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Sample Preparation and Characterization.  All Bi2Te3 nanoplates were synthesized via the 

vapor−solid mechanism with a SiO2/Si substrate.  The samples were examined with a scanning 

electron microscope (Phenom ProX, Phenom-World BV) equipped with a backscattered electron 

detector.  An AFM was used to check the thickness of the measured nanoplates.   

 

Dry transfer of samples. Samples were first peeled off from the original substrate with the thermal 

release tape or TRT (Nitto No.3196). The TRT with greatly reduced sample population was then 

attached to a new clean SiO2 substrate and pressure was applied to make sure good contact between 
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the sample and the substrate. The substrate-TRT assembly was further put onto a hotplate at 363 

K to de-activate the adhesion layer and release the sample on to the new substrate. To remove the 

potential TRT glue residue, the samples were sonicated in acetone and isopropyl alcohol (IPA) for 

10 minutes and then rinsed with deionized water. 

 

TDTR measurements. Briefly, the TDTR method comprises a mode-locked Ti:Sapphire laser 

emitting a train of pulses that are bifurcated into pump and probe beams. The former is advanced 

through a delay stage to change the optical lengths between the two beams which are then focused 

on the sample through a common objective lens. The pump beam acts as a periodic heat source 

(modulated by a square wave), creating a temperature rise that triggers reflectivity change which 

is captured by the probe beam at the modulation frequency. Other experimental and modelling 

details are similar to these described in other works.1,2,3,1-3  The laser power was adjusted to keep 

the steady state temperature rise below 20 K. The experimental temperature decay is fitted to the 

heat conduction model at the modulation frequency to obtain the thermal conductivity of Bi2Te3 

films. The volumetric heat capacity of Bi2Te3, 1.21 J/cm3K, was adopted from the literature.4 The 

Al thickness was determined from acoustic echoes observed during early delay time (<100 ps). 

Thermal conductivity of Al thin film was calculated from the Wiedemann− Franz law after 

measuring the film electrical conductivity. The entire decay region (300–3400 ps) was used for 

fitting that is free of acoustic echoes. The beam spot size was measured accurately using the beam 

offset method.5, 6 To improve the measurement sensitivity, we fitted the thermal conductivity 

simultaneously at two different modulation frequencies (1.2 and 7.2 MHz). A lower modulation 

frequency creates thermal waves that penetrate much farther into the sample thus decreasing the 
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influence of interfacial thermal conductance. Using multifrequency fitting helps govern the 

relative influence of different layers in the thermal model.   

Figure S1 shows the optical microscope image and the charge coupled device (CCD) image 

of laser beam focused on a Bi2Te3 nanoplate sample. In the measurements, the beam was focused 

using a 20x and 50x objective on the surface of the sample, such that laser beam spot size (1/e2 

gaussian beam radius, 3.03 μm for 20x and 1.31 μm for 50x) is smaller than the nanoflake lateral 

dimensions. 

 

Figure S1. Optical microscope image (a) and CCD image with the focused pump beam (b) on the 

same 63-nm-thick Bi2Te3 flake. The dot lines are plotted to guide the eye. 

 

The error bars in the TDTR measurement are obtained by summing the systematic and 

experimental random uncertainties.7 The former is calculated based on the individual uncertainties 

and sensitivities of parameters in thermal model.4 For instance, the measured signal has a lower 

sensitivity to the thermal conductivity of a thinner Bi2Te3 that translates to a larger error bar. The 

experimental random uncertainty is obtained by averaging over five measurement data points for 

each sample.    
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Convergence test for different q-point mesh and force interaction cutoff distances. 

 

Figure S2. Calculated thermal conductivity along in-plane and out-of-plane directions with respect 

to q-point mesh (left) and cutoff distance of the force interactions for the calculation of third-order 

IFCs.  

 

We have conducted a careful convergence test for the calculated thermal conductivity, as shown 

in the Figure S2, which shows the convergence test results for different q-point meshes adopted in 

the calculations and force interaction cutoff distances. Figure S2 shows when the q-point mesh is 

set to be 11×11×11, the relative errors of thermal conductivity are ~5%. Our results were 

computed using a 15×15×15 q-point mesh. We also found that 0.759 nm is enough for the force 

interaction cutoff distance (with relative errors ~3.1% and 1.6% for both in-plane and out-of-plane 

directions, respectively) in obtaining the third-order IFCs to get convergent thermal conductivities. 

