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ABSTRACT Micro-thermoelectric generators are attractive for autonomous sensor systems. This 

work reports an approach for fabricating thin film micro-thermoelectric generators via selective 

chemical vapor deposition. The approach utilizes our single source precursors which enable the 

production of high-quality thermoelectric materials, as exemplified by Sb2Te3 in this work. It also 

allows great control over the thermoelectric properties of the as-deposited Sb2Te3 by simply 

varying the deposition temperature. A competitive power factor of 16.5 µW/cm·K2 can be obtained 

for a Sb2Te3 films deposited at 364ºC, with the highest estimated ZT value of 0.65. The selective 

deposition over the conductive TiN surface enables the fabrication of a prototype single-leg 
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thermoelectric generator, which produces a maximum power of 0.27 nW with a temperature 

gradient of only 0.11K while reducing 87% of tellurium consumption. 

 

1. Introduction 

The thriving Internet of Things (IoT) and Wireless Sensor Networks (WSN) presents a new 

demand for sustainable power supplies to the sensor nodes and IoT embedded systems 1,2. 

Development of micro-scale energy harvesting technologies is key to replace wires and batteries 

and realize a truly energy autonomous system. Micro-thermoelectric generators (micro-TEGs), 

which transforms waste heat produced daily in our society into electricity, while offering high 

reliability, long lifetimes, no maintenance and solid-state operation, are a promising option to 

produce a sustainable power supply for those devices 3,4. 

Thermoelectric materials have attracted tremendous attention from many researchers in recent 

decades 5. The conversion efficiency of a TE material is often evaluated by a dimensionless figure-

of-merit (𝑍𝑇 = 𝑆2𝜎𝑇 𝑘⁄ ), where 𝑆, 𝜎, 𝑇 and 𝑘 denote the Seebeck coefficient, electrical 

conductivity, operating temperature in Kelvin, and total thermal conductivity (containing the 

electrical contribution 𝑘𝑒𝑙and lattice contribution 𝑘𝑙), respectively. A large 𝑍𝑇 value will normally 

mean an effective enhancement of the power factor (𝑃𝐹 = 𝑆2𝜎) and simultaneous reduction of 

thermal conductivity 6. A wide range of materials have been investigated to show high ZT values 

at different temperatures. Notable examples include SiGe alloys and Half-Heusler compounds 

working at high temperature ranges, and PbTe-based alloys and SnSe compounds working at mid-

temperature ranges 7,8. For the application in micro-scale energy harvesting, thin film TE materials 

with maximum ZT values at room temperature are preferred. Tellurium based chalcogenides (e.g. 
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Bi2Te3, Sb2Te3) have been identified as the best TE materials for near room temperature 

applications 9. Several deposition technologies have been used in depositing thin film TE materials, 

including sputtering 10, pulsed laser deposition 11, electrodeposition 12, thermal evaporation [13,14], 

and molecular beam epitaxy 15.  

Research on micro/nano-TEGs for small scale energy harvesting has developed rapidly within 

recent years 16,17. Tainoff et al. reported a mechanically suspended BiTeSe/BiSbTe based 

nanogenerator fabricated by sputtering, demonstrating a power of 0.26 nW for a single nanoTEG 

cell at a temperature difference of 8 K 18. Yuan et al. also presented a BiTeSe/BiSbTe based radial 

structure micro-TEG through screen-printing, producing an output power of 5.81 µW at a 

temperature difference of 48.3 K 19. Other deposition techniques, such as thermal evaporation 20, 

electrodeposition 21,22, zone-melting 23 and pulsed laser deposition 24 were also reported to 

fabricated tellurium-based micro-TEGs. However, the scarcity (low natural abundance) of 

tellurium is a serious concern for the mass-production of Bi2Te3 and Sb2Te3 based thermoelectric 

generators 25. In light of this, several tellurium-free micro/nano-TEG have been proposed. Notable 

examples include recent works published on silicon integrated circuit thermoelectric generators 26, 

and silicon and SiGe nanowires based micro-TEGs 27–29. 

Chemical vapor deposition (CVD) enables the production of thin films with superior quality 

compared to those obtained by sputtering in terms of conformity, coverage and stoichiometry 

control. Conventionally in CVD, deposition of binary or ternary compounds require multiple 

precursor source systems 30. Single source precursors (SSPs) are a promising alternative for these 

systems, as they improve ease of handling and atom efficiency while allowing properties such as 

stoichiometry and morphology to be directed by precursor design. We have previously 

demonstrated the viabilities of using SSPs to deposit high quality binary (e.g. SnSe2, TiSe2, Bi2Te3 
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and Sb2Te3) and their compatibility to produce ternary (Bi2(Se1-xTex)3 and (Bi1-ySby)2Te3) 

chalcogenides 31–35. The possibility of selective deposition of oriented films onto defined regions 

of lithographically patterned substrates has been realised using these types of precursors for a 

variety of metal chalcogenide materials 36, paving the way for their application in thermoelectric 

energy harvesting. By eliminating the need to etch away large amounts of the films to create the 

array of TE elements, this robust selective deposition process could avoid the damage to materials 

and has the potential to significantly reduce the consumption of tellurium. 

