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Abstract 

Developing a thermoelectric generator(TEG) with shape conformable geometry for sustaining 

low-thermal impedance and large temperature gradient (∆𝑇) is fundamental for wearable and 

multi-scale energy harvesting applications.  Here we demonstrate a flexible architectural design, 

with efficient thin film thermoelectric generator as a solution for this problem. This approach not 

only decreases the thermal impedance but also multiplies the temperature gradient, thereby 

increasing the power conversion efficiency (PCE) as comparable to bulk TEG. Intact thin films of 

Tin telluride (p-type) and Lead Telluride (n-type) are deposited on flexible substrate through 

physical vapor deposition and a thermoelectric module possessing a maximum output power 

density of 8.4mW/cm2 is fabricated.  We have demonstrated the performance of p-SnTe/n-PbTe 

based TEG as a flexible wearable power source for electronic gadgets, as a thermal touch sensor 

for real-time switching and temperature monitoring for exoskeleton applications.  

Keywords: Flexible Thermoelectric generator, Wearable electronics, Thermal sensor, Thin films 
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Introduction 

Wearable electronic devices (e-wearables) are one of the most important among the emerging end-

user technologies[1,2]. With e-wearables, real-time and continuous monitoring of daily human 

physical and biological activities like fitness, heartbeat rate, blood pressure, body temperature, 

entertainment, navigation and several other features are made possible[3,4]. An ultra-light, flexible 

and shape conformable skin-interfaced systems is the current research focus to overcome the key 

challenges in conventional wearables[5,6]. Wearable electronic devices generally require a stable, 

reliable and durable power source for effective functioning. Handy battery unit fixed inside the 



system has become one of the bottleneck problems in wearable electronic systems[7,8]. Presently, 

lithium-ion batteries are mostly used as power sources which cannot be an everlasting source of 

power and are often reported as reason for battery explosions[9]. Moreover, dissembling for 

frequent charging and replacement of batteries are inconvenient and causes loss of data collection 

duration for the wearers. Therefore, there is an urgent need to meet the market demands of 

developing a lightweight, eco-friendly and long-lasting source for self-powering e-wearables[10–

12]. For this, Self-powering nanotechnologies provide a unique solution with superflexible, cost-

effective, high performing battery free electronic devices by directly harvesting and converting 

body heat into electricity for powering the e-wearables[13,14]. Thermoelectric generators (TEGs) 

can efficiently convert heat energy directly into electrical energy with vibration-less, emission-

free eco-friendly approach[15]. Thermoelectric or Seebeck effect developed by using 

thermoelectric materials can continuously power the e-wearables by harvesting the heat energy. 

The thermoelectric power generation is determined by the figure of merit of a thermoelectric (TE) 

material, which is defined as S2σT/K, where S, σ, K and T are Seebeck coefficients, electrical 

conductivity, thermal conductivity and absolute temperature, respectively. From this equation, it 

is apparent that a high zT can be achieved by increasing the power factor (S2σ) and reducing the 

thermal conductivity (K) of the material[16,17]. Moreover, the thermoelectric power output of the 

device is directly proportional to the square of the temperature difference applied across it. 

Sustaining the thermal gradient in the device depends on the heat absorption, dissipation and heat 

resistance of the TE materials and also device design[18,19]. Over longtime, conventional Bismuth 

Telluride based TEG is widely used as a power generator and peltier modules because of constant 

optimization efforts. However, conventional TEGs suffers from a rigid and brittle structure which 

limits their surface contact area and thus reduces heat recovery efficiency[20].  In this aspect, low-



dimensional thin TE materials can realize higher zT than their bulk counterpart due to their low 

thermal conductivity associated with quantum confinement effect[21–23]. Meanwhile, thin film 

thermoelectric devices use less amount of materials compared to bulk thermoelectric generator 

(TEG) and provides easy integration with integrated circuits[24,25]. The design of TEG can 

usually be categorized into in-plane and cross-plane structures[26]. Many works have been 

reported on cross-plane bismuth telluride based thin film through electrodeposition[27], screen 

printing[28], brush-painting[29,30] and inkjet printing[31]. In comparison, an in-plane TEG 

structure is mechanically stronger and more flexible and conformable over a hot surface[32–35]. 

