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Abstract: At low temperatures, in reasonably pure conductors subjected to a thermal gradient, charge 

carriers (electrons and holes) are swept (dragged) by out of equilibrium phonons, giving rise to a large 

contribution to the Seebeck coefficient called phonon-drag. In this paper we demonstrate a spectacular 

influence of substrate phonons on charge carriers in thin films of Bi2Te3. We show that one can control 

and tune the position and magnitude of the phonon-drag peak over a wide range of temperatures by 

depositing thin films on substrates with vastly different Debye temperatures. Our experiments also 

provide a way to study the nature of the phonon spectrum in thin films, which is rarely probed but clearly 

important for a complete understanding of thin film properties and the interplay of the substrate and films. 
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Phonons “leaking”1 from a substrate to a thin film have long been recognized as a mechanism contributing to 

large anomalies in measurements of the Seebeck coefficient (often called the thermopower) at low temperatures. 

Spurred by the discovery of the quantum Hall effect, numerous studies of the Seebeck coefficient in 

GaAs/AlxGa1-xAs heterostructures2, 3 and Si-MOSFET’s4, 5, 6, were carried out since mid-1980’s and they often 

resulted in exceptionally large Seebeck coefficients with values exceeding millivolt/K at liquid helium temperatures. 

Such large magnitudes of the Seebeck coefficient are a manifestation of the electron-phonon interaction otherwise 

known as the phonon-drag effect7, 8. In this process, non-equilibrium phonons generated in the substrate material as a 

result of imposed thermal gradient are leaking into the 2D layer of the heterostructure and interact with the 2D 

electron system. Phonons impart their momentum to electrons resulting in an electric current just as an applied 

electric field would do. However, under the condition of net zero electric current (experimental condition under 

which the Seebeck coefficient is measured), an electric field is set up that counters the impulsively generated flow of 

electrons. By the phonon-drag Seebeck coefficient one understands the ratio of this induced electric field to the 

imposed thermal gradient. Unlike the diffusion Seebeck coefficient that is present at all temperatures, the 

phonon-drag contribution is manifested only at temperatures where electron-phonon processes dominate over all 

other modes of phonon scattering. In practice, this implies low enough temperatures where phonon-phonon 

Umklapp processes are infrequent, but temperatures not so low that the population of phonons would be very small. 

Expressions for the phonon-drag thermopower of both bulk9 and lower-dimensional semiconducting structures, 

including the temperature dependence of the effect10, 11, have been worked out and applied to experimental data. 

Specifically, for 2D heterostructures, the induced phonon-drag electric field can be written in a physically intuitive 

form12  
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where m* is the effective mass, sν is the velocity of the acoustic phonon mode s, sΛ  is the phonon mean-free 

path, s
epτ  is the electron-phonon relaxation time for scattering by the mode s and the summation is taken over the 

appropriate acoustic modes. 
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    In all studies of the low temperature Seebeck effect in lower-dimensional structures2-6, and even in the recently 

discovered spin Seebeck effect in Mn-doped GaAs films13, 14, the active 2D layer had similar composition and 

structure to the substrate. While this is a desirable feature from the perspective of growing high quality epitaxial 

layers, the fact that the substrate and the film have essentially the same phonon characteristics curtails a spectrum of 

information one can gain regarding interactions of substrate phonons with charge carriers of the film. Specifically, 

issues such as the influence of the Debye temperature and the possibility of tuning the position of the phonon-drag 

peak are inaccessible in such studies. 	
  

 In this research we focus on the influence substrate phonons exert on the Seebeck coefficient of films where 

the substrate and the film are different materials. As a film structure, we chose epitaxial films of Bi2Te3. Beyond the 

fact that Bi2Te3 is the best room temperature thermoelectric15 and the favored material for studies of topological 

insulators16, 17, its distinctly layered structure typified by pentalayer lamellae of –Te(2) –Bi–Te(1) –Bi–Te(2) – and 

weak, van der Waals bonds between the neighboring stacks (see Fig. 1(a)) makes Bi2Te3 an excellent candidate for 

the van der Waals-type epitaxy18. This ensures that c-axis oriented thin films can be grown on many different 

substrates19-21. Specifically we chose BaF2 (111) and sapphire (0001), substrates with vastly different Debye 

temperatures of 287 K and 980 K, respectively. Films with thickness spanning from 6 nm to 1000 nm were 

deposited using molecular beam epitaxy with growth parameters and structural properties described previously22. 