     

Cross-plane 𝑘  estimation of Bi2T3 nanoflakes. Here 𝑘  can be estimated based on the room-

temperature Seebeck coefficient 𝑆 ≈196 μV/K measured for a comparable CVD microflake8 and 

the relationship between the Seebeck coefficient and the in-plane electronic thermal conductivity.9 

According to the review summary, the in-plane electronic thermal conductivity is around 200 ~ 

300 S/cm for a similar Seebeck coefficient ~200 μV/K.9 A systematic study showed that the 
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electrical conductivity in the cross-plane (c-axis) direction is at least three times smaller than that 

within the plane for single crystal Bi2Te3.10 Therefore, we estimated ~ 83 S/cm to be the cross-

plane electrical conductivity. Using the Sommerfeld value for the Lorenz number and the 

Wiedemann-Franz law, the 𝑘  is estimated to be 0.06 W/m∙K, which is about 10% of the measured 

total thermal conductivity. Bulk-like electron transport is assumed here because charge carriers 

typically have a much shorter MFP than the film thickness.   

 

Comparison between predictions and measurements.  Figure S3 compares the predicted and 

measured thermal conductivities of Bi2Te3 samples with thicknesses. Suppression functions in the 

in-plane11 and cross-plane12 directions have been considered in our first-principles results by 

converting from phonon-MFP-dependent thermal conductivity to film-thickness-dependent 

thermal conductivity. Here we briefly described how the suppression functions are considered to 

calculate the film-thickness-dependent thermal conductivity. In the case of thermal conductivity 

in nanostructures nanok ,  

0nano bulkk K Bd 


  ,                                                  (S1) 

where bulk is the mean free path for the bulk crystal, K  is the mean free path spectrum for the 

bulk crystal, and B is the suppression function. Here 

( ) ( )bulk nano

c bulk

B Kn B
L

 


  ,                                             (S2) 

where Kn is the Knudsen number, cL is the characteristic length of the nanostructure, and nano  is 

the mean free path for the nanostructure. Both the bulk  and K  are obtained from the first-

principles calculations. For the in-plane thermal conductivity of a thin film with thickness d, the 
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suppression function is adopted from the well-known solution of the Boltzmann transport equation 

by Fuchs and Sondheimer,  

1 1
3 5

3
( ) 1 [1 4 ( ) 4 ( )]

8filmB Kn Kn E Kn E Kn     ,                       (S3) 

where, En is the nth-order exponential integral and here bulkKn d . For the cross-plane thermal 

conductivity of the thin film, the suppression function is adopted from Ref. 12,  

1
5( ) 1 3 [ ( ) 0.25]filmB Kn Kn E Kn   .                                  (S4) 

      

Figure S3. (a) Literature measurement results for room-temperature 𝑘 ,∥ from Pettes16 (green filled 

circles) on a nanoflake, from Park17 (red square) on a nanoribbon, from Goldsmid13 (yellow 

triangle) on a crystal, from Fleurial18 (orange triangle) and Satterthwaite19 (blue triangle) on single 
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crystals are shown. First-principles calculations from our work (dark yellow dotted line) and 

Hellman14 (pink diamond), and molecular dynamics calculations from Qiu20 (wine pentagon) are 

also shown. (b) Room-temperature 𝑘 ,  (blue filled squares as experimental data) as a function of 

Bi2Te3 flake thickness 𝑡. The measured 𝑘 ,  from Goldsmid13 is shown as the yellow triangle. In 

comparison, first-principles calculations from our work (black dotted line) and Hellman14 (pink 

diamond) are also shown. Theoretical prediction of 𝑘 ,  from Jacquot15 is shown as the pink open 

square. 

 

Effective medium formulation. With diffusive GB phonon scattering, the lattice thermal 

conductivity 𝑘  is given by an effective medium formulation:21-23 

𝑘 = ∑ ∫
, ( )

, ( ) , ( )/
𝑑𝜔, ,     (S5) 

where the subscript 𝐺 indicates the grain, 𝑑 is the grain size, 𝑝 indicates the phonon branch, 𝜔 is 

the phonon angular frequency, 𝜔 ,  is the maximum 𝜔 value for branch 𝑝. The spectral GB 

thermal resistance 𝑅  for phonons at branch 𝑝 and frequency 𝜔 is used. In Eq. (S5), the spectral 

lattice thermal conductivity of each grain is 

𝑘 , (𝜔) = 𝑐 (𝜔)𝑣 , (𝜔)Λ , (𝜔)/3.     (S6) 

Here 𝑐 (𝜔) , 𝑣 , (𝜔)  as the differential volumetric phonon specific heat and phonon group 

velocity, respectively. Again, Λ , (𝜔)  = 1/Λ , (𝜔) + 1/𝑑  is used as the effective 

phonon MFPs within each grain. When 𝑅  is neglected, 𝑘  is simply the integration and 

summation of 𝑘 , (𝜔) and 𝑘  is overestimated, as found in some early studies.24, 25  From a 

physical point of view, this oversimplified treatment views a GB as the scattering center to short 

the phonon MFP only, whereas the limited transmissivity 𝑇  of phonons across GBs is not 
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considered. Assuming elastic and diffusive GB phonon scattering, the spectral 𝑅 , (𝜔) in Eq. (S5) 

can be obtained by extending the expression derived under the gray-medium approximation26, 27   

