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ABSTRACT 

Thermoelectric generators are attractive for autonomous sensor systems where regular battery replacement would not only 
cause an increase in the maintenance costs and discontinuity in the operation, but also destroy the concept of a truly 
autonomous system. Micro-thermoelectric generators utilise thin films of material for energy harvesting which can greatly 
reduce the amount of material used, which is especially important for rare elements such as tellurium. Thin films of Bi2Te3 

were successfully prepared via a single source precursor CVD method. The thermoelectric performance of these films is 
improved by alloying a Bi2Se3 precursor to deposit ternary Bi2Te3-xSex. The composition of the ternary system is tuned to 
optimise the combination of carrier concentration and mobility to give a three-fold enhancement of the thermoelectric power 
factor at 300K, and six-fold enhancement at 500K, with respect to Bi2Te3. This improvement from the substitution of Te with 
Se is believed to be due to donor effects, as well as point defects caused by this substitution. 
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1. Introduction 

Micro-thermoelectric generators (μTEGs) are solid-state devices, based on the Seebeck effect, that are formed by 
connecting an n-type doped material electrically in series and thermally in parallel to a p-type doped material across a 
temperature differential, allowing current flow through the two materials. They can transform waste heat produced daily in 
our society into electricity while offering high reliability, long lifetimes, no maintenance, and solid-state operation. They have 
the potential to provide a sustainable power solution to microelectronics devices (e.g. sensor nodes in the Internet of Things 
(IoT)) and on-chip hot spot cooling of microprocessors [1,2]. However, improvements in both the thermoelectric material 
properties and device efficiency are required to make them useful for sustainable energy-harvesting and cooling applications.  

Improvement of thermoelectric material properties lies in the improvement of the figure of merit 𝑍𝑇 (𝑍𝑇 = 𝑆%𝜎/(𝜅*+ +
𝜅+-) , where 𝑆  is the Seebeck coefficient, 𝜎  is the electrical conductivity, 𝜅*+  is the electronic contribution to thermal 
conductivity, and 𝜅+- is the lattice contribution to thermal conductivity). An effective strategy for improving the power factor 
to achieve high ZT values is by tuning the carrier concentration as 𝑆,	𝜎 and 𝑘*+ are heavily dependent on it [3,4]. Depending 
on their effective working temperatures, thermoelectric materials can be separated into high-temperature, mid-temperature, 
and room-temperature applications [5–7]. The most realistic temperature range for energy harvesting using μTEG is near room 
temperature, and the most popular materials reported are based on Bi2Te3 and Sb2Te3 due to their high room-temperature 𝑍𝑇 
values [8–10].  

Commercial acceptance of chalcogenide-based micro-TEGs can be restricted due to the scarcity of tellurium. This has 
sparked a considerable effort to search for alternative, more sustainable TE materials, including silicides [11] and oxides [12–
14], as well as using other techniques such as nano-structuring to improve material performance [1]. However, replacements 
are not readily forthcoming and Bi2Te3 remains one of the most promising materials for low-temperature waste heat recovery. 
An alternative to the replacement of Bi2Te3 is to reduce the volume of material required to achieve the same or higher 
performance. For example, partial replacement of the low natural abundance of tellurium by selenium contributes strongly to 
a sustainable thermoelectric solution [15–17]. Several groups have produced ternary Bi2Te3-xSex thin films via 
electrodeposition [18–25], pulsed laser deposition [26], sputtering [27,28], and thermal evaporation [29–31]. Electrodeposition 
allows spatial selective deposition, but the thermoelectric properties from room temperature deposition are often inferior and 
post-deposition annealing is normally required for improved performance [18]. The other deposition techniques can produce 
good quality materials using dual or multiple sources, but the ternary composition control can be challenging, and substrate-
selective deposition has not been achieved using those techniques. 

