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Abstract 

High-throughput roll-to-roll processing could be used to scale up the manufacture of flexible 

thermoelectric generators. Very thin thermoelectric layers can be manufactured at high 

throughput speed and low cost and, most importantly, are predicted to possess better 

thermoelectric properties than thicker layers. Here we present a study on a series of bismuth 

telluride films of different thickness (few nm to 370 nm), deposited on polymer substrates at 

room temperature using DC magnetron sputtering. Unlike previous studies of deposition of 

bismuth telluride films onto heated substrates, an island-growth mode, indicated by AFM, 

was observed for Bi-Te films grown at room temperature. A period of growth in which the 

layer only partially coats the substrate, with only imperfect connections between islands, was 

observed. In this partially coated region, the coating exhibited an extremely high Seebeck 

coefficient. An energy barrier mechanism, similar to the interface effect in nanomaterials, is 

proposed to explain this phenomenon, along with a possible quantum confinement effect. We 

found that a thinner Bi-Te film could generate a greater power factor because of a quasi-

decoupling of Seebeck coefficient and electrical resistivity. In addition, ensuring that the 

mailto:hazel.assender@materials.ox.ac.uk


 2 

sample passed directly under the sputtering target, and using a substrate smoothed with an 

acrylate layer were found to improve film properties, thus enhancing thermoelectric 

behaviour. 

1. Introduction 

Since wearable thermoelectric generators (TEGs) are of interest as a clean source of local 

energy [1], thermoelectric (TE) materials for near-room temperature (RT) operation have 

been extensively studied. Based on Seebeck effect, TE materials can directly convert thermal 

energy to electrical energy and vice versa [2]. As one of the best conventional TE materials at 

RT, bismuth telluride (Bi2Te3) is a type of V2-VI3 binary chalcogenide compound 

semiconductor with a narrow band gap (Eg) of around 0.2 eV [3-5]. In addition to the RT 

working regime, Bi2Te3 exhibits relatively high Seebeck coefficient, low electrical resistivity 

and low thermal conductivity [6]. However, the dimensionless figure of merit for TE 

performance (ZT) of Bi2Te3 has remained around 1 for many years [7]:  

 𝑍𝑍𝑍𝑍 =
𝑆𝑆2𝑇𝑇
𝜌𝜌𝜌𝜌

=
𝑆𝑆2𝜎𝜎𝑇𝑇
𝜆𝜆

= 𝑃𝑃𝑃𝑃 ∙
𝑇𝑇
𝜆𝜆

 (1) 

where S, T, 𝜌𝜌, σ, 𝜆𝜆 and PF are the Seebeck coefficient, the absolute temperature, the electrical 

resistivity, the electrical conductivity, the thermal conductivity, and the power factor, 

respectively [8]. PF is introduced because it is independent of 𝜆𝜆. A high-efficiency TE 

material is required to possess low 𝜌𝜌 and high S, thereby high PF. However, 𝜌𝜌, 𝜆𝜆 and S are 

strongly coupled to the carrier concentration [9,10]. The main challenge remains on how to 

decouple these three TE parameters to maximise ZT. In recent years, nanostructured materials 

and boundary or defect engineering have increasingly attracted the attention of researchers for 

improving the ZT of TE materials [11-14] because nanostructures can provide a chance to 

break the linkage among 𝜌𝜌, 𝜆𝜆 and S, and thus potentially enhance the TE performance.  
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Due to a poor mechanical flexibility of bulk inorganic materials, fabricating inorganic 

materials into thin-film form onto a flexible organic substrate is a promising option for 

flexible TEGs [15] . Various techniques have been reported in the literature for the fabrication 

of Bi2Te3 films, such as pulsed laser deposition [16,17], molecular beam epitaxy [18,19], 

metal organic chemical vapour deposition [20,21], electro-deposition [22], (co-)evaporation 

[23-28], and (co-)sputtering deposition [29-32]. The sputtering technique shows particular 

promise for scale-up manufacturing of TEGs: it is widely used in industrial manufacturing, 

being a continuous, stable and scalable process for making high quality films at moderate 

throughput speeds. Sputtering can be easily incorporated into roll-to-roll (R2R) 

manufacturing [33], as well as being compatible with fabrication lines to deposit a huge array 

of materials [34]. Hence, sputter deposition is employed in this study. 

