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Approaching high-performance of 
ordered structure Sb2Te3 film via 
unique angular intraplanar grain 
boundaries
Ming Tan   1,4*, Liyu Hao2, Hui Li1, Cong Li1, Xiaobiao Liu1, Dali Yan3, Tie Yang2 & Yuan Deng4

In this paper, we present an innovative electric-field-assisted magnetron-sputtering deposition method 
for films preparation. By grain boundary-engineering, we successeful obtained the ordered Sb2Te3 
film with greatly high figure of merit via controlling external electric field. It has been found that the 
electric field can induce the change in the angle of intraplanar grain boundaries between (0 1 5) and (0 
1 5) planes, which leads to the enhanced holes mobility and maintained low thermal conductivity. The 
energy filtering takes place at the angular intraplanar grain boundaries. At room temperature, a high ZT 
value of 1.75 can be achieved in the deposited Sb2Te3 film under 30 V external electric field. This is a very 
promising approach that the electric field induced deposition can develop high-performance Sb2Te3-
based thermoelectric films.

The thermoelectric (TE) materials have drawn increasing attentions due to direct conversion between elec-
trical and thermal energy. TE property of materials is determined by the dimensionless TE figure-of-merit 
(ZT = S2σT/κ), which can be enhanced by optimization of thermal conductivity (κ), Seebeck coefficient (S), and 
electrical conductivity (σ) at a Kelvin temperature (T)1–5. However, simultaneous optimization is challenging 
because it is very difficult to control the three interrelated TE properties independently. To increase ZT value, 
many scientists have been devoted into overcoming conventional κ-σ and σ-S trade-off in recent decades6–9. 
Theoretical and experimental results have shown that transport properties of phonon and electron can be greatly 
optimized by the low-dimensional structure10–12.

For decades, Bi2Te3 and Sb2Te3-based materials have been excellent candidates for cooling applications 
and power generation due to their high ZT values at low-temperature. Recent studies have shown that prop-
erty enhancement can be obtained by controlling structure growth13. Our previous works demonstrate 
that a preferential way can be constituted via ordered-structuring, promoting carrier transport and carrier 
mobility in Bi2Te3-based films, thus enhancing ZT values14,15. In this work, we further realize accurate grain 
boundary-engineering to achieve ordered structure Sb2Te3 films using external electric field. Sb2Te3-based nano-
structures have been synthesized by various methods including thermal evaporation, solvothermal, and elec-
trochemical deposition, etc16–22. These methods have many advantages. But these methods all are difficult to 
accurately control over grain boundary-engineering in large scale. To overcome this challenge, the deposition 
substrate was applied external electric field. Therefore, the deposition of Sb2Te3 films can be tuned by adjusting 
the external electric field, leading to excellent carrier mobility (μ) and κ. Subsequently, a high ZT value of 1.75 for 
the Sb2Te3 film can be achieved at room-temperature.

Hence, this work aims to control grain boundary-engineering for Sb2Te3 films. Simultaneously, our goal 
here is to understand the relation between grain boundary-engineering and electric field. For the first time, a 
simple in-plane electric-field-assisted deposition technique is carried out for Sb2Te3 films. We demonstrate that 
the interrelationship between the grain boundary and the property of films can help to better understand grain 
boundary-engineering of this kind of material. This work reveals the importance of grain boundary-engineering 
that is realized by simply optimizing electric field. Furthermore, it provides a new way to control the structural 
configuration of thin-film materials with possible relevance to enhancement of performance.
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Results and discussion
In order to collect details of the phase structure, films are examined by XRD. Figure 1 presents XRD patterns of 
Sb2Te3 films prepared by assisted voltages of 0 V, 20 V, 30 V, and 40 V. As shown in Fig. 1, the disordered structure 
Sb2Te3 film prepared under no assisted voltage shows an approximate amorphous structure. Only a very weak 
(0 1 5) peak of the film appears. When the assisted voltage becomes large to 20 V, an obvious (0 1 5) peak and a 
weak (0 0 15) texture appear in the film. With increasing the assisted voltage to 30 V, (0 0 6) peak appears and (0 
0 15) texture becomes strong, and a greatly preferential orientation (0 1 5) peak is observed in the ordered struc-
ture Sb2Te3 film. A single Sb2Te3 phase, consistent with the standard card (PDF#71-0393) of Sb2Te3, is obtained 
from the sample. However, the intensity of (0 0 6), (0 1 5), and (0 0 15) textures become weak compared with the 
ordered structure film, while obvious (1 0 10) and (0 0 18) peaks are found in the film fabricated by the voltage 
of 40 V. The grain size can be estimated from XRD patterns by Scherrer equation23, D = 0.89λ/(βcosθ), where 
λ = 1.54056 Å, θ is the angle of Bragg reflection, β is full-width at half-maximum (FWHM) corresponding to (0 1 
5) peak. Table S1 shows the grain sizes of Sb2Te3 films in the Supporting Information. It is noted that the grain size 
is enhanced with increasing external electric field. It confirms that the in-plane electric field induces the crystal 
structure change. The growing grains can be sufficiently mobile, under the effect of electric field, to migrate to the 
sites for crystallization growth. Also, this implies that the proper intensity of electric field is responsible for the 
growth of the ordered structure Sb2Te3 film.