Chemical vapour deposition (CVD) allows for the production of superior quality thin films with better conformity, coverage, 
and stoichiometric control compared with sputtering. Conventional deposition of binary or ternary compounds requires the 



2  

use of multiple precursor systems [32], however recent work in single-source precursors (SSPs) is a promising alternative, 
allowing ease of handling and atom efficiency without compromising on stoichiometry or morphological control. We have 
previously demonstrated the viabilities of using SSPs to deposit high-quality binary (e.g. SnSe2, TiSe2, Bi2Te3, and Sb2Te3) 
and ternary (Bi2(Se1-xTex)3 and (Bi1-ySby)2Te3) chalcogenides by using appropriate combinations of precursors [33–37]. The 
possibility of selective deposition of oriented films onto defined regions of lithographically patterned substrates has also been 
realised using these types of precursors [38], paving the way for their application in functional semiconductor devices. 

In this work, we report the temperature-dependent thermoelectric properties of n-type Bi2Te3-xSex thin films deposited by 
low-pressure CVD. The resultant films demonstrate high purity with thermoelectric properties comparable to state-of-the-art 
values. The thermoelectric properties are further improved through carrier concentration tuning by alloying with Bi2Se3 using 
analogue single-source precursors. This leads to a three-fold enhancement of the power factor at 300K and a significant 
reduction of tellurium consumption. The selective deposition behaviour of this CVD approach on thermoelectric generator 
structures is demonstrated which facilitates the efficient integration of micro-thermoelectric generator.  

2. Materials and methods 

2.1. Single source precursor synthesis 

Single-source precursor BiCl3(TenBu2)3 was synthesized for the deposition of Bi2Te3 thin films. Ternary Bi2Te3-xSex 
precursors were prepared by an appropriate combination of the BiCl3(TenBu2)3 with its selenium analogue, BiCl3(SenBu2)3, at 
various ratios to achieve different film compositions. More information about the precursor synthesis can be found in our 
previous work [37]. 

2.2. LPCVD of Bi2Te3 and Bi2Te3-xSex 

For a typical deposition, both the precursor and substrates were loaded into a closed-end quartz tube in a glove-box. The 
precursor, 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 designated deposition temperature in a furnace such that the 
precursor was outside the heated zone; the tube was evacuated, heated to the set temperature under 6.67 Pa 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. In this work, the furnace temperature was fixed at 525°C to ensure a similar 
deposition temperature. The actual reaction temperature was characterised by temperature profiling along the tube and 
identified to be 400±10°C. The tube remained unmoved until the precursor had completely evaporated (no residual precursor 
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, a 
parallel line focus incident beam, and a DTex250 1D detector. Analysis and refinement of XRD results were performed in the 
SmartLab Studio software suite. 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 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 Joule 
Yacht Thin-film Thermoelectric Parameter Test System (MRS-3L). The system was calibrated using Nickel foil reference 
standard and the measurement accuracy was found to be within 5%. The Hall coefficient (R4) was determined at 300 K on a 
Nanometrics HL5500PC instrument using a van der Pauw configuration. The carrier concentration (n4) and in-plane mobility 
(µ4) were computed according to n4 = 1 eR4⁄  and µ4 = σR4, respectively. 

3. Results and discussion 

Cross-sectional SEM images (Fig. 1a-1e) of the samples show that all Bi2Te3-xSex ternary films are polycrystalline and 
continuous with good coverage across the substrate. Hexagonal crystallites are clearly visible in the top-view SEM images 
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(Fig. S1), although the orientations are different. Film thicknesses of all five films are slightly different, which is possibly due 
to the different precursor combinations used for each composition. The composition of each film was investigated by EDX 
and the spectra are shown in Fig. 1f. The selenium peak at 1.3 keV increases monotonically with increasing selenium content 
x from 0 to 1.3. The relative atomic percentages are shown in Table S1. This variation of composition is further confirmed by 
XPS measurement (Fig. S2).  

 

Fig. 1 Cross-sectional SEM images showing the morphologies of Bi2Te3-xSex (a–e x=1.3, 1.0, 0.8, 0.5, and 0) films deposited by LPCVD 
onto SiO2-coated silicon substrates and their corresponding EDX spectra (f). Appearance of underlying Si peak depends on thickness 
of the film at the exact spot an does not influence extracted composition.  