However, the electrical conductivity of the thin film TE devices is reduced due to grain boundary 

scattering. Therefore, one challenge is to fabricate films with higher electrical conductivity and 

lower thermal conductivity, thereby enabling high zT for efficient power generation. Firstly, the 

basic requirements for a good thermoelectric module needs to be satisfied for efficient use in 

practical applications. Consistent materials with excellent TE performance, high mechanical 

stability and flexibility should be developed[18].  Then, easy large scale production methods with 

low fabrication cost need to be adopted[29]. Finally, novel module designs concerning with 

wearable, portability and flexibility for better integration with the heat source for high power 

output should be established[36,37]. Appropriate to the above said requirements, Metal Tellurides 

like Tin telluride and Lead telluride are very well explored for their metallic glass property with 

high electrical conductivity in the thermoelectric community. Both SnTe and PbTe are cubic 

structured direct narrow bandgap semiconductor with 0.18 eV and 0.32 eV respectively[38–41]. 

Recently, the bulk performance of SnTe and PbTe are much higher than conventional Bi2Te3 with 

zT 2[42–45]. Thin films of these materials are also well explored for better thermoelectric 

performance, with much lower electrical resistivity than Bi2Te3 thin films[46,47]. Thus thin film 



TEGs fabrication with this material and conformable substrates can increase the device power 

conversion efficiency. 

Here in this work, we demonstrate an in-plane wearable and multiscale flexible metal telluride 

based thermoelectric generator with high current and power density. In our device, a thin film of 

p-SnTe and n-PbTe are thermally deposited onto a flexible polyimide substrate interconnected 

with aluminum as contact to form the thermoelectric generator structure. The temperature-

dependent electrical and thermal properties of the deposited films were studied.  Our tests 

demonstrate that the device characteristic load test shows the capacity for producing a current and 

power density of 34.7mA/cm2 and 8.4 mW/cm2, respectively, at the maximum working 

temperature of 120oC. The infrared images and the power density observation exhibits the ability 

of thin films to sustain a large temperature gradient. 

Materials and Methods 

Device Fabrication: Figure 1a shows the schematic fabrication process of a thermoelectric 

generator. First, n-PbTe and p-SnTe arrays with a thicknesses of 100 nm are deposited as n-type 

and p-type legs, respectively, on a clean flexible polyimide substrate at room temperature by 

thermal evaporation of high purity (99.99%) SnTe and PbTe pieces. The deposition was performed 

at a working pressure of ~5x10-6 mBar and deposition rate of ~10Å/s and ~15Å/s for SnTe and 

PbTe, respectively. The deposition of each p- and n-type legs with specified dimensions was done 

through a specially designed metal-shadow mask over the polyimide substrate of 500 um 

thickness. Through these procedures, a SnTe-PbTe based TEG with 4 p-n pairs interconnected by 

aluminum film of 50 nm was fabricated. The advantages of thermal evaporation technique are 

higher film deposition rates, purity of the film deposited under high vacuum and reduced surface 

damage to the substrate, unlike sputtering.  



Thin film material characterization: X-ray diffraction patterns of p-SnTe and n-PbTe thin films 

were performed by Rigaku SmartLab diffractometer. The Raman scattering phonon modes of the 

fabricated thin films were analyzed using inVia Renishaw Raman spectrometer with a 633 nm 

laser source. The surface morphologies of the deposited films were characterized by Quanta FEG 

450 SEM. The surface roughness and grain size were studied through atomic force microscopy 

(AFM) in contact mode. The Scanning Transmission Microscopy profile of PbTe and SnTe thin 

films were simulated using CASTEP module in Material studio 8.0. The stoichiometry and 

elemental analysis of the deposited films were confirmed by Bruker X-ray fluorescence (XRF). 

The hardness and modulus of the PbTe and SnTe thin films with thicknesses ranging from 100 nm 

to 500 nm were measured via nanoindentation using a Bruker TI950 Tribo Indenter with a standard 

Berkovich tip. Displacement-controlled mode was used with a constant strain rate of 0.01 s-1 at 

room temperature. Hardness and modulus of the thin films were measured at a series of indentation 

depths and calculated using the classic Oliver-Pharr method. The temperature-dependent 

measurement of the electrical properties was analyzed through ECOPIA hall measurement system 

using Van der Pauw 4-terminal method. The thermoelectric Seebeck voltage of the p- and n-type 

thin films was determined by measuring the open circuit voltage at an applied temperature 

difference by resistive heaters.  



