that defect density decreases with the films total thickness.    
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S6. Comparisons to Calculated Cumulative Thermal Conductivity 
 

Previous works have shown that nanostructuring of PbTe, ranging from artificially designing 

defects, nano-precipitates, and grain boundaries, is effective to reduce the lattice thermal 

conductivity.[22]  Figure S 17 shows a conceptual illustration of relative contributions of grain 

boundary, nano-precipitates, internal interfaces and point defects on the suppression of the 

lattice thermal conductivity, and their relative length scales. Figure 1 in the main manuscript 

summarizes the characterization data provided in the SI to show that the film quality improves 

with increased total thickness. Further, The HR-TEM data shown in 

 

Figure S 9 show the morphology of the 188 nm and 60 nm nanocomposites, where the 

internal compositional layers are difficult to see, however the oriented columnar grains of the 

ALD growth are easily distinguishable.  The decrease in grain boundary density with 

increasing film total thickness plays a key role in the observed thermal trends, due to the 

effects of decreased defect scattering. 
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Figure S 17: Qualitative illustration of the accumulated contributions to reducing the lattice thermal conductivity 
with respect to MFP in PbTe. Adapted from Ref. [22]. 

 

 

 

 

It proves interesting to compare the mean free path (MFP) spectra calculated by Tian et al.16 

of PbSe, PbTe, and a PbSeTe alloy to the experimentally measured control materials and 

nanocomposite thin films. Figure S 18 shows the calculated MFP spectra as lines, and the 

experimentally measured nanocomposite films plotted by their total thickness as symbols. The 

control materials are also included in this figure for reference and are plotted by their total 

thickness. Based on the calculations from Tian et al.16, short wavelength phonons ranging 

from 1-10 nm contribute to the majority of the heat carrying phonons in PbSe and PbTe, while 

phonons with MFP's greater than 10 nm do not contribute substantially to the total thermal 

conductivity. Figure S 18 shows that the calculated MFP spectra of the control materials and 

alloy over-predict the contribution to the thermal conductivity of our nanocomposites. 

Interestingly, the MFP spectra predict that limiting length scales ranging from 1-10 nm should 

result in an increasing trend to thermal conductivity in this regime.  
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Figure S 18: The cumulative thermal conductivity with respect to phonon mean free path at 300K. The phonon MFP 

spectra are plotted as lines and were calculated by Ref. [23]. The data that are overlaid on the spectra as symbols are 

individual measurements of thermal conductivity of PbTe-PbSe nanocomposites and control films plotted against 

their total thickness. 
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