Grazing incidence XRD analysis (Fig. 2a) on these films reveal that they are all isostructural with no other phases. The 
preferred in-plane orientation of some films (x = 0, 0.5, 1.0) as deduced from their enhancement of 006 peaks are consistent 
with the SEM images in Fig. 1 with alignment resulting in significantly thinner films. A shift of the 015 peak position with 
increasing Se alloying is highlighted in Fig. 2b. The lattice parameters (a, c) of all five compositions were obtained by refining 
the collected XRD data against the Bi2Te3 phases from ICSD [39]. Linear decreases of both a and c with increasing Se content 
are observed (Fig. 2c), consistent with Vegard’s law, implying the well-distributed solid solutions of the ternary Bi2Te3-xSex. 
The vibrational properties of the as-deposited Bi2Te3-xSex thin films were also investigated by Raman spectroscopy with 
spectra shown in Fig. S3a. Two vibrational modes, E;% (in-plane) and A=;%  (out-of-plane), are present in the five films. Both 
modes shift progressively to higher wavenumbers with increasing Se content (Fig. S3b) which is consistent with the XRD 
result.  

 

 Fig. 2 (a) XRD patterns of as-deposited Bi2Te3-xSex films with x ranging from 0 to 1.3; (b) expanded XRD patterns showing 
the systematic shift of the 015 peak; (c) refined lattice parameters as a function of the Se content for different as-deposited 
Bi2Te3-xSex films. 
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Fig. 3a shows the room temperature carrier concentration n4 and mobility µ4 of the Bi2Te3-xSex thin films as a function of 
Se content. As-deposited Bi2Te3 demonstrates n-type conductivity with a high carrier concentration, indicating a large 
concentration of anion vacancies V?@∙∙  which has already surpassed that of antisite defects (Bi?@D ) leading to a donor-like effect 
whereby the number of free electrons increases by these defects [40]. This donor-like effect can be explained by the Bi atom 
diffusing from a Te site back to their original sublattice site, creating extra Te vacancies and excess electrons. Substitution of 
Te more electronegative or smaller atoms of the same valence on the anion site (i.e. Se)  tends to drive the Bi-Te system 
towards electron-like (n-type) conduction [40]. This is due to the lower vacancy formation energy of the Bi-Se system than 
that of the Bi-Te system, which increases the concentration of anion vacancies [40,41]. However, a decrease in the electron 
concentration is then observed when the Se content varies from 0.5 to 0.8. This could be explained by the suppression of the 
donor-like effect through an initial decrease in the antisite effect [40]. This donor-like effect is re-enhanced when 𝑥 > 1, 
represented by the further increased n4. We observed this pattern for multiple depositions of the same composition. Similar 
results have also been observed in previous reports [41,42]. Although Fig. 3a shows no clear correlation between carrier 
concentration and Se content, the Se content affects these defect processes and thus causes the carrier concentration and 
mobility to change with Se content. Also to note is that although this defects-related model can explain the trends seen in Fig. 
3a, more works are required to verify it. The as-deposited films are also characterized by relatively low electron mobilities 
(< 10 cm% Vs⁄ 	 ), suggesting strong scattering effects in the films. These scattering effects are likely due to the high 
concentration of ionized impurities (e.g. V?@∙∙  and VL@∙∙ ) in the film concentration of anion vacancies which reduces the carrier 
relaxation time [3,43]. Ionized impurity atoms residing in the lattice will act as scattering centers to carriers. Fig. 3b shows 
the electron mobility as a function of crystal size, obtained from the XRD spectra using Scherrer equation (𝜏 = 𝐾𝜆 𝛽 cos 𝜃⁄ ). 
An increase of µ4 is observed with increasing crystal size, which could be associated with the reduction of the grain-boundary 
scattering [3]. This increase in crystal size correlates also to an increase in film thickness. The effect of crystal orientation on 
the mobility reported by other works is not observed in our films [44].  