 
Figure 1 (a) The schematic diagram shows the steps involved in TEG fabrication (b)  XRD pattern 

of the deposited PbTe and SnTe thin film with their lattice orientation (c) and (d) show the Raman 

scattering and phonon modes of the deposited SnTe and PbTe thin films. (e) and (f) shows the 

high-resolution X-ray photoelectron spectroscopy scan for SnTe and PbTe thin films respectively.  



Thermoelectric performance analysis: The voltage and temperature gradient across the device 

were measured using a K-type thermocouple with Keithley 6517A Electrometer. The thermal 

conductivity of SnTe and PbTe thin films were measured by Netzsch Light Flash apparatus LFA 467 

Hyperflash which provides ultra-fast sampling rate for thin film samples. The infrared image 

demonstrating the temperature difference was determined from a FLIR E33 series infrared thermal 

imaging camera with an accuracy of up to ±2 °𝐶. The temperature-dependent TEG output P-V 

characteristics were obtained by sweeping the load resistance and recording the corresponding 

change in voltage and current from the Keithley 6517A controlled by Labtrace 2.0 software. To 

further study the real-time performance of the TEG, three TEG devices were connected in series 

over a circular alumina pipe attached to a hot air output of 300oC and then the corresponding 

voltage and current output were recorded using a multimeter.  

Results and discussion 

Figure 1b shows the XRD patterns of the deposited PbTe and SnTe thin films which indicate their 

phase purity and crystallinity. The XRD patterns suggest the formation of a single phase cubic 

SnTe with a dominant characteristic peak (200) (Fm3m, JCPDS card #08-0487) and cubic fcc 

NaCl- type PbTe structure with the orientation along (200) (JCPDS card #77-0246)[48,49]. The 

grain size of the deposited thin films was evaluated by Debye-Scherrer's equation (D=kλ/B cosӨ) 

and the values are 23.9 and 17.44 nm for SnTe and PbTe, respectively. The lattice constants 

calculated from the XRD pattern are 6.300 and 6.484 Å for SnTe and PbTe, respectively, which is 

in good agreement with the standard values. The smaller grain size ensures the formation of 

uniform and imperfect free crystalline thin film deposition.  For deep structural understanding of 

the deposited thin metal tellurides, Raman scattering measurements were subsequently performed. 

In the Raman scattering spectra in Figure 1c-d, the low-frequency vibrational modes are observed 



in layered metal chalcogenide materials because of the strong coupling between their 

interlayers[50]. Generally, telluride-based materials exhibit predominant peaks at 119cm-1 and 

139cm-1
 which are attributed to the optical phonon and transverse optic modes. In line with this, 

the Raman spectrum of the SnTe thin film shows the peaks at 103.8, 119.4 and 136.61 cm-1
 similar 

to their bulk equivalent[50]. The Raman spectrum of the SnTe film is dominated by longitudinal 

optical (LO) modes at 119.4 cm-1 and transverse optical (TO) phonons at 136.61cm-1, whereas the 

shoulder peak at 103.8cm-1
 arises from the low energy part of the TO phonon mode. Similarly, the 

Raman spectrum of the PbTe film also exhibits equivalent peaks at 104.6, 122.2 and 140.4 cm-1 

[51]. XPS measurements were performed to analyse the composition of the deposited thin films, 

as shown in figure 1e and 1f,  the high resolution scan for the SnTe and PbTe thin films show the 

presence of peaks at 487.2 eV and 495.5eV match to core emission levels of Sn 3d5/2 and Sn 3d3/2, 

the peaks at 137.6 eV and 143 eV correspond to the Pb 4f7/2 and Pb 4f5/2  and the peaks at 571 eV 

and 582.6 eV match to core emission levels of Te 3d5/2 and Te 3d3/2 respectively. The XPS 

measurements reveal the quality of the deposited thin films.  