In the present study, we report the TE properties p-type Sb2Te3 thin films using SSP based CVD. 

The resultant films demonstrate high purity with thermoelectric properties comparable to the state-

of-art values. An effective strategy for improving power factor to achieve high ZT values is by 

tuning the carrier concentration as it has a large influence on 𝑆, 𝜎 and 𝑘𝑒𝑙 
9,37. Here we demonstrate 

the potential of optimising the TE properties based on this CVD approach through tuning the 

deposition temperature as an effective way to optimise the carrier concentration and mobility of 

Sb2Te3 thin films, leading to an average power factor over 15 µW/cm·K2 in the temperature range 

from 200K to 400K. For the first time, we demonstrate that the selective deposition behaviour from 

our single SSP based CVD can be used to fabricate micro-TEGs.  

2. Materials and methods 

2.1. Single source precursor synthesis 

The single source precursor MeSb(TenBu)2 (Me = CH3, 
nBu = n-C4H9) was synthesized for the 

deposition of Sb2Te3 thin films. More information about the precursor synthesis can be found in 

our previous work 34. 
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2.2. LPCVD of Sb2Te3 

For a typical deposition, both precursor and substrates were loaded into a closed-end quartz tube 

in a glove-box. The precursor, normally ca. 70 mg, was placed at the closed end and several SiO2-

coated silicon substrates were positioned end-to-end near the precursor. After loading the 

substrates, the tube was set to the target deposition temperature in a furnace such that the precursor 

was outside the heated zone; the tube was evacuated, heated to the set temperature under 0.05 

mmHg and the furnace was allowed to stabilise. The tube position was subsequently adjusted so 

that the precursor was moved gradually towards the hot zone until evaporation was observed. 

Temperature profiling along the tube was conducted for each deposition to identify the actual 

temperature on each substrate. The tube remained unmoved until the precursor had completely 

evaporated (no residue remained), i.e. ca. 1–3 h. After this, the tube was cooled to room 

temperature and transferred to the glove box where the tiles were removed and stored under an N2 

atmosphere prior to analysis. 

2.3. Thin film characterisation 

Scanning electron microscopy (SEM) was performed using a Zeiss EVO LS 25 with an 

accelerating voltage of 10 kV, and energy-dispersive X-ray (EDX) data were obtained with an 

Oxford INCAx-act X-ray detector. High resolution SEM measurements were carried out with a 

field emission SEM (Jeol JSM 7500F) at an accelerating voltage of 2 kV. X-Ray diffraction (XRD) 

measurements were carried out using a Rigaku Smartlab diffractometer with a 9 kW Cu-Ka source, 

parallel line focus incident beam and a Hypix detector. X-ray photoelectron spectroscopy (XPS) 

data were obtained using a ThermoScientific Theta Probe system with Al–Kα radiation (photon 

energy= 1486.6 eV). XPS depth profile was performed by using an Ar ion gun at a beam voltage 
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of 3 kV on a 2 × 2 mm raster area. Raman scattering spectra of the deposited films were measured 

at room temperature on a Renishaw InVia micro Raman spectrometer using a helium–neon laser 

with a wavelength of 633 nm. The incident laser power was adjusted to be ca.1 mW for all samples.  

The in-plane electrical conductivity (σ) and Seebeck coefficient (S) were simultaneously 

measured on a commercial JouleYacht thin-film thermoelectric parameter test system (MRS-3L). 

The system was calibrated using a nickel foil reference standard and the measurement accuracy 

was found to be within 5%. The Hall coefficient (RH) was determined at 300 K on a Nanometrics 

HL5500PC instrument using a van de Pauw configuration. The carrier concentration (nH) and in-

plane mobility (μH) were computed according to nH = 1 eRH⁄  and μH = σRH, respectively. 