The details of Sb2Te3 films synthesized by assisted voltages of 0 V, 20 V, 30 V, and 40 V are observed in TEM and 
HRTEM images, as depicted in Fig. 2. Figure 2(b,c,e,f,h,i,k,l) which originate correspondingly from the magnified 
image of the selected area in Figs. 2a,d,g,j. An amorphous structure of Sb2Te3 film is shown in Fig. 2a–c. It clearly 
shows that the disordered structure film is composed of nanoparticles which consist of lots of fine atoms group. 
A indistinct interface between both amorphous nanoparticles is seen and located at the dotted curve. There is 
no in-plane electric field applied through the substrate, that is, the assisted voltage is 0 V. The incoming particles 
(atoms and ions) cannot get enough momentum transfer in lateral movement on the surface for crystallization 
growth. The depositing particles distribute randomly on the surface of substrate, leading to the disordered forma-
tion of atoms group. For the assisted voltage of 20 V, the incoming particles of sputtering suffer electric field force 
in the electric field. The electric field force causes the particles to get some momentum for partial crystallization 
growth, at the same time, there exists still the amorphism of some atoms group (see Fig. 2e). A obvious interface 
between both nanoparticles is located at the dotted curve, as shown in Figs. 2f and S1a, the angle of ∼20° for 
intraplanar grain boundaries between (0 1 5) and (0 1 5) planes is found in the film. When the assisted voltage 
becomes large to 30 V, the growing particles can get more efficient momentum to migrate to the preferred sites 
for crystallization growth. Figure 3h shows that the film grows along the preferred [0 1 5] direction, and a perfect 
interface between both (0 1 5)-preferred nanoparticles is clearly seen in Figs. 2i and S1b, and there exists the angle 
of ∼30° for intraplanar grain boundaries between (0 1 5)-oriented planes in the film. It shows that the crystal 
growth needs moderate kinetics. With further increasing the assisted voltage to 40 V, the (0 1 5)-preferred plane 
has lost a little dominance, the structure collapse a bit occurs in the film due to too strong electric field, a number 
of dislocations and defects exist in the film, and the angle of ∼40° for intraplanar grain boundaries between (0 1 
5) planes is shown in Figs. 2k,l and S1c. The interface between both nanoparticles implies that the growth of the 
particles has been into each other in high electric field. It indicates that the formation of the ordered structure is 
in need of the proper intensity of electric field in the Sb2Te3 films, and the angle of intraplanar grain boundaries 
between (0 1 5) planes seems to increases with the increasing electric field.

The morphologies of Sb2Te3 films are further studied by SEM, as shown in Fig. 3. From Fig. 3a,b, SEM images 
reveal that the disordered structure Sb2Te3 film has been prepared under no assisted voltage. It shows that the 
film is composed of numerous nanoparticles which distribute randomly in the film. Seen from the top and 
cross-sectional view (Fig. 3c,d), the size of particles becomes large along the electric field direction compared 
with the above disordered structure film, which gives direct information of the crystal structure change induced 

Figure 1.  XRD patterns of Sb2Te3 films deposited under different electric fields (0, 20, 30 and 40 V).
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by the assisted voltage of 20 V. It further proves that the particles can get efficient momentum transfer in lateral 
movement on the surface for particles growth. With increasing the assisted voltage to 30 V, the size of particles 
further becomes larger along the electric field direction in the film which is densely grown along their oriented 
direction, as shown in Fig. 3e,f. The growth kinetics is influenced by the in-plane electric field which plays a key 
role in control over the ordered crystal structure growth. When the assisted voltage enhances to 40 V, the film 
seems to experience high temperature. The microstructure of all particles in the film is somewhat similar to the 
particles that once melted due to relatively high electric field (see Fig. 3g,h). It is fully consistent with the XRD 
and TEM results above.