The surface morphology of the deposited p-SnTe and n-PbTe films were characterized by field 

emission scanning electron microscopy and the results are presented in Figure 2a and 2b. The 

deposited films exhibit a smooth surface without any specific morphological growth. The FESEM 

surface morphology shows the development of densely packed uniform metallic film without any 

pin holes or abnormal grain growth on the surface. The inset cross-sectional FESEM of thin film 

shows intact deposition of thin film on the substrate. Elemental mapping for SnTe and PbTe shows 

uniform distribution of elements on the film surface without any over accumulation patterns. 

Further, from XRF measurement, we observed that the peaks of elements Sn and Te have an 

elemental composition of 48.18% and 51.82%, whereas the peaks of elements Pb and Te shows 



61.88% and 38.12% composition. The XRF results indicate the formation of perfect stoichiometry 

in both p-SnTe and n-PbTe thin films with highly crystalline structures. The theoretical simulation 

on the STM profile using CASTEP model was calculated where the tunnel electrons flow from the 

occupied orbitals of the scanning tip to the empty states of the sample on applying a positive 

bias[52]. The calculated STM image with positive bias corresponds to the valence band which is 

acquired from the electronic density difference at the Fermi level of the material[53]. The 

calculated STM profile for the SnTe and PbTe at an applied bias voltage of +2 V are as shown in 

Figure 2e and 2f, respectively. From the simulated STM profile, we are able to visualize the 

arrangement of elements in the thin film at room temperature [54]. For a deep understanding of 

the roughness profile of the deposited thin film, AFM measurements were performed and the 

results are shown in Figure 2c and 2d. The AFM images indicate that the deposition of nano-

textured surface morphology with a mean roughness of 6.10 and 5.79 nm for SnTe and PbTe, 

respectively. Surface roughness plays a significant role in controlling the electrical and thermal 

conductivity of the material because the dense thin film surface moderates the surface scattering 

and hinders the phonon transport resulting in lower thermal conductivity[55].  From the AFM 

analysis, we observe that the deposited film has a compact nano-textured surface with a uniform 

roughness and height profile suiting well for thermoelectric performance. The temperature-

dependent electrical properties and Seebeck coefficient of the deposited metal telluride thin films 

are shown in Figure 3. The in-plane electrical conductivity of SnTe decreases with an increase in 

temperature, which can be associated with the increase in carrier scattering due to lattice vibrations. 

A similar effect is observed in the case of PbTe thin film. However, the electrical conductivity of 

PbTe is much lower than that of SnTe. This change in the electrical conductivity can be understood 

from the hall measurement results in Figure 3c and 3d. 



 
Figure 2 (a) and (b) are the SEM images, showing the surface morphology of p-SnTe and n-PbTe 

with the inset images showing their thin-film cross-section and elemental mapping respectively; 

(c) and (d) are the AFM surface morphology images of SnTe and PbTe respectively; (e) and (f) 

are the theoretically simulated STM pattern (red dots represent Sn atoms and orange and yellow 

dots represent Pb and Te atoms, respectively); (g) and (h) compares the hardness and Young’s 

modulus of the thin films with respect to Indentation depth/Film thickness, (i) shows the thin film 

thickness dependent hardness and young’s modulus. 

 

Nanoindentation studies on the thin films were performed to analyze the thickness dependent 

hardness and young’s modulus. Figure 2g and 2h exhibit the hardness and Young’s modulus of 

the PbTe and SnTe thin films at different indentation depths normalized by the film thickness. 

From Figure 2i, it could be seen that the maximum hardness and Young’s modulus are recorded 



for 100 nm thickness of SnTe and PbTe respectively; which could be attributed to the better surface 

quality/reduced roughness. Furthermore, the 100 nm PbTe and SnTe films show no apparent 

cracking and significant degradation of electrical conductivity upon multiple bending cycles (~ 

2.3% change in resistance between 1st and 400th cycle). In contrast, the 200 nm and 500 nm films 

(Supplementary Fig. S2) show obvious micro-cracks upon cyclic bending, which considerably 

decreases its electrical conductivity (~ 6.5% and ~ 13% change in internal resistance of TEG for 