2.4. Prototype thermoelectric generator fabrication and characterisation 

Patterned substrates were prepared for the fabrication of the thermoelectric generator. A 200 nm 

TiN bottom electrode layer was firstly patterned on a SiO2/Si substrate by photolithography using 

magnetron sputtering (Leybold Optics HELIOS Pro XL). An insulating SiO2 layer with a thickness 

of 500 nm was subsequently sputtered to cover the entire substrate. This was followed by a second 

photolithography and reactive ion etching (RIE) process to reveal the p-type leg area on the bottom 

electrode. These substrates were then subject to selective CVD using the single source precursor 

as discussed above. A similar CVD process was adopted although a much smaller precursor 

quantity (ca. 5-10 mg) was used. After the Sb2Te3 layer was selectively deposited in the p-type leg 

area, further lithography and RIE process was performed to reveal the n-type leg area. At this stage, 

n-type TE materials such as Bi2Te3 can be selectively deposited into the n-type leg area to make a 

full device. However, for the purpose of demonstrating the feasibility of this process, single (p) leg 

TEGs were fabricated. This was done by photolithographically patterning the top TiN electrode 
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layer with a thickness of 1000 nm connecting the empty n-type leg area and the Sb2Te3 filled p-

type leg area. A detailed fabrication process is shown in Figure S1.  

The power generation performance of the device was characterised by electrically connecting 

the pads of the devices to a PCB by soldering. Silver paste was used to improve the electrical 

contacts. Once contacted, a temperature difference was established by clamping the device 

between two direct-to-air Peltier devices (DT-AR-014-12), where one was used as a cooler and the 

other as a heater. The Peltier devices were controlled via two PID controllers, keeping the cool side 

constant at 20ºC and varying the hot side temperature. Once at thermal equilibrium, a potentiometer 

was used to vary the load resistance. Both the current and voltage were measured using a Fluke 

8808A multimeter. The system was left to stabilise between each power measurement.  

Device simulations were computed using COMSOL Multiphysics® using the same dimensions 

as in the fabricated device and thermoelectric properties from experimental results. The 

measurement of the temperature gradient at equilibrium is extremely challenging. In this work, the 

temperature gradient was calculated by the open circuit voltages and the Seebeck coefficient of 

Sb2Te3 films at corresponding temperature. The calculated temperature gradients were 

subsequently used in the simulations to evaluate the device performance.  

3. Results and discussion 

3.1. Sb2Te3 thin film 

Figure 1a-1e present the top-view SEM images of the Sb2Te3 films as-deposited at different 

temperatures. All films appear to be polycrystalline, characterised by hexagonal crystals randomly 

grown on the substrate. Cross-section SEM images (Figure S2) reveal that all films are continuous 
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with thicknesses in the range of 1 to 3 µm. The film compositions are investigated by EDX (Figure 

1f). All films are subjected to multiple EDX measurements across the entire deposition area to 

confirm the uniformity in composition. Spectra of all five films appear to be similar with no 

impurities and the Sb to Te ratios are found to be 40(2) to 60(2) in all cases. This is further 

confirmed by XPS measurements (Figure S3).  

 Figure 1 SEM images showing the morphologies of the Sb2Te3 deposited by LPCVD onto SiO2-coated silicon substrates at 

temperatures of (a) 364ºC, (b) 387ºC, (c) 412ºC, (d) 415ºC, (e) 432ºC and their respective EDX spectra (f). 

 

The structural properties were investigated by grazing incidence XRD (Figure 2). All patterns 

of the films show the same single phases of Sb2Te3 (𝑅3̅𝑚ℎ), with peak positions that correspond 

well with literature values 38. Similar peak intensity ratio with no preferred orientation is observed 

for each film according to the XRD patterns (Figure 2a), implying the growth orientation is 

insensitive within the deposition temperature range The crystallite size of each film can be 

calculated from Scherrer’s equation and is presented in Figure S4, showing no relation to the 

deposition temperature. The lattice parameters (a, c) of all five films are refined against the Sb2Te3 
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phases from ICSD 39, showing similar values (Figure 2b). The vibrational properties of the as-

deposited Sb2Te3 thin films were investigated by Raman spectroscopy with spectra shown in 

Figure S5. Two characteristic vibrations modes Eg
2 (in-plane) and A1g

2  (out-of-plane) modes are 

present in the five films with no obvious shift. 

 
Figure 2 (a) XRD patterns of as-deposited Sb2Te3 deposited by LPCVD at different temperatures; (b) refined lattice 

parameters as a function of deposition temperature for the as-deposited Sb2Te3 films. The lines are guides to the eyes. 