It finds that the modifying microstructure can tune the electronic transport property of materials. The σ 
values of Sb2Te3 films are examined in the in-plane direction. The σ values of all films are gradually increasing 
then decreasing in the temperature range of 30–200 °C, showing a weak temperature dependence (see Fig. 4a). 
The grain boundary potential barrier of Sb2Te3 films is responsible for the phenomenon. It supports an efficient 
application at a relatively high temperature. As shown in Fig. 4a, Sb2Te3 films fabricated by electric field voltages of 
0 V, 10 V, 20 V, 30 V, and 40 V have maximum σ values of 2.8 × 104 S m−1, 4.6 × 104 S m−1, 6.9 × 104 S m−1, 8.7 × 
104 S m−1 and 5.7 × 104 S m−1, respectively. It is obvious that the σ values of films are greatly related to its micro-
structure. The maximum σ value of the ordered structure film is over 3.1 times compared with that of the disor-
dered structure film. And it is higher than that of the films fabricated by voltages of 10 V, 20 V, 40 V and reported 
materials24–26. We consider that the 30° angle of intraplanar grain boundaries between (0 1 5)-oriented planes and 

Figure 2.  (a,d,g,j) TEM images of Sb2Te3 films prepared by assisted voltages of 0 V, 20 V, 30 V, and 40 V, 
respectively, (b,c; e,f; h,I; k,l) HRTEM images of the selected area correspondingly marked by the squares in 
(a,d,g,j). (A interface between both nanoparticles is located at the dotted curve.).
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the perfect interfaces between nanoparticles provide the effective channel for carriers transport, which promotes 
enormously increased electrical conductivity and carrier mobility in the ordered structure film.

The S values of Sb2Te3 films are presented along the in-plane direction in Fig. 4b, which indicate a p-type 
semiconductor. The highest S value reaches to 268 μV K−1 for the ordered structure film, which is much higher in 
comparison to those of other Sb2Te3 films in the present work and the reported results of (Bi,Sb)2(Te,Se)3 mate-
rials27–31. Why can the Seebeck coefficient be increased in the ordered structure film? It is the fact that the greatly 
change in the structure compared to the reported structure. There exist the angular intraplanar grain boundaries 
between (0 1 5)-oriented planes and the perfect interfaces, which can preserve the high quality ordered channel. 
Therefore, the ordered channel structure can effectively guarantee the carrier mobility, leading to a relatively high 
μ. It indicates that the hole concentration (n) of the film decreases to the relatively optimized level and the relax-
ation time (τ) possibly becomes large due to the ordered channel structure, resulting in a large S. Figure 4c gives 

Figure 3.  Surface view and cross-sectional view of Sb2Te3 films prepared by assisted voltages of (a,b) 0 V, (c,d) 
20 V, (e,f) 30 V and (g,h) 40 V.
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the power factor S2σ results of all Sb2Te3 films. It exhibits that the maximum S2σ is 5.62 mW/m·K2 in the ordered 
structure Sb2Te3 film at 150 °C, which is greatly improved in compared with the Sb2Te3 films prepared by voltages 
of 0 V, 10 V, 20 V, 40 V and previous results27–32. There is no doubt that the angular intraplanar grain boundaries 
between (0 1 5)-oriented planes significantly aid in achieving enhanced performance.