200 nm and 500 nm films, respectively). The cracking of thermoelectric thin films upon 

mechanical loading has also been observed in other thin film generators and is a major concern for 

device stability. As such, the results imply that 100 nm is the optimum thickness for the flexible 

and wearable thermoelectric generator[56,57]. Temperature-dependent hall measurement shows 

the maximum carrier concentrations are 9.9x1020 cm-3 and 4x1019 cm-3 for SnTe and PbTe, 

respectively.  The carrier concentration for both SnTe and PbTe decreases with increase in mobility 

corresponding to temperature rise. This phenomenon of increase in carrier mobility with 

temperature shows the absence of scattering points due to the nano-textured grains and surface 

roughness of the deposited film[21]. The obtained results agree with the Petritz-mobility model 

explaining the temperature-dependent relationship between grain boundaries and carrier 

transportation[58,59].  In general, the thermoelectric property of a material depends solely on their 

carrier transport mechanisms. Consequently, the Seebeck coefficients are modified from their bulk 

counterpart depending on potential barriers, grain boundary scattering and imperfections. The 

Seebeck coefficient of the thin films shows a maximum of 36 µV/K and -140 µV/K at 550 K and 

power factors of 1.4 µW\cmK2 and 1.1 µW\cmK2 for SnTe and PbTe, respectively. The Seebeck 

coefficient follows an increasing trend and exposes its interdependency on electrical conductivity. 

The properties of thermoelectric materials are varying at different layer thicknesses owing to the 



electron-phonon interactions at ever gradient temperature. In this aspect, power factor of SnTe and 

PbTe at room temperature are higher than the conventional bismuth telluride thin films[60]. The 

thin film thermal conductivity depends purely on the nano-textured gains rather than the strain 

effect in bulk materials. Under relaxation time approximation, the thickness and grain size 

dependent phonon relaxation time (including dislocations, point defects, phonon-phonon 

scattering and grain boundary scattering) τc is derived from Callaway's model[61] as: 

𝜏𝑐
−1 =

𝑐

𝐷
+

𝑐

𝑡
+ 𝐴𝜔4 + 𝐵𝜔2𝑇 𝑒𝑥𝑝 (−

𝜃𝐷

3𝑇
) + 𝐶𝜔 

Where D and t are the grain size and film thickness. In the case of thin film materials, the heat flow 

is parallel to the film surface which offers the possibility of decoupling the electronic and thermal 

transport. Figure 3g compares the total thermal conductivity of the PI film substrate with the 

deposited SnTe and PbTe thin films. The obtained thermal conductivity shows a slight increasing 

trend with temperature, revealing the absence of scattering points.  The thermal conductivities of 

SnTe and PbTe are 0.31 W/mK and 0.36 W/mK at 300 K, while the PI substrate shows a relatively 

constant thermal conductivity of ~0.15 W/mK between 300 -550K. From the thermal and 

electrical measurements, the figure of merit (zT) was calculated from S2σT/K and the results are 

presented in Figure 3h. The maximum zT is 0.3 (p-type) and 0.2 (n-type) for SnTe and PbTe at 

550 K, respectively. We have also calculated the total average figure of merit of the fabricated 

thermoelectric generator using the relation[62]:  

𝑧𝑇𝑎𝑣𝑔 =
(𝑆𝑝 − 𝑆𝑛)2𝑇

[√𝜌𝑛𝐾𝑛 − √𝜌𝑝𝐾𝑝]2
 

where 𝑆𝑝 and 𝑆𝑛 are seebeck coefficient of p and n type respectively. Similarly, ρ and K are 

electrical resistivity and thermal conductivity respectively.  



 

Figure 3 (a) and (b) shows the temperature-dependent seebeck coefficient and Electrical conductivity of the 

deposited thin film (c) explains the power factor(s2σ) changes for p- and n-type samples. (d) and (e) shows the 

temperature- dependent carrier density and mobility (f) demonstrates the Voc and Jsc of the fabricated TEG with 

insight image showing the attained power density (g) shows the thin film thermal conductivities measured by MTPS 

method (insight image is the heat transfer pattern in the thin film between hot and cold side simulated using 

Energy2D software[66]) (h) demonstrates the achieved maximum figure of merit (zT)for the thin film TEG (i) shows 

the efficiency of the thin film TE material and TEG (the insight plot compares the carnot engine efficiency with 

TEG’s zT). 