TEGs can be deposited onto flexible polymer substrates to give rise to good mechanical 

flexibility e.g. for wearable technologies [35]. Typically, the best performing materials have 

been achieved by deposition onto a heated substrate: Bi2Te3 films grow by a single crystalline 

2D layer-by-layer growth mode [36-38] or a 2D step flow growth mode [39,40], which causes 

a columnar growth of Bi2Te3 thereby increasing ZT [41-44]. According to the zone model 

proposed by Thornton in 1973 [45], a columnar-growth film can only be achieved when the 

ratio of the substrate temperature to the target’s melting point is around 0.4, which requires 

the substrate temperature to be at least 232 ℃ for Bi2Te3. However, such high temperatures, 

combined with the mechanical loadings applied during R2R deposition processes, can be 

prohibitive for most polymer substrates. Additionally, heating a polymer substrate in a high-

throughput R2R process is an engineering challenge in itself. Therefore, there is an urgent 

desire to further study Bi2Te3 films grown at RT. 

Bi2Te3 is predicted to be a topological insulator, and has shown topological surface states that 

are protected by time reversal symmetry [46,47]. The expected conducting surface and 

insulating bulk would give rise to a linear decrease in 𝜌𝜌 with a decrease in thickness of a film 
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[48]. A range of recent thickness studies [49-53], although not showing a linear relationship 

with thickness explicitly, do show an increase of resistivity with thickness, as would be 

expected. A lower 𝜌𝜌 benefits PF (see eq. 1), but the change in S with thickness is not clear for 

Bi-Te film sputtered at RT. Materials of very small dimensions are predicted to show 

significant increases in PF due to quantum confinement effects [54]. For example, Mingo et 

al. [55] showed an increase in PF of TE nanowires of various materials (InP, GaAs, InAs and 

InSb) as the wire thickness became smaller. By far the thinnest Bi2Te3 thin-film study, around 

18 nm with S ≈ 100 µV/K, was reported by Rogacheva et al. [56] using thermal evaporation 

onto a hot substrate as the deposition method.  Such a relationship opens up the exciting 

possibility of improved TE properties for very thin films, which would also have the 

manufacturing advantage of high deposition throughputs, to keep down the manufacturing 

cost. Therefore, in this paper we explore the TE properties of Bi2Te3 thin films, particularly 

down to very thin layers, by RT sputter deposition onto polymer substrates. 

2. Experimental details 

Bi2Te3 material used in this study was supplied by Mi-Net Technology Ltd. with a purity of 

99.999%. Bi-Te films were deposited by DC magnetron sputtering onto flexible polyethylene 

terephthalate (PET) film (0.1 mm) at RT 0.25 kW under a vacuum of 2 × 10-4 mbar base 

pressure (≈1 × 10-3 mbar after 350 argon flow, was indicated by the chamber gauge during 

coating) which is a typical pressure for a low-cost high throughput R2R process that we seek 

to emulate. At these pressures we would expect to see some effects of impurities in the film 

e.g. oxides, however in this study we have not modified pressure, deposition rate, power or 

temperature, so we would not expect major trends in the effect of such impurities. For some 

samples, acrylate smoothing layers were previously vacuum-deposited onto the PET film, as 

contrast substrates, by flash evaporation of a tripropyleneglycol diacrylate (TPGDA) 

monomer followed by plasma cure [57]. With the help of polyimide tapes, substrates were 

attached on the coating drum (circumference 1.8 m), which rotates at 25 m/min during 
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deposition, and thus multiple passes of the deposition source were made during a single 

deposition process. The film thickness was controlled by changing the deposition time, and 

then measured using a Veeco DekTak 6 M stylus profiler, which measured, in at least 5 

locations, the step-height between the film and the substrate made by masking with polyimide 

tapes. A series of thin films with varying thickness were obtained as shown in Table I. In 

order to manufacture ultra-thin films, PET substrates were also placed towards the edge of the 

drum, i.e. not passing directly underneath the sputter target as the cathode/target is much 

smaller than the drum’s width. This oblique deposition can produce thinner films compared to 

directly opposite deposition. 

Table I. Bi-Te samples obtained by varying deposition time. The thickness of the thinnest 

layers ‘~’ are estimated, as they form non-continuous layers. Note that the ‘deposition time’ 

is the time that the sample is rotating on the drum during deposition: the time spent under the 

sputter cathode is substantially less. 