 

Room temperature Hall measurements (Figure 3) on these structurally identical Sb2Te3 films 

reveal significantly different electrical properties. Although all films demonstrate p-type 

semiconducting behaviour, the carrier concentration increases with increasing deposition 

temperature. The strong p-type conductivity in Sb2Te3 results from the dominant intrinsic point 

defect of Sb antisites (SbTe
′ ) 40. An increase of the deposition temperature further facilitates the 

formation of such antisites as Te is more prone to be volatile at elevated temperatures, leading to 

a Te-deficient condition. The formation energy of Sb antisites is considerably lower than that of 

Te vacancies (VTe
∙∙ ) and is more likely to form under such conditions. It is worth pointing out that 

in theory, SbTe
′  antisite defect will increase the lattice constant on the c-axis due to the larger Sb 
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atom radius. However, this change is too small to be observed by both EDX and XRD. Relatively 

high carrier mobilities were observed for all Sb2Te3 films, which could largely be attributed to the 

relatively low carrier concentrations causing reduced ionized impurity scattering. Nevertheless, 

the ionized impurities still play an important role in carrier mobility as it concurrently reduces with 

increasing carrier concentration. Similar behaviour was also reported in other works 41,42. 

 

Figure 3 Room temperature carrier concentration (red circle) and mobility (blue triangle) of the as-deposited Sb2Te3 

LPCVD films as a function of deposition temperature. The dotted lines are guides to the eyes. 

 

The temperature dependent electrical conductivity of the five Sb2Te3 films are presented in Figure 

4a. All films demonstrate semi-metallic conducting behaviour as the conductivity reduces with 

increasing temperature. A slight increase of 𝜎 is observed with increasing deposition temperature 

due to the dominance of the increasing carrier concentration (Figure 4b), but it is nearly 

compensated by the simultaneous decrease of carrier mobility. Seebeck coefficients of the as-

deposited Sb2Te3 films are shown in Figure 4c. The positive values confirm the p-type conductivity 
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of those films. The Seebeck coefficient is found to be increasing with decreasing deposition 

temperature and carrier concertation (Figure 4d).  

To further shed light on the electrical transport mechanism, the Seebeck coefficient versus 

carrier concentration (Pisarenko plot) at 300K is plotted in Figure 4e. A simple electron transport 

model is used to calculate the dotted lines, which serve as guidelines. The model can be written 

as: 

𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
(

𝜋

3𝑛
)

2
3⁄

𝑚∗𝑇 

where 𝑘𝐵 is the Boltzmann constant, ℎ the Planck constant, and 𝑚∗ the effective mass 43. It assumes 

a single parabolic band and approximates energy-independent carrier scattering in degenerate 

semiconductors 44. It further reveals that lower carrier concentration obtained from lower 

deposition temperature could reduce the density-of-state effective mass of the Sb2Te3 from 0.75 

m0 to 0.5 m0 (Figure 4e-inset). In general, lower effective mass leads to lower Seebeck coefficient 

at the same carrier concentration level. However, it also improves the electrical conductivity 

through higher mobility, leading to high ZT values 45. The power factors are shown in Figure 4f. 

Sb2Te3 films deposited at 364 ºC demonstrates the highest power factor due to high Seebeck 

coefficient and moderate electrical conductivity. An average power factor over 15 µW/cm·K2 in 

the temperature range from 200 K to 400 K is obtained which is competitive among some of the 

recent thin film works 46–49. This demonstrates the capability of our SSP-based CVD in controlling 

and optimizing the thermoelectric properties.  
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 Figure 4 (a) Temperature dependent in-plane electrical conductivity of the as-deposited Sb2Te3 films deposited at different 

temperatures. (b) Room temperature electrical conductivity as a function of deposition temperature. (c) Temperature 

dependent in-plane Seebeck coefficient of the as-deposited Sb2Te3 films deposited from different temperatures. (d) Room 

temperature Seebeck coefficient and carrier concentration as a function of deposition temperature. (e) Room temperature 

Seebeck coefficient as-deposited Sb2Te3 films as a function of the carrier concentration (Pisarenko plot), the dotted lines 

represent the values calculated for 𝑚∗ = 0.5, 0.6, 0.75 𝑎𝑛𝑑 1.0 𝑚𝑒; inset: density-of-state effective mass as a function of 

deposition temperature. (f) Temperature dependent in-plane power factor of the as-deposited Sb2Te3 films deposited at 

different temperatures. 
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Measurement of thermal conducting properties of thin films is extremely challenging and often 

prone to error. Here we estimate the total thermal conductivity by assuming a constant lattice 

contribution of 0.5 W/mK. We believe this is a relatively conservative estimation giving the small 

size of our crystals which help to reduce the lattice thermal conductivity by enhancing phonon-

scattering 6,37,50. The electrical contribution of the thermal conductivity (𝑘𝑒𝑙) is calculated (Figure 

S6) using the Wiedemann-Franz law (𝑘𝑒𝑙 = 𝐿𝜎𝑇), where is the Lorenz number and was calculated 

by adopting an empirical equation proposed by Snyder et al. 51. The estimated figure-of-merit are 

presented in Figure 5 in which Sb2Te3 films deposited at 364ºC demonstrates the highest 𝑍𝑇 values 

of 0.65 at 450K. 