 

 

Fig. 3 (a) Room temperature carrier concentration and mobility of the as-deposited Bi2Te3-xSex films with x ranging from 
0 to 1.3. (b) Mobility of the as-deposited Bi2Te3-xSex films as a function of crystallite size. 

The electrical properties of the Bi2Te3 thin film can be optimized via Bi2Se3 alloying using our CVD approach. The 
temperature-dependent electrical conductivities of the Bi2Te3-xSex films are presented in Fig. 4a. All films demonstrate 
negative temperature dependence, indicative of semi-metallic transport behaviour [45]. Bi2Se3 alloying increases the 𝜎 , 
especially after the donor-like effect is re-enhanced when 𝑥 > 0.8 as shown in Fig. 4b. The temperature-dependent Seebeck 
coefficients are shown in Fig. 4c. It is clear that all thin films possess negative Seebeck coefficients, confirming their n-type 
conductivity. Higher 𝑆 values are observed at 𝑥 = 0.8, which is consistent with the low n4 of this film (Fig. 4d).  

To further shed light on the electrical transport mechanism, the Seebeck coefficient versus carrier concentration (Pisarenko 
plot) at 300K is plotted in Fig. 4e. A simple electron transport model is used to calculate the dotted lines, which serve as 
guidelines. The model can be written as: 

𝑆 =
8𝜋%𝑘V%

3𝑒ℎ% Z
𝜋
3𝑛\

%
]̂
𝑚∗𝑇 
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where 𝑘V is the Boltzmann constant, ℎ the Planck constant, and 𝑚∗ the effective mass [46]. It assumes a single parabolic band 
and approximates energy-independent carrier scattering in degenerate semiconductors [47]. All films are characterized by 
high effective mass values, which is consistent with the low carrier mobility observed in Fig. 3a. Variation of effective masses 
(from 1.5𝑚b to 3.5𝑚b) of the five Bi2Te3-xSex films is also observed, which reflects the variation of the carrier mobility. 
However, it should be noted that the	true	value	of	effective	mass	is	open	to	question	given	the	complexity	of	the	actual	
physical	situation.	The	assumption	of	an	energy	independent	scatting	could	be	incorrect in which case a	scattering	
constant	𝜆	should	be	adopted	in	the	above	equation	to	represent	the	energy	dependence	of	the	electronic	scattering	
distance:	

𝑆 =
8𝜋%𝑘V%

3𝑒ℎ% Z
𝜋
3𝑛\

%
]^
𝑚∗𝑇(1 + 𝜆)	

	
𝜆	is	in	the	range	between	0	and	2	where	𝜆 = 0	implies	lattice	(acoustic	phonon)	scattering	and	𝜆 = 2	corresponds	to	
ionized	impurity	scattering	[48].	If	the	ionized	impurity	scattering	(which	is	likely	to	contribute	at	least	partially	to	
the	scattering	of	our	films	due	to	the	high	carrier	concertation)	was	taken	into	account,	the	effective	mass	for	our	
Bi2Te3	should	be	in	the	range	of	~1.17	to	3.5m0.	Similar	discussions	have	also	been	reported	in	other	heavily	doped	
films	such	as	lanthanum	telluride	cerium	sulphide	[48–50].	
	