Position of target and substrate Directly opposite deposition Oblique deposition 

Deposition time (mins) 10 5 3 2 1 5 3 1 

Film thickness (nm) 370 170 100 70 20 55 ~33 ~11 

Standard deviation (n = 5) 3 4 5 3 1 3 - - 

AFM (JEOL JSTM-4200D) using tips (NCHV-A, Bruker Ltd.) in tapping mode, and a field-

emission scanning electron microscope (FE-SEM Zeiss Merlin) were used to analyse the film 

surface morphology, and to determine the surface roughness of films. Eg of film was analysed 

by Tauc plot from the absorbance spectra obtained using a Cary Varian 5000 UV-visible-NIR 

spectrometer. The thin-film electrical property and stoichiometry were characterised by a 

home-made four-point probe and EDX (Zeiss Evo), respectively. A home-built Hall 

measurement system using the van der Pauw configuration at room temperature was used to 
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measure the carrier concentration and mobility of films. S of Bi-Te films was measured along 

the in-plane direction at RT by an MMR Tech. Seebeck effect system at 300 K under nitrogen 

atmosphere applying temperature differences from 0.1 to 0.45 K, determined by the ratio of 

an output voltage (ΔV) generated across the film surface to the temperature difference (ΔT). 

The PF of Bi-Te films was evaluated from S and 𝜌𝜌 using the relation in eq. (1). 

The sample-to-sample variation was already considered in these characterisations. The run-to-

run variation was analysed for thickness (4.4%), electrical resistivity (3%) and Seebeck 

(1.5%) in four independent batches. 

3. Results and discussion 

3.1 Surface topography 

During initial deposition, grains of the deposited material can form isolated islands on the 

substrate, depending on the wetting of the substrate [58], and the sputtering power and species 

mobility [59]. Under deposition onto a heated substrate, Bi2Te3 films grow by a 2D layer-by-

layer growth mode [36-38] or a 2D step flow growth mode [39,40]. The surface roughness 

should remain constantly that of the substrate for step-flow growth mode. In layer-by-layer 

growth the roughness should oscillate between the highest, just before island coalescence in 

each layer, and the lowest, at the formation of the next integer layer [60]. In contrast, 3D 

island growth mode is often observed for metal deposition onto polymer substrates at RT e.g. 

[61,62]. In this study we consider the effect of RT deposition with short deposition times and 

thus characterised the layers to establish confidently the nature of the first stages of growth of 

the films in this case. Figure 1 shows the surface morphology for Bi-Te films grown by RT 

sputtering. AFM images reveal a process of the initial small-islands combining to form larger, 

subdivided, grains. The line profiles show how the islands of deposition become taller and 

merge as more material is deposited. The root mean square roughness (RMSR), as shown in 

Figure 2, provides a simple quantification of this effect. The thinnest films are deposited 



 7 

through oblique deposition: the 1-min sample shows a significantly higher RMSR than the 

uncoated substrate because the film is partially coated with islands of coated material 

protruding a couple of nm above the uncoated substrate surface leading to an increase in 

roughness over that of the substrate, while after 3-min coating the islands are impinging, 

giving rise to an overall slightly smoother surface which then roughens again as the film 

thickens further after 5 minutes deposition. These cannot be compared directly to the samples 

mounted directly opposite the target as the angle of deposition may influence the morphology 

and properties, but from the samples mounted directly opposite the target, it is clear that as the 

film thickness grows further, the surface roughness then increases, as previously reported for 

island-growth mode [63].  

For the shortest deposition times, therefore, the layers may not form a complete coating with 

the islands fully impinged. To further examine this, both SEM and AFM phase images are 

obtained for 1-min coating (Figure 3), as contrasted with a much thicker layer (5-min 

deposition sample) that is expected to form a complete layer. SEM images clearly 

demonstrate the morphological difference of films under different thickness. Unlike the big 

grains observed in the thick film, the 1-min coating shows a small-island structural 

morphology. The AFM phase image strongly suggests an island-growth period for 1-min 

coating due to the strong contrast between the coating and the relatively compliant substrate. 

The acrylate layers will tend to smooth over the larger-scale defects on the polymer substrate 

to smooth the film (Figure 2a). The relationship between RMSR and the film thickness is 

summarised in the schematic in Figure 2b. At a very high film thickness the film surface 

roughness is assumed to tend towards some equilibrium value (dashed line). 
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Figure 1. (a-f) AFM topography images and (g) example line profiles (from positions 

indicated by grey lines in the images) with the image size of 1µm×1µm for Bi-Te films 

deposited directly opposite the target: (a) the polymer substrate, (b) 1-min coating, (c) 2-min 

coating, (d) 3-min coating, (e) 5-min coating, (f) 10-min coating. 