For comparison, we have also included a single crystal Bi2Te3 in the study23. Details concerning transport 

measurements are also given in Ref. 22. Briefly, the transport parameters were measured using a steady state 

technique over 2K-300K on rectangular-shaped samples of 10×1×0.5 mm3. One end of the sample was clamped to a 

copper heat sink while the other end was provided with a miniature chip resistor serving as the heater. Temperature 

difference was measured with two Cernox thermometers embedded in small copper tubes with a fine lip glued with 

Stycast to the backside of the substrate. Voltages were measured with Keithley 2182A nanovoltmeters using two 

fine copper wires carefully soldered to the film directly opposite the contacts of the thermometers. Temperature 

difference was kept below 5% of the absolute measurement temperature. Seebeck coefficient was corrected for the 

thermopower of copper. Accuracy of all transport measurements was better than 5%. 

The epitaxial nature and quality of the films is illustrated in Fig. 1. The sharp stripes in the reflection 

high-energy electron diffraction (RHEED) pattern depicted in Fig. 1(b) indicate a smooth film surface and 
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oscillations in the RHEED signal in Fig. 1(c) confirm a 2D growth mode. The XRD data (not shown here) 

corroborate the c-axis orientation of films. A summary of transport data is given in Table 1.  

The temperature dependence of the absolute value of Seebeck coefficients for 9 nm films deposited on BaF2 

and sapphire as well as the Seebeck coefficient of a bulk single crystal Bi2Te3 are shown in Fig. 2(a). A small but 

clearly distinguished phonon-drag contribution observed on a single crystal at 7 K is to be contrasted with an order 

of magnitude larger phonon-drag in the two film structures with peak positions at 14 K (BaF2 substrate) and 31 K 

(sapphire substrate). We stress that, apart from the same thickness, the two films have also similar carrier densities 

and mobilities. Consequently, the very different positions of the phonon-drag peak observed in films on BaF2 and on 

sapphire have nothing to do with films’ electronic properties. One may also consider strain as the driving force for 

the shift of the phonon drag peak temperature. However, as shown in Fig S1(c), the strain in Bi2Te3 films grown on 

Al2O3 substrates is released very fast due to the weak interaction between QLs, and the in-plane lattice parameter 

attains its normal value of Bi2Te3 after the growth of only 2 QLs. Therefore, a rebound of the phonon-drag peak 

position to 7k would be expected when the film thickness is greater than 10 nm. This does not happen even in films 

with the thickness of 190 nm. Moreover, the lattice mismatch between BaF2 and Bi2Te3 is only 0.1% and the 

difference in the thermal expansion coefficients leads to no more than about 0.1% lattice difference over the range of 

300K24; yet a sizable shift in the phonon-drag peak temperature is observed. The above two points effectively rule 

out a possibility that strain plays a major role in the shifted phonon-drag peak position. Rather, as Fig. 2(b) clearly 

reveals, the position of phonon-drag peaks closely follows the position of the peak in the thermal conductivity of the 

respective substrates. This also holds for the bulk Bi2Te3 single crystal sample. Such agreement between the position 

of peaks in the Seebeck coefficient and the thermal conductivity indicates a significant contribution of “leaking” 

substrate acoustic phonons interacting with charge carriers of the films. The process is most effective at 

temperatures where there is the largest concentration of heat-carrying phonons that can interact with carriers which 

is near the peak in the thermal conductivity. At temperatures above the peak in the thermal conductivity, Umklapp 

processes dissipate phonon momenta. At temperatures much below the peak, the density of available phonons 

decreases and their favored scattering targets are sample boundaries rather than charge carriers. This general trend is 

controlled by the Debye temperature of the substrate that specifies temperature regimes where the respective phonon 

scattering processes dominate. Clearly, the presence of a substrate, through its phonon spectrum, influences the 

electron-phonon interaction in a deposited semiconducting film which, in turn, governs the strength and the 
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temperature domain of the phonon-drag effect. While searching for references to prior work, we came across a paper 

of Underwood et al.25 who found an almost negligible effect of a substrate on the electron-phonon coupling in 

metallic films well below 1K. This contrasting finding with our results is perhaps not surprising because of vastly 

different temperature regimes. At sub-Kelvin temperatures the charge carriers are in no way the dominant scatterer 

of phonons and thus the electron-phonon coupling ought to be very weak. 