Figure 5 plots the room-temperature thermoelectric performance of the deposited Sb2Te3 films. Figure 5a 
shows that all holes concentration of Sb2Te3 films are the value of ∼1019 cm−3. ref. 33. shows that the optimal 
carrier concentration is approximately 1019 cm−3 in (Bi,Sb)2(Te,Se)3 materials. The μ has a dramatic fluctuation 
(Fig. 5b). Particularly, Sb2Te3 films at 30 V has the highest μ of ~230 cm2 V−1 s−1, which is over double than those 
of others, indicating the weakened phonon-hole scattering34. Dominated by high μ of the 30 V film, the corre-
sponding σ is also highest among all the as-deposited films (Fig. 5b). Other than high σ of the 30 V film, as shown 
in Fig. 5a, its S is also higher than others due to enhanced μ. As shown in Fig. 5c, contributed from the simulta-
neous enhancement in σ and S, the 30 V electric field deposited Sb2Te3 film has a high S2σ of ~5.31 mW/m·K2 at 
300 K. The κ (Fig. 5d) exhibits greatly low value. Subsequently, mainly deriving from increased electrical perfor-
mance, the ZT value (T = 300 K) of the 30 V deposited Sb2Te3 film can be calculated as high as 1.75 (Fig. 5d). It is 
also great superior to the reported results of (Bi,Sb)2(Te,Se)3 materials35–37, which clearly demonstrates the accu-
rate control via external electric field during magnetron sputtering deposition process could lead to significantly 
high ZT values in the Sb2Te3 films.

Figure 6a schematically illustrates the external electric field-induced the surfaces of the deposited Sb2Te3 films. 
With increasing the electric field, the intraplanar grain boundaries between (0 1 5) and (0 1 5) planes are formed. 
Meanwhile, the angle between (0 1 5) and (0 1 5)-preferred surface increases as well. With such a structural 
change, Fig. 6a shows that additional phonon scattering centers might happen at the intraplanar grain boundaries 
and corresponding stronger strain fields, leading to decreased κ. At the intraplanar grain boundaries within the 
(0 1 5)-preferred surface, the angle of intraplanar grain boundaries would increase with increasing electric-field. 
In Fig. 6b, the additionally energy filtering effect might be introduced by such angular intraplanar grain bounda-
ries. The energy filtering takes place at the angular intraplanar grain boundaries, which is similar to the results of 
grain boundaries38, superlattice interfaces39, and nanowire interfaces40, leading to increasing hole energy7,10,41. The 
corresponding results show that phonon-hole scattering is weakened and μ is correspondingly increased. Besides, 
S is enhanced as a result of the flattened band at a specific tilting angle42,43.

Conclusions
A simple electric-field-assisted magnetron-sputtering deposition method is employed to control the grain bound-
aries of Sb2Te3 film in this work. The electric field can induce the change in the angle of intraplanar grain bounda-
ries between (0 1 5) and (0 1 5) planes. The low κ value can be achieved along the in-plane direction. Meanwhile, 
μ is enhanced due to energy filtering effect. Subsequently, under 30 V external electric-field-assisted deposi-
tion, a greatly high ZT value of 1.75 at room temperature is observed in the ordered structure Sb2Te3 film. This 

Figure 4.  Thermoelectric performance of Sb2Te3 films deposited under different electric fields (0, 10, 20, 30 and 
40 V) as a function of temperature: (a) σ, (b) S and (c) S2σ.
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work indicates that the grain-boundary control of Sb2Te3 films can be realized by external electric-field-assisted 
magnetron-puttering deposition method, forming angular grain boundaries and enhancing ZT values.

Figure 5.  Thermoelectric properties of Sb2Te3 films deposited under different electric fields (0, 10, 20, 30 and 
40 V) at room temperature: (a) n and S, (b) μ and σ, (c) S2σ as well as (d) κ and ZT.

Figure 6.  (a) Schematic diagram of angular intraplanar grain boundaries (between (0 1 5) and (0 1 5)) and 
corresponding strain fields could effectively scatter phonons. (b) Schematic diagram of the energy filtering 
effective at angular intraplanar grain boundaries.
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Methods
In this work, all Sb2Te3 films are grown on conductive glass substrates by external electric-field-assisted 
magnetron-sputtering deposition method. To tune deposition of Sb2Te3 films, external electric fields with the 
voltage of 0, 10, 20, 30 and 40 V are applied through the substrate along the in-plane direction. The film deposi-
tion direction is perpendicular to the electric field direction. Commercial 60-mm-diameter hot-pressed Sb2Te3 
(99.99% purity) target (purchased from General Research Institute for Nonferrous Metals, China) is used for 
sputtering. The Sb2Te3 target is connected to a direct-current power supply with power of 20 W. The deposition 
temperature is 150 °C, the base pressure is lower than 2 × 10−4 Pa, and the working pressure of argon is fixed at 
1 Pa for all films. The thicknesses of all films are ~1.5 μm by adjusting the deposition rate and sputtering time in 
experiments.