 

Figure 2. (a) RMSR of Bi-Te films (The error bars represent a standard deviation, which are 

obtained from at least eight 1µm×1µm images); (b) Schematic of the variation of RMSR with 

thickness of films grown by RT sputtering (The solid line is analysed from the experimental 

results, while the dashed line is estimated. The dotted line indicates the roughness of the 

substrate). 
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Figure 3. SEM images and AFM phase images (inset) of (a) 1-min and (b) 5-min films 

deposited directly opposite the target. 

3.2 Elemental Composition 

When considering the properties of a layer as a function of thickness it is important to 

consider any possible change in stoichiometry. Figure 4 shows a change in elemental ratio, as 

measured by EDX, of Te and Bi with deposition time (i.e. the film thickness). All the as-

deposited films were found to be Te-rich compared to the sputtering target as reported 

elsewhere [64], in this case for RF sputtering, where for high powers Te content could reach 

as high as 90%. An off-stoichiometric Bi-Te film does not directly produce poor TE 

properties because an excess Te content acts as a major source of electron donors [19].  

The Te:Bi ratio changes with thickness (Figure 4) perhaps due to a different sticking 

coefficient to the substrate, giving a rise in Te near the interface which is averaged over the 

different thicknesses as measured by the penetration depth of the EDX. In addition, time spent 

passing under the sputter target (i.e. deposition time) may result in preferential removal of one 

element from the coating [65]. Such etching process could be either from the plasma region or 

from the high energy backscattered Ar neutrals from the sputter target. The Te atom in the 

film is preferred to be removed due to its poorer binding energy, smaller atomic size and 

atomic mass, hence, the Te content in the film decreases as the film grows. 

The effect of stoichiometry on electrical properties is worth considering for our Bi-Te films. 

Goncalves et al. [66] carried out a stoichiometric study of Bi2Te3 films and found that, at low-

temperature deposition (in this case by evaporation), as the Te content of the film increases in 
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the approximate range of Te:Bi ratio 1.5-2.5, the magnitude of S decreases and 𝜌𝜌 increases 

leading to a decrease in PF. However, our results are the reverse of their observation. 

Goncalves et al. used a constant film thickness, so the reversed trend with stoichiometry 

suggests that the origin of the change in electrical behaviour observed here is the variation in 

film thickness and/or morphology, not the stoichiometry. Although the difference in 

deposition method may preclude a direct comparison with Goncalves’ films, our 

measurements of carrier concentration (Figure 7a) also suggest that stoichiometry is not a 

dominant effect: we would expect to see a significant increase in carrier concentration with Te 

content [19], but in our case the thinnest sample has both the greatest Te content and lowest 

carrier concentration.  

Due to sputtering under a high vacuum condition (rather than an ultra-high vacuum), oxygen 

impurity in the film is of concern, e.g. acting as a dopant [67]. Since the interaction volume of 

SEM is even larger than the film thickness, measuring oxygen content by EDX in our film 

means that oxygen signals from the polymer substrate cannot be avoided. Hence, we made the 

Bi-Te films on Si wafer. In EDX analysis, there is no oxygen signal detected from samples on 

Si. However, it is noted that oxygen reading could be within the noise background and 

detection of EDX for a light element such as oxygen is poor. In contrast to an (54 – 7 at.% 

from thin to thick films) oxygen detected in samples on the polymer substrate, there is no 

oxygen detected in samples on Si indicating that the presence of oxygen in our Bi-Te film is 

unlikely. In addition, since the TE performance of our films is consistent with [31,68] , it is 

not an overriding influence the film even were oxygen present, and the trends with thickness 

we report would not be explained by the oxygen content. 
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Figure 4. Elemental ratio of Te and Bi as a function of deposition time (The error bars are 

standard error from at least six independent points in six different locations on a large-area 

sample). 

3.3 Thermoelectric parameters 

3.3.1 Resistivity 

The variation of 𝜌𝜌, S and PF as a function of film thickness has been measured (Figure 5). 