The power factors of the Bi2Te3-xSex films are shown in Fig. 4f. As a result of enhanced electrical conductivity due to Bi2Se3 
alloying, a significant increase of power factor is obtained, in particular for 𝑥 = 1.3  where three-fold and six-fold 
enhancements of power factor are observed compared with 𝑥 = 0 at 300K and 500K, respectively. The maximum power 
factor of 7.6	𝜇𝑊/𝑐𝑚𝐾% at 525K is shown in Fig. 4f. Kim et al. report a room temperature power factor of 11.5	𝜇𝑊/𝑐𝑚𝐾% 
for their as-deposited electrodeposited films [18]. However, the compositions of those films reported were still quite high in 
tellurium with 𝑥 = 0.15. For sputtered films, Chen et al. reported a room temperature power factor of around 4.4	𝜇𝑊/𝑐𝑚𝐾% 
for their films [27].  
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Fig. 4 (a) Temperature dependent in-plane electrical conductivity of the as-deposited Bi2Te3-xSex films with x ranging from 
0 to 1.3. (b) Room temperature electrical conductivity as a function of Se content. (c) Temperature dependent in-plane 
Seebeck coefficient of the as-deposited Bi2Te3-xSex films with x ranging from 0 to 1.3. (d) Room temperature Seebeck 
coefficient and carrier concentration as a function of Se content. (e) Room temperature Seebeck coefficient as-deposited 
Bi2Te3-xSex films as a function of the carrier concentration (Pisarenko plot), the dotted lines represent the values calculated 
for 𝑚∗ = 1.5, 2.5	𝑎𝑛𝑑	3.5	𝑚*. (f) Temperature dependent in-plane power factor of the as-deposited Bi2Te3-xSex films with 
x ranging from 0 to 1.3. 

Measurement of thermal conduction 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 when compared to similar work that shows a lattice thermal 
conductivity of less than 0.3 W/mK for Bi2Te3 with similar crystallite sizes [51]. We would also expect the value to decrease 
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with alloying. This would help to reduce the lattice thermal conductivity by enhancing phonon-scattering [3,52,53]. The 
electrical contribution of the thermal conductivity (𝑘*+) is calculated (Fig. S4) using the Wiedemann-Franz law (𝑘*+ = 𝐿𝜎𝑇), 
where 𝐿 is the Lorenz number and was calculated by adopting an empirical equation proposed by Snyder et al. [54]. The 
temperature-dependent 𝑍𝑇 values of the Bi2Te3-xSex films based on the estimated thermal conductivity are presented in Fig. 
5. Two optimised compositions are identified at 𝑥 = 0.8 and 𝑥 = 1.3, owing to their high Seebeck coefficient and electrical 
conductivity, respectively.  

 

 

Fig. 5 (a) Estimated temperature dependent 𝑍𝑇 of the as-deposited Bi2Te3-xSex films with x ranging from 0 to 1.3. (b) 𝑍𝑇 as 
a function of Se content at 300, 400 and 500K. 

One advantage of this CVD approach is the selective deposition behaviour in which thermoelectric materials can be 
selectively deposited into conductive patterned surfaces (e.g. TiN) [35]. Here we demonstrate this unique behaviour can also 
be achieved in a thermoelectric generator pattern as shown in Fig. 6. All the exposed TiN surfaces (red square) are fully filled 
with Bi2Te3, as evidenced by the EDX mapping in Fig. 6b-6d, with very little deposition observed outside the areas on the 
SiO2 surface. This forms the n-leg regions without the need for patterning and etching the material. A full thermoelectric 
generator can be achieved by further selective deposition of p-type TE material in the blue regions. 
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Fig. 6 (a) SEM image (a) and EDX element maps (b–d) confirming the selective deposition of Bi2Te3 onto a TiN/SiO2 
patterned substrate for thermoelectric generator fabrication. The scale bar is 200 µm. 

 

4. Conclusions 

We have demonstrated the deposition and thermoelectric properties of n-type Bi2Te3-xSex with a range of x from 0-1.3 by 
mixing Bi2Te3 and Bi2Se3 single source precursor-based CVD. By tuning the Bi2Te3-xSex composition, the carrier concentration 
and mobility can be optimized to give a maximum power factor of 7.6	𝜇𝑊/𝑐𝑚𝐾% for a composition of Bi2Te1.7Se1.3, at 550K, 
leading to an estimated ZT of 0.34. This change in carrier concentration is believed to be from a donor-like effect due to the 
difference in electronegativity and size between Bi-Te, and Bi-Se. The unique selective deposition behavior of this system 
has also been shown to be successful. 
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