𝑅 , (𝜔) =
( , ) ( ) , ( )

.                       (S7) 

Equation (S5) can then be simplified as 

𝑘 = ∑ ∫
, ( )

, ( )

( , )

𝑑𝜔, .             (S8) 

 

Grain size averaging.  The averaged grain size can be determined by  

=
∫ ( )

∫ ( )
.                     (S9) 

Here the distribution function 𝑓(𝛼) describes the percentage of grains at size 𝛼, with 𝑑𝛼 accuracy. 

Equation (S9) is derived by matching the volumetric interface area of a polycrystalline material 

with that for an ideal polycrystal with a uniform grain size 𝑑 . It has been shown that the 

volumetric interface area is the key parameter for the thermal conductivity reduction in 

nanostructured materials.28-31  Using Eq. (S9), nanostructured Bi0.5Sb1.5Te3 bulk alloys32, 33 have 

𝑑 ≈1.96 µm though 11.5% of the grains are still smaller than 20 nm. Despite the relatively 

large grain size in average, 2- to 10-nm-sized Sb-rich nanodots or 5- to 30-nm-sized pure Te 

precipitates were found in larger grains to strongly scatter phonons, with ~50 nm or less distance 

between these embedded nanostructures. Between the nanograins, 4-nm-thick bismuth-rich 

interface layers were found, which should also reduce the 𝑇  across GBs.94   
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Fitted in-plane bulk phonon MFPs.  Although all phonon branches are considered in first-

principles calculations, only three identical and linear acoustic branches (i.e., the Debye model) 

are considered in the fitted phonon MFPs, using the sound velocity 𝑣 =3058 m/s and cutoff 

frequency 𝜔 =2.16×1013 rad/s suggested by Silva and Kaviany.34 The considered phonon 

scattering mechanisms are impurity-phonon scattering and Umklapp phonon scattering.  The 

scattering rate of the impurity scattering is given by 1/𝜏 (𝜔) = 𝐴𝜔 ,35 whereas the Umklapp 

scattering rate is 1/𝜏 (𝜔) = 𝐵 𝜔 𝑇exp(−𝐵 /𝑇).36  Here the three constants are fitted as 𝐴= 

2.56×10-42 s3,  𝐵 =9.71×10-18 s/K, and  𝐵 =44.3 K.  Data fitting with the same expressions for 

phonon scattering can also be found elsewhere but different bulk 𝑘 ,∥ data are fitted.37-39 

 

Thermal conductivities of Bi2Te3-based alloys. It is known that alloying can effectively reduce the 

lattice thermal conductivity by strong point-defect scattering of phonons. The reduced thermal 

conductivity of alloys can be found in measurements by Champness et al., where 𝑘 ,∥ was reduced 

from 1.77 W/m∙K for bulk Bi2Te3 to 1.28 W/m∙K for bulk Bi2Te2.2Se0.8, and 1.07 W/m∙K for bulk 

Bi2Te2.7Se0.3.40 According to Goldsmid, 𝑘 ,∥ changed from 1.54 W/m∙K for Bi2Te3 to 0.97 W/m∙K 

for bulk Bi0.5Sb1.5Te3, and 1.1 W/m∙K for bulk Bi2Te2.7Se0.3.41 The thermal anisotropy 𝑘 ,∥/𝑘 ,  of 

Bi2Te3 was ~2.1, which was slightly changed to 2.2–2.3 for single-crystal Bi2Te2.7Se0.3 and 

Bi1.6Sb0.4Te3. Assuming 𝑘 ,∥/𝑘 , ≈ 2.25, 〈𝑘 〉 ≈0.76 W/m∙K is thus estimated for polycrystalline 

Bi0.5Sb1.5Te3 with negligible 𝑅 . This value is very close to the measured 〈𝑘 〉 ≈0.73 W/m∙K for 

the Bi0.5Sb1.5Te3 bulk alloy with 20-µm grain sizes.42 Similarly, 〈𝑘 〉 ≈ 0.86  W/m∙K can be 

estimated for polycrystalline Bi2.0Te2.7Se0.3 with negligible 𝑅 . Similar to GBs, it should be noted 

that the point-defect phonon scattering can also suppress the contribution of high-energy optical 

phonons. An general expression of the scattering rates by point defects is given by Tamura,43 while 
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the 1/𝜏 (𝜔) = 𝐴𝜔  relationship proposed by Klemens44, 45 is viewed as the special case of the 

Tamura theory at the low-frequency limit for acoustic phonons. 
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