Both Seebeck and Hall measurements confirm all the films to be n-type. Both deposition 

conditions show a sharp increase in 𝜌𝜌 for the very thinnest films, commensurate with islands 

of material not fully connected to one another. Under this condition any conductivity is due to 

a small number of paths of connectivity between the islands, with poorly conducting, 

disordered or extremely thin/no material between. Dheepa et al. [69] concluded that the 

resistivity of Bi-Te films deposited at RT, as a result of island-growth, depended upon the 

tunneling of charge carriers between the islands once they were separated by only a few 

angstroms, but for the thinnest layers, where there are relatively few such connections, the 

resistivity would sharply increase in layers that are not made up of fully impinged islands. A 

sharp increase in resistance for very thin films observed in PbTe thermoelectric layers [70] 

was similarly linked to percolation and linking of islands of material as the amount of 

deposited material increased. 
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Figure 5. Plots of 𝜌𝜌, S (a) and PF (b) for Bi-Te films with various deposition time, and 

schematic representations of the relationship between film thickness and 𝜌𝜌 (c), S (d), and PF 

(e) (The solid lines are analysed from the experimental result, while the dashed lines are 

estimated. The error bars are the standard deviation of at least six and three measurements at 

different locations for S and 𝜌𝜌, respectively). 

After a complete layer is formed, 𝜌𝜌 gradually increases in an approximately linear fashion, as 

represented in Figure 5c, as would be expected for a topological insulator until such thickness 

as the overall resistivity reflects that of the bulk. Changes in conductivity might also be 

influenced by changes in the contact with the four-point probe as the topography and 

morphology change, or changes in carrier mobility as a function of grain size [71] and degree 

of crystallinity [69,72].  



 13 

3.3.2 Seebeck coefficient 

The relationship between S and film thickness can be described as illustrated in Figure 5d. S is 

observed to increase sharply for the thinnest layers as was also observed for PdTe [70]. In this 

region the film thickness is small compared to the Bohr radius of Bi2Te3 (57 nm [73]). Indeed 

the Eg, as determined by Tauc plots from UV-vis data (Figure 6), is seen to increase 

significantly for the thinnest films, as would be expected from the effect of quantum 

confinement. A greater Eg would be associated with a lower density of charge carriers (from 

intrinsic carrier generation) for a given temperature, which is expected to increase S. Quantum 

confinement in one dimension (for a thin film) would also lead to a change in density of states 

near the Fermi level which would change TE performance, and Dmitriev et al. 2010, [74] 

ascribed the higher PF for thinner nanowires (confinement in two dimensions) to sharp 

features in the density of states resulting from the effect of quantum confinement. However, 

the trends in S and Eg we observed do not correlate well (i.e. the increase in S is only observed 

for deposition time less than 3 mins), so this is not shown to be the primary explanation. We 

should also consider the effect of barrier scattering which is established as a reason for larger 

S in thin films than bulk samples [75,76]. This scattering arises from potential barriers in the 

material, such as at grain boundaries, which stop the carriers of lower energy, increasing S. 

 

Figure 6. (a) Tauc plot of Bi-Te films under 5-min opposite deposition with (inset) 

corresponding absorbance spectra (where ⍺ is absorbance coefficient, hv is photon energy, 
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Eg is band gap) The primary Eg is observed at around 0.23 eV, similar to other reports [3-

5,77] and a second Eg is seen corresponding to a gap of 3.54 eV that has been reported by 

[78]; (b) The variation of two types of Eg as a function of deposition time/film thickness. 

The thinner films will have fewer high-quality connections between grains (good conducting 

material), with potentially poorly ordered material between (which would serve as a potential 

barrier). In this study, the XRD measurement was not obtained because the film is too thin to 

obtain sufficient signal, however the room-temperature sputtered Bi-Te film is not expected to 

be highly crystalline which has already been observed for thicker Bi-Te films in our previous 

study [72]. In the thinnest, partially coated, films, the material relies on a relatively low 

number of percolation pathways for conduction, and the intimate, ideal, electronic connection 

between neighbouring grains will not be made in many cases, thus a relatively large 

proportion of the moving charge will need to pass through higher potential barriers. To 

describe it in another way, the thinnest layers might be considered as an incomplete layer of a 

nanocomposite material of Bi-Te with inclusions of poor quality/no/high Te/oxidized-phase 

material between that would serve to give an energy filtering effect, stopping the low energy 

carriers, as above, as reported for nanocomposites [79,80]. Thus, S increases as the carrier 

concentration decreases (the inverse relationship between S and the carrier concentration has 

been reported by many studies [9,74,81]). 