 

 

 

 



The maximum total average figure of merit 𝑧𝑇𝐴𝑣𝑔 of the thermoelelctric generator is determined 

as  0.2 at 550 K as shown in Figure 3h. This favorable zT values arises from the enhanced 

electrical and ultra-low thermal conductivities of the deposited thin films. In the view of the 

maintained temperature difference between the hot and cold side due to the conformable in-plane 

TEG design, we estimated the p and n type material efficiency along with the total TEG efficiency 

as shown in the Figure 3i.  The individual leg’s and the TEG efficiency is calculated from the 

formula[63]:  

𝜂𝑇𝐸𝐺 =
𝑇𝐻 − 𝑇𝐶

𝑇𝐻

√1 + 𝑧𝑇 − 1

√1 + 𝑧𝑇 + 𝑇𝐶 𝑇𝐻⁄
 

Where TH and TC are the hot side and cold side temperature. Maximum efficiency of p and n-type 

material thin film are calculated as 5.71% and 4.19% at 550 K respectively. From the TEG 𝑧𝑇𝐴𝑣𝑔, 

the total device efficiency is determined as 2.72 % . Further comparing the efficiency of Carnot 

engine with range of figure of merit (zT =0.1, 1 and 3), we demonstrate the equivalent performance 

of our fabricated SnTe-PbTe based thin film TEG in the temperature range of 300-550K. Moreover, 

these values reported are the highest among any thin film based TEGs. 

Thermoelectric performance of flexible in-plane p-SnTe/n-PbTe generators: 

We demonstrate our deposited SnTe and PbTe thin film device has a high value of the figure of 

merit due to the enhanced electrical and ultra-low thermal conductivities, the most important step 

is to explore its real-time performance as a TE generator. Firstly, we used the thin films to make a 

wearable electronic power source and the measurement shows that 5.3 mV can be generated from 

body heat at a normal body temperature (Figure 4a) and it is enough to power a wrist watch by 

storing the power output from the TEG through external circuit (Figure 4b).  



 

 

Figure 4 Real-time applications (a) shows the capability of the TEG to generate voltage(mV) from human body 

heat (b) demonstrates the possibility of fabricated TEG as a flexible wearable electronics to replace batteries (c) 

shows the industrial high temperature power harvesting capability from heat exchangers. (d), (e) and (f) are the 

infrared images of TEG under various heat sources demonstrating the capacity of TEG to maintain temperature 

gradient (g) show the load characteristics performance of a single TEG under varied temperature gradients (h) 

load characteristic performance of serially connected TEGs over an alumina pipe with a temperature gradient of 

120oC. 



The corresponding infrared image explains the temperature gradient applied over the TEG. We 

measured the output open circuit voltage and current density of the TE generator consisting of 4 

pairs of p-n legs interconnected by aluminum contacts as shown in figure 3f. At a temperature 

difference (∆T) of 120 oC, the maximum open circuit voltage and current density of 250 mV and 

34mA/cm2 were recorded. Furthermore, in order to study the real-time load characteristics of the 

fabricated TE generator, the current-voltage-power characteristics were measured with varying 

temperature differences from 20 to 120 oC, as shown in Figure 4g. The output power is measured 

for different external resistance, where the maximum peak power output of 366 nW is obtained at 

∆T of 120 oC. The P-V curve shows a characteristics increase in the output power at each increase 

of temperature difference (∆T). Thus the TE generator shows a maximum performance at 120 oC 

with 250 mV and 6 µA which is the highest recorded for any reported in-plane TEG[32–34,64,65]. 

Additionally, to demonstrate the real-time daily life/industrial application of the fabricated flexible 

TEG we performed the testing with different types of heat source. We connected three TEGs in 

series over a hot air exhaust pipe surface as shown in the Figure 4c, where we recorded a constant 

voltage and current of up to 500 mV and 10 µA as shown in the load characteristic curve in figure 

4h. Figure 4g and 4h show the performance of the TEG for industrial application as waste heat 

harvesting source for achieving energy efficiency. The infrared images clearly demonstrate the 

metallic glass property of the thin Film TE materials in maintaining the temperature gradient. Thus 

further on increasing the surface area of the device we can harvest a huge amount of heat wasted 

in the surroundings.  For substantiating the direct conversion human waste heat into electricity, the 

fabricated large-area TEG with active device area of 50 cm2 and 32 p-n TE pairs was wrapped 

around the human wrist, which efficiently powered an LED light with low intensity. The generated 

voltage corresponds to the temperature difference between the human wrist and the ambient 



environment (∆T=10oC) which is stabilized with LTC 3108 energy harvester circuit to power the 

LED.  The performance stability of the TEG under heating and cooling cycles were analyzed by 

continuously measuring the change in internal resistance of the device. 