Crystal structures of all films are characterized by XRD (Rigaku D/MAX 2200) with Cu Kα source 
(λ = 0.154056 nm). The morphologies of as-deposited films are investigated using a field emission SEM (Sirion 
200). Further structural analyses are performed by TEM (FEI Company, Tecnai G2 F20S-Twin FEG TEM at 
200 kV). A surface profilometry (Ambios XP-2, USA) is used to measure the controllable film thickness. The S 
and σ of as-deposited films along in-plane directions are measured by a ZEM-3 system (Ulvac Riko) with a home-
made holder. Three repeated measurements on the samples did not show any degradation, the variations were 
within a few percent for the samples made by the same procedure (see Figs. 4 and S2). A Laser PIT (Ulvac Riko) is 
used to collect the in-plane κ data at room temperature. The 1.5-μm-thick film of Sb2Te3 was deposited on a spe-
cially designed specimen-holder frame substrate. The substrate and frame materials are borosilicate glass having 
a thickness of 30 μm and 200 μm, respectively, supplied by NIMS (Xu Group, Japan). Each sample was repeatedly 
measured at least three times by Xu Group to achieve a thermal conductivity value. The recent references14,44 
shows the principle of the measurement method in detail. The errors for Seebeck coefficient, thermal conductiv-
ity, and electrical conductivity are 5%, 4%, and 4%, respectively. The Hall measurement system (ECOPIA HMS-
3000) is used to determine the n and μ at room temperature.

Received: 27 November 2019; Accepted: 24 March 2020;
Published: xx xx xxxx

References
	 1.	 Aseginolaza, U. et al. Phonon collapse and second-order phase transition in thermoelectric SnSe. Phys. Rev. Lett. 122, 075901 (2019).
	 2.	 Qin, B. C. et al. Realizing high thermoelectric performance in p-type SnSe through crystal structure modification. J. Am. Chem. Soc. 

141, 1141–1149 (2019).
	 3.	 Zhao, L. D. et al. Ultrahigh power factor and thermoelectric performance in hole-doped single-crystal SnSe. Science 351, 141–144 

(2016).
	 4.	 Cecchi, S. et al. Interplay between structural and thermoelectric properties in epitaxial Sb2+xTe3 alloys. Adv. Funct. Mater. 29, 

1805184 (2019).
	 5.	 Lan, Y. C. et al. Structure study of bulk nanograined thermoelectric bismuth antimony telluride. Nano Lett. 9, 1419–1422 (2009).
	 6.	 Morata, A. et al. Large-area and adaptable electrospun silicon-based thermoelectric nanomaterials with high energy conversion 

efficiencies. Nat. Commun. 9, 4759 (2018).
	 7.	 Mao, J., Liu, Z. H. & Ren, Z. F. Size effect in thermoelectric materials. npj Quantum Mater. 1, 16028 (2016).
	 8.	 Hu, L. P., Zhu, T. J., Liu, X. H. & Zhao, X. B. Point defect engineering of high performance bismuth telluride based thermoelectric 

materials. Adv. Funct. Mater. 24, 5211–5218 (2014).
	 9.	 Liu, Y. et al. Crystallographically textured nanomaterials produced from the liquid phase sintering of BixSb2-xTe3 nanocrystal 

building blocks,. Nano Lett. 18, 2557–2563 (2018).
	10.	 Hicks, L. D. & Dresselhaus, M. S. Thermoelectric figure of merit of a one-dimensional conductor. Phys. Rev. B 47, 16631–16634 (1993).
	11.	 Xu, B., Feng, T. L., Li, Z., Zheng, W. & Wu, Y. Large-scale, solution-synthesized nanostructured composites for thermoelectric 

applications. Adv. Mater. 30, 1801904 (2018).
	12.	 Choi, H. et al. Enhancement in thermoelectric properties of Te-embedded Bi2Te3 by preferential phonon scattering in 

heterostructure interface. Nano Energy 47, 374–384 (2018).
	13.	 Pan, Y. & Li, J.F. Thermoelectric performance enhancement in n-type Bi2(TeSe)3 alloys owing to nanoscale inhomogeneity combined 

with a spark plasma-textured microstructure. NPG Asia Mater. 8, e27 (2016)5.
	14.	 Tan, M., Deng, Y. & Wang, Y. Ordered structure and high thermoelectric properties of Bi2(Te,Se)3 nanowire array. Nano Energy 3, 