Substrate acoustic phonons that can interact with charge carriers and drag them along are those with phonon 

wavevectors restricted to q ≤ 2kF, where kF is the Fermi wave vector of charge carriers. Moreover, such phonons 

should be excited within a penetration depth of the film/substrate interface. The mean-free paths for sapphire, BaF2 

as well as for Bi2Te3
24 are plotted in Fig. 2(c). Even if sample size may limit the mean-free path of phonons at low 

temperatures, there is a huge difference between the free paths in Bi2Te3 and in the two respective substrates. For 

instance, near 31 K where the phonon-drag peaks in the film on sapphire, the mean-free path of phonons in the 

substrate is some five thousand times longer than in the film itself. Even though the film-substrate interface may 

scatter some phonons, the very large mean-free path of phonons in the substrate means that there is a vast reservoir 

of acoustic phonons capable of interacting with charge carriers in the film and those that leak into the film will do so 

effectively. A schematic of this process is shown in Fig. 1(d). Since the leaking phonons reflect the lattice dynamics 

of a substrate rather than that of a film, they will impose their birthmark on charge carriers in the film, alter the 

domain of electron-phonon interaction, and shift the peak position of the phonon-drag Seebeck coefficient towards a 

temperature where the thermal conductivity of the substrate peaks. This is clearly demonstrated by the phonon-drag 

data of Bi2Te3 films on both substrates. In the case of a bulk single crystal Bi2Te3, there is no substrate. It is acoustic 

phonons in Bi2Te3 that dominate the heat transport, dragging the carriers; thus the thermal conductivity and 

phonon-drag peaks coincide. 

    Since it is substrate phonons which dominate the phonon-drag process in thin Bi2Te3 films, any factor that 

affects substrate phonons should also influence the film’s phonon-drag peak. To check this point, we grew 9 nm 

Bi2Te3 films simultaneously on two sapphire substrates with thicknesses of 0.5 mm and 0.1 mm, i.e, subject to the 

exact same growth conditions and component fluxes. Figure 3 shows the Seebeck coefficient of the films as well as 

the thermal conductivity of the two bare substrates with differing thickness as a function of temperature. Note that 

the thermal conductivity curves overlap at higher temperatures; however, at low temperatures, the boundary 

scattering of phonons in the thinner substrate is stronger relative to the thicker substrate, and this attenuates the 



6 
 

low-temperature portion of the thermal conductivity curve in the former. Since boundary scattering of phonons is 

strong at low temperatures but weak at high temperatures, logically this leads to an effective increase of the peak 

temperature in thermal conductivity, in our case from 35 K to 39 K. The high temperature Seebeck coefficients 

(shown) and the electrical resistance (not shown) also overlap. Additionally, at low temperatures, the stronger 

phonon boundary scattering in the thinner substrate decreases the momentum that can be transferred from phonons 

to electrons, and leads to lower phonon-drag Seebeck effect. For the same reasons mentioned above, the peak 

temperature of the phonon-drag coefficient also increases with decreasing substrate thickness, in our case from 31 K 

to 39 K. 

In general, one would expect the leaking phonons to be particularly effective in very thin films with the 

thickness significantly less than the penetration depth of such phonons. As film thickness increases, a smaller 

fraction of the film volume would be accessible to the leaking phonons before they are scattered and the strength of 

the phonon-drag should weaken. To test this premise, we deposited Bi2Te3 films with the thickness in the range of 6 

– 1000 nm on sapphire and measured their transport properties. Although the film on BaF2 substrate in Fig. 2(a) 

shows higher phonon-drag peak, and therefore might be a better substrate on which to study this phenomena, the 

brittleness of BaF2 and the fragility to thermal shock make it an inconvenient choice. To minimize the effect of 

different carrier densities of different films, we normalize the Seebeck coefficient to its value at 200 K, as shown in 

Fig 4(a). The most striking feature of the data is a strong dependence of the magnitude of the phonon-drag peak on 

the film thickness while the temperature where the peak occurs is thickness independent. The thinnest Bi2Te3 sample 

(6 nm) possesses the peak value an order of magnitude larger than samples with the thickness of 45 nm and 190 nm. 

Based on the Mott’s formula for degenerate semiconductors, the phonon-drag term can be calculated by subtracting 

the diffuse term (linear temperature dependence) from the total Seebeck value. To do so, we assume that the 

phonon-drag contribution vanishes at 200 K, which is not an unreasonable approximation for the range of carrier 

densities of 1019-1020 cm-3. 