As a continuous layer is formed for thicker films, the carrier pathways become multitudinous 

(continuous) and so the sample no longer depends on such, imperfect, connections, as good 

connectivity between the better-quality material will be much more common with a reduction 

or removal of the carrier filtering effect.  

3.3.3 Carrier concentration and mobility 

The measured carrier concentration and carrier mobility taken from Hall measurements, 

Figure 7, do confirm a very substantial decrease in carrier concentration for the thinnest layer, 
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due to the carrier filtering effect. The trends for thicker films, observed in both carrier 

concentration and mobility do give rise to an increase in resistivity with deposition time, as 

observed in Figure 5, and are expected to be influenced by stoichiometry (doping: increased 

Te doping in the thinner films is a source of electron donors [19]; oxygen doping could 

increase TE performance [67]), and grain size and crystallinity (larger grains [4,6,78] and 

better crystallinity [72] have been observed in thicker layers). The observed decrease in 

carrier concentration (Figure 7a) with increased deposition time for the thicker films is 

consistent with the observed increase in S (Figure 5a). 

 

Figure 7. Variation of (a) carrier concentration and (b) carrier mobility of Bi-Te films as a 

function of sputtering time i.e. film thickness (The error bars represent a standard error, 

which are obtained from three measurements). 

 

3.4 Thermoelectric behaviour: Power factor 

The samples deposited directly opposite the target show much better PF (product of S2 and σ, 

as from eq. 1) than those deposited obliquely, even when in the same range of thickness, 

because of their lower 𝜌𝜌 but higher S. This can be attributable to a difference in the 

morphology (e.g. RMSR), uniformity and potentially stoichiometry of films deposited at 

different positions on the drum. Those films deposited on acrylate-coated PET have better PF 

than those deposited directly onto PET: the acrylate layer helps to smooth over scratches and 
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other micro-scale defects on the PET surface that are likely to break the carrier’s percolation 

path, as is reflected in their lower resistivity.  

We have observed that very thin Bi-Te films exhibit better PF behaviour (Figure 5b). This is 

significant and encouraging, given that very thin layers are favoured for a high-throughput 

manufacture. This is the first such study for very thin Bi-Te films grown at RT in moving web 

deposition. From the experimental result, the relationship between PF and the film thickness 

is proposed as shown in Figure 5e. The competition between the change in 𝜌𝜌 and the change 

in S is the key. In the completely coated region, PF increases as the film becomes thinner 

because the decrease in 𝜌𝜌 is larger, hence the change in 𝜌𝜌 dominates the change in PF. In the 

partially coated region, PF increases as the film becomes thinner because the change in S 

dominates the change in PF. Hence the coupling between 𝜌𝜌 and S is different for the thinnest 

layers due to the different mechanisms involved, giving rise the relatively high PF observed 

for the thinnest layer. 

 

4. Conclusion 

An experimental study has been carried out to investigate the TE behaviour of RT-sputtered 

Bi-Te thin films on polymer substrates in the thickness range of few nm – 370 nm. AFM 

analysis revealed an island-growth mode of Bi-Te films deposited at RT by DC magnetron 

sputtering. Electrical resistivity was found to be the lowest as a complete coating is formed, 

and an almost linear relationship between electrical resistivity and the film thickness was 

observed thereafter, as expected for topological-insulator films. In addition to a possible low-

dimensional quantum confinement effect, an energy barrier mechanism was proposed to 

explain the extremely high Seebeck coefficient at the partially coated region. The island-

growth behaviour observed in these RT-deposited layers facilitated forming coatings which 

showed this energy barrier effect, as the layer-by-layer growth reported for high substrate 
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temperature deposition would tend to give rise to good connectivity across the layer. The 

power factor was shown to increase substantially in very thin films, which has been explained 

by a quasi-decoupling of S and 𝜌𝜌. Therefore, both a high deposition throughput and a high PF 

could be fulfilled by using very thin TE materials, giving a boost to the commercialization of 

flexible TEGs even through the film sputtered at room temperature under high vacuum level 

is not highly crystallised and possibly involves oxidation phase for sputtering at such vacuum 

level (not an ultra-high vacuum level). The film surface features were improved by applying 

an acrylate smoothing layer to the substrate which could enhance power factor by improving 

the electrical resistivity of films.  
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