 
Figure 5 (a) Fabricated Large-area flexible SnTe-PbTe TEG with 32 TE pairs (b) Real-time 

demonstration of the TEG as a wearable power source by lighting a LED with body heat (c) 

Change in internal resistance with the no. of heating cycles (d) Change in TEG internal resistance 

with no. of bending cycles (bending radius=3 cm) under ambient temperature.  

 

Figure 5c shows the device stability over 150 thermal cycles both over flat and curved surfaces, 

where the internal electrical resistance of the device remains stable without any significant 

changes. Figure 5d demonstrates the flexibility of fabricated thermoelectric thin films over the 



polyimide substrates, the stability of the internal resistance with respect to the bending radius (3-

5 cm) of the device were also studied. The change in internal resistance of the TEG does not change 

significantly (less than 2.5%) under simultaneous flat and bend conditions over 400 cycles, which 

is appropriate for practical applications. While the internal resistance of the TEG with 200 nm and 

500 nm thick films drastically increase with the number of bending cycles as shown in 

supplementary information S4. 

To demonstrate the excellent biothermal sensing property of the fabricated TEG, we fabricated a 

thermal touch sensor panel by sandwiching the p-SnTe layer with n-PbTe layer with copper 

contacts (Figure 6a). With this setup, we detect the finger touch on the device by measuring the 

change in voltage and current induced by the human skin temperature. The heat transfer between 

the finger and sensor surface creates a temperature gradient on the material interface leading to the 

generation of impulse current. The sensor responsivity over wide range if temperature was 

calculated as 0.29µV/W.  Figure 6e shows the response of the sensor with and without heat input 

over a duration of 60 seconds, the detected heat pulse’s intensity corresponds to the heat applied 

from the fingertip. The rise and fall time of the heat pulse signal are 150ms and 200ms respectively. 

The sharp rise and fall of the detected heat pulse prove efficient detection without any time lag, 

this property arises from the large Seebeck coefficient and ultra-low thermal conductivity of the 

thin films. Thus we demonstrate the performance of flexible SnTe/PbTe thin films as an efficient 

thermal touch sensor.  



 

 

Conclusion 

In summary, we have fabricated an in-plane flexible p-SnTe/n-PbTe metal telluride based 

thermoelectric generator with detailed electrical and thermal investigations on the deposited thin 

films. Surface roughness profile from the AFM measurement reveals the enhancement in the 

electrical properties. Temperature-dependent hall measurement exhibits the interrelationship 

between the surface roughness and the carrier mobility process in thin film. Thermoelectric 

performance of the deposited thin film exhibits maximum zT of 0.3 (p-type) and 0.2 (n-type) at 

550 K.  From the fabricated TEGs, maximum output voltage and power density of 250 mV and 

Figure 6 Thermal touch sensor (a) schematic diagram shows the construction of flexible thermal touch 

sensor (b) shows the sensor responsivity[25] (c) Electrical response of the heat touch-induced pulse 

signal [67] (d) IR image of the figure touch (e) compares the electrical pulse signal from the sensor for 

with and without heat input at ambient atmosphere.   

 

 



8.4 mW/cm2 at a temperature difference of 120oC.  The efficient TEG construction design 

overcomes the issue of maintaining a large temperature gradient (∆T).  Total average figure of 

merit (zTavg) and efficiency (𝜂) of the TEG is calculated as 0.2 and ~3%.  We have also 

demonstrated multi-scale use of TEG as a wearable electronic power source and industrial waste 

heat recovery device. The infrared images show the heat transfer between the surface and flexible 

TEG device interface. Further the performance of the thermal touch sensor demonstrates efficient 

heat sensitivity of the thin films. The performance of the deposited thermoelectric films and device 

can be further improved by increasing the active area and electrical properties. 
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