Peak values of the phonon-drag Seebeck coefficient (normalized to the Seebeck value at 200 K) as a function 

of thickness are shown in Fig. 4(b). The phonon-drag contribution decreases monotonically with increasing 

thickness, indicating decreasing influence of substrate phonons in the thicker films. Assuming that the decay of 

substrate phonons with the increasing film thickness shares similar functional form with the light intensity 
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distribution in a medium, the phonon flux intensity at thickness t can be written as ( ) teFtF α−= 0 , where 0F  is 

the flux intensity at t = 0 (at the interface), and α  is the decay constant (similar to the absorption coefficient when 

light passes through a medium). For a film with thickness 0t , the measured Seebeck signal ( )0tSg  should be the 

weighted average of the Seebeck coefficient at different thicknesses, with local electrical conductance ( )tσ  as the 

weight:  ( )
( ) ( )
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, where ( )tsg  is the phonon-drag Seebeck coefficient at the depth t from the 

interface, which should be proportional to the phonon flux density at this thickness, ( )tF .  Assuming the simplest 

situation where ( )tσ  is constant (in fact the normalization already takes care of the carrier density and mobility 

difference between films with different thickness), one will get  
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Fitting the thickness dependence of the phonon-drag Seebeck coefficient to this equation, we obtain the dashed line 

in Fig. 4(b) and the fitting parameter α ∼ 10 nm-1 (corresponding to the penetration depth of 0.1 nm). This means 

that the phonon flux “leaking” from the substrate decays rather quickly in the film, explaining the rapid decrease in 

the phonon-drag magnitude with the increasing film thickness. 

In conclusion, we find that phonons leaking from the substrate strongly affect the carrier dynamics of the film 

and cause a large phonon-drag peak on the Seebeck curve. The position of this peak correlates with the maximum on 

the thermal conductivity of the substrate and is governed by the nature of the substrate, namely, by the Debye 

temperature ΘD. The peak height of this substrate-related phonon-drag can be very large for very thin films, but 

decreases very fast with increasing film thickness. Our research demonstrates that one can manipulate the 

temperature where the phonon-drag effect dominates by selecting a suitable substrate material. This result provides a 

way to probe the electron-phonon coupling in thin film structures and demonstrates the influence of substrates on 

phonon and electronic properties of thin films. 
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Table 1 Transport parameters of Bi2Te3 thin films with different thickness on sapphire and BaF2 substrates. TP indicates the 

position of the phonon-drag peak. 

 Film thickness 

 (nm) 

n(5K)  

(1019 cm-3) 

ρ(5K) 

 (µΩm) 

µ(5K)  

(103 cm2/V s) 

TP  

(K) 

S(300K) 

 (µV/K) 

Films on sapphire  

6 -11.8 3.3 0.16 29  -71 

9 -6.8 1.5 0.62 31 -103 

15 -5.5 1.9 0.6 28 -125 

24 -3.2 1.7 1.1 29 -142 

45 -1.4 1.6 2.9 30 -171 

190 -0.91 1.1 6.1 26 -235 

1000 -0.45 2.1 6.7 31 -257 

Films on BaF2 
9 -8.8 3.0 0.23 14 -147 

24 -2.1 1.15 2.6 14 -221 

Bulk single crystal Bulk 1.58 0.47 8.4 7 245 
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Figure Captions: 

Figure 1 (a) Hexagonal model of the structure for Bi2Te3. (b) RHEED pattern for sapphire substrate and Bi2Te3 film. (c) Profile 

of (0,0) area RHEED intensity. The area is indicated with the white box in (b). (d) Schematic picture for the phonon-drag process 

in a film (not to scale). 

 

Figure 2 (a) Temperature dependence of Seebeck coefficient for Bi2Te3 single crystal, 9 nm Bi2Te3 films on BaF2 (red), and 

sapphire (blue) substrates. (b) The thermal conductivity of a bare sapphire substrate and a bare BaF2 substrate. Being both 

insulators, the data represent the lattice contribution. For the Bi2Te3 single crystal, we show the lattice thermal conductivity by 

subtracting the electron contribution from the total thermal conductivity via the Wiedemann-Franz law. (c) Phonon mean free 

path for Bi2Te3 single crystal, BaF2, and sapphire. 

 

Figure 3 Temperature dependence of the Seebeck coefficients (left axis) for two 9 nm films grown on sapphire substrates with 

thickness of 0.5 mm and 0.1 mm, respectively. The thermal conductivities (right axis) of two substrates are also shown.  

 

Figure 4 (a) Temperature dependence of Seebeck coefficient (normalized to the value at 200K) for Bi2Te3 films with different 

thickness on sapphire (0001) substrate. Data for Bi2Te3 single crystal is also present for comparison. The red dashed line 

indicates linear temperature dependence of diffusive Seebeck coefficient. The solid vertical line indicates phonon-drag peak 

position for films. Arrow indicates phonon-drag peak in bulk Bi2Te3. (b) The peak value of phonon-drag Seebeck coefficient 

(normalized to the Seebeck value at 200K) for films with different thickness on sapphire substrate. 

(a) 

(b) 

(c) 