144–151 (2014).
	15.	 Tan, M., Deng, Y. & Hao, Y. M. Enhancement of thermoelectric properties induced by oriented nanolayer in Bi2Te2.7Se0.3 columnar 

films. Mater. Chem. Phys. 146, 153–158 (2014).
	16.	 Liu, W. S., Yan, X., Chen, G. & Ren, Z. F. Recent advances in thermoelectric nanocomposites. Nano Energy 1, 42–45 (2012).
	17.	 Im, H. J., Koo, B., Kim, M. S. & Lee, J. E. Solvothermal synthesis of Sb2Te3 nanoplates under various synthetic conditions and their 

thermoelectric properties. Appl. Sur. Sci. 475, 510–514 (2019).
	18.	 Xiao, F. et al. Recent progress in electrodeposition of thermoelectric thin films and nanostructures, Electrochi. Acta. 53, 8103–8117 

(2008).
	19.	 Poudel, B. et al. High-thermoelectric performance of nanostructured bismuth antimony telluride bulk alloys. Science 320, 634–638 

(2008).
	20.	 Tan, M., Deng, Y. & Hao, Y. M. Improved thermoelectric performance of a film device induced by densely columnar Cu electrode. 

Energy 70, 143–148 (2014).
	21.	 Lee, J. S., Brittman, S., Yu, D. & Park, H. Vapor-liquid-solid and vapor-solid growth of phase-change Sb2Te3 nanowires and Sb2Te3/

GeTe nanowire heterostructures. J. Am. Chem. Soc. 130, 6252–6258 (2008).
	22.	 Sun, B. Q., Shao, M. W. & Lee, S. Nanostructured silicon used for flexible and mobile electricity generation. Adv. Mater. 28, 

10539–10547 (2016).
	23.	 Burton, A. W. et al. On the estimation of average crystallite size of zeolites from the Scherrer equation: A critical evaluation of its 

application to zeolites with one-dimensional pore systems. Micropor. Mesopor. Mat. 117, 75–90 (2009).
	24.	 Song, J. M. et al. Chemically synthesized Cu2Te incorporated Bi-Sb-Te p-type thermoelectric materials for low temperature energy 

harvesting. Scripta Mater. 165, 78–83 (2019).
	25.	 Zhang, D. et al. Enhanced thermoelectric performance of BiSbTe alloy: Energy filtering effect of nanoprecipitates and the effect of 

SiC nanoparticles. J. Alloys Compd. 784, 1276–1283 (2019).
	26.	 Kim, H. K. et al. High thermoelectric performance in (Bi0.25Sb0.75)2Te3 due to band convergence and improved by carrier 

concentration control. Mater. Today 20, 452–459 (2017).

https://doi.org/10.1038/s41598-020-63062-z


8Scientific Reports |         (2020) 10:5978  | https://doi.org/10.1038/s41598-020-63062-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	27.	 Mu, X. et al. Enhanced electrical properties of stoichiometric Bi0.5Sb1.5Te3 film with high-crystallinity via layer-by-layer in-situ 
Growth. Nano Energy 33, 55–64 (2017).

	28.	 Yu, Y. et al. Simultaneous optimization of electrical and thermal transport properties of Bi0.5Sb1.5Te3 thermoelectric alloy by twin 
boundary engineering. Nano Energy 37, 203–213 (2017).

	29.	 Zhang, C. C. et al. The effect of porosity and milling induced defects on the thermoelectric properties of p-type Bi2Te3-based bulks,. 
Adv. Energy Mater. 18, 1777–1784 (2016).

	30.	 Talebi, T., Ghomashchi, R., Talemi, P. & Aminorroaya, S. Thermoelectric performance of electrophoretically deposited p-type Bi2Te3 
film. Appl. Sur. Sci. 477, 27–31 (2019).

	31.	 Pan, Y. et al. Melt-centrifuged (Bi,Sb)2Te3: Engineering microstructure toward high thermoelectric efficiency,. Adv. Mater. 30, 
1802016 (2018).