 

Figure 5 Estimated temperature dependent 𝑍𝑇 of the as-deposited Sb2Te3 films deposited from different temperatures. 

 

3.2. Prototype micro-TEG from selective CVD 

Figure 6a presents the optical microscope image and the schematic of the prototype single-leg 

micro-TEG fabricated from our selective CVD process. The micro-TEG contains 72 pairs of p-n 
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TE legs with leg width of 200 µm. Sb2Te3 can be observed only inside the p-leg area due to the 

selective deposition behaviour, while the n-leg is filled with TiN. Adjustable temperature 

differences are imposed by sandwiching the micro-TEG between two commercial TE heater/cooler 

units. Figure 6b shows the output power of the micro-TEG at different ∆T (solid symbols). Direct 

measurement of ∆T is very difficult considering the dimension of the device. Here the different 

∆T values were characterized by the open circuit-voltage of the generator. A higher ∆T leads to a 

higher power output. The maximum output power is 0.27 nW at a ∆T of 0.11K. These results are 

well matched to the COMSOL simulation results under the same condition (open symbols). 

Compared with conventional non-selective deposition technique where legs are patterned by 

etching Tellurium-containing thermoelectric thin films, our process could significantly reduce the 

amount of tellurium needed. In the device presented in this work, the consumption of tellurium is 

reduced to just 13% by using our selective deposition technique which is significant considering 

the scarcity of tellurium. 

It is worth mentioning that the micro-TEG demonstrated in this work is a proof-of-concept 

prototype and has great potential for improvements. We have demonstrated previously that this 

approach has excellent scalability and the selectivity can be achieved at nanometer scale 36. 

Simulations were carried out to project the power generation performance of our micro-TEG with 

reduced pitch. As shown in Figure 6c, over 3-order of magnitude increase of maximum power 

were predicted when the device pitch is decreased from 200 µm to 10 µm, reaching 500 nW, with 

other conditions remaining the same. This significant increase can be largely ascribed to the 

increase of TE pair numbers while the increase of resistance is less significant as most of the 

resistance arise from the interconnects. Figure 6c also presents the projected specific power 

generation capacity Γ𝑃 (𝑃𝑚𝑎𝑥 𝐴(Δ𝑇)2⁄ ) of our micro-TEG based on simulation. A maximum Γ𝑃 of 
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230 μW cm−2 K−2 was achieved which is competitive with the state-of-art TEG. Apart from pitch 

scaling, the power generation can be further improved by integrating a full micro-TEG with both 

n-type and p-type legs by this selective deposition process. The temperature gradient over the legs 

can also be further increased by producing longer legs which are only 500 nm in the prototype.  

 

Figure 6 (a) Optical microscope image (left) and schematic (right) of the single-leg micro-TEG fabricated from selective 

CVD process; (b) experimental (solid symbols) and simulation (open symbol) results of output voltage (red) and power 

outputs (blue) produced from the single-leg micro-TEG at different temperature gradients as a function of the load current; 

(c) projected maximum power generation (red) and specific power generation capacity (blue) as a function of pitch. Inset: 

projected power outputs produced from the single-leg micro-TEG at different pitches as a function of the load current. 
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4. Conclusions 

We have demonstrated the deposition of p-type Sb2Te3 thermoelectric thin films by SSP-based 

CVD approach. The thermoelectric properties of the as-deposited Sb2Te3 were tunable in this 

process by simply varying the deposition temperature. Lower deposition temperature supresses the 

formation of Sb antisite, leading to a low carrier concentration and high mobility and Seebeck 

coefficient. A competitive power factor of 16.5 µW/cm·K2 has been demonstrated for a Sb2Te3 

film deposited at 364ºC with the highest estimated 𝑍𝑇 value of 0.65.  

The unique selective deposition behaviour of this deposition approach has also been 

successfully used to fabricate micro-TEGs for the first time. A maximum power of 0.27 nW was 

achieved on a single-leg device with a temperature gradient of only 0.11K. A projected specific 

power generation capacity Γ𝑃 of 230 μW cm−2 K−2 can be achieved when reducing the generator 

pitch from 200 µm to 10 µm. The successful demonstration of this prototype device offers exciting 

prospects for further developing this technique in thermoelectric applications. 
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