	32.	 Bulman, G. et al. Superlattice-based thin-film thermoelectric modules with high cooling fluxes. Nat. Commun. 7, 10302 (2016).
	33.	 Rowe, D. M. Thermoelectric properties of bismuth antimony telluride solid solutions, Thermoelectrics handbook: macro to nano, 

Taylor & Francis Ltd, New York, 433–434 (2006).
	34.	 Shen, J. et al. Single parabolic band behavior of thermoelectric p-type CuGaTe2. J. Mater. Chem. C 4, 209–214 (2016).
	35.	 Kim, C. et al. Concurrent defects of intrinsic tellurium and extrinsic silver in an n-type Bi2Te2.88Se0.15 thermoelectric material. Nano 

Energy 60, 26–35 (2019).
	36.	 Hu, L. P. et al. Synergistic compositional-mechanical-thermal effects leading to a record high zT in n-type V2VI3 alloys through 

progressive hot deformation. Adv. Funct. Mater. 28, 1803617 (2018).
	37.	 Zhuang, H. L. et al. Tailoring thermoelectric properties through structure and morphology in chemically synthesized n-type 

bismuth telluride nanostructures. Nano Energy 60, 857–865 (2019).
	38.	 Zianni, X. & Narducci, D. Synergy between defects, charge neutrality and energy filtering in hyper-doped nanocrystalline materials 

for high thermoelectric efficiency. Nanoscale 11, 7667–7673 (2019).
	39.	 Zide, J. M. O. et al. Demonstration of electron filtering to increase the Seebeck coefficient in In0.53Ga0.47As/In0.53Ga0.28Al0.19As 

superlattices. Phys. Rev. B 74, 205335 (2006).
	40.	 Ishibe, T. et al. Methodology of thermoelectric power factor enhancement by controlling nanowire interface. ACS Appl. Mater. Inter. 

10, 37709–37716 (2018).
	41.	 Makongo, J. P. et al. Simultaneous large enhancements in thermopower and electrical conductivity of bulk nanostructured half-

heusler alloys. J. Am. Chem. Soc. 133, 18843–18852 (2011).
	42.	 Xin, J. et al. Valleytronics in thermoelectric materials, NPJ Quant. Mater. 3, 9 (2018).
	43.	 Tan, M. et al. Anisotropy control induced unique anisotropic thermoelectric performance in n-type Bi2Te2.7Se0.3 thin film, Small. 

Methods 3, 1900582 (2019).
	44.	 Kato, R., Maesono, A. & Tye, R. P. Thermal conductivity measurement of submicron-thick films deposited on substrates by modified 

ac calorimetry, Inter. J. Thermophys. 22, 617 (2001).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Nos. 61474082, 61601327), 
Henan Agricultural University Start-up Grant (No. 20190703Y00005), State Key Program of National Natural 
Science Foundation of China (No. 61534001), Key Science and Technology Project of Henan Province 
(202102210047).

Author contributions
M.T. conceived the research, M.T. and L.H. conducted the experiments, C.L. and D. Y. and X.L. and Y. D. analysed 
data. M.T. and H.L. and T. Y. and Y.D. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63062-z.
Correspondence and requests for materials should be addressed to M.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-63062-z
https://doi.org/10.1038/s41598-020-63062-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Approaching high-performance of ordered structure Sb2Te3 film via unique angular intraplanar grain boundaries

	Results and discussion

	Conclusions

	Methods

	Acknowledgements

	Figure 1 XRD patterns of Sb2Te3 films deposited under different electric fields (0, 20, 30 and 40 V).
	Figure 2 (a,d,g,j) TEM images of Sb2Te3 films prepared by assisted voltages of 0 V, 20 V, 30 V, and 40 V, respectively, (b,c e,f h,I k,l) HRTEM images of the selected area correspondingly marked by the squares in (a,d,g,j).
	Figure 3 Surface view and cross-sectional view of Sb2Te3 films prepared by assisted voltages of (a,b) 0 V, (c,d) 20 V, (e,f) 30 V and (g,h) 40 V.
	Figure 4 Thermoelectric performance of Sb2Te3 films deposited under different electric fields (0, 10, 20, 30 and 40 V) as a function of temperature: (a) σ, (b) S and (c) S2σ.
	Figure 5 Thermoelectric properties of Sb2Te3 films deposited under different electric fields (0, 10, 20, 30 and 40 V) at room temperature: (a) n and S, (b) μ and σ, (c) S2σ as well as (d) κ and ZT.
	Figure 6 (a) Schematic diagram of angular intraplanar grain boundaries (between (0 1 5) and (0 1 5)) and corresponding strain fields could effectively scatter phonons.




