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Rational band engineering and structural manipulations inducing high thermoelectric performance in n-type CoSb3 thin films

Introduction

Fossil fuels are typical non-renewable resources that provide most of the energy for human life. However, their consumption and depletion cause ever-growing environmental issues.

Thermoelectric materials and devices can realize a direct conversion between heat and electricity, making them good candidates for tackling the above energy dilemma [1]. The J o u r n a l P r e -p r o o f of ~558 K in skutterudite-based thermoelectric modules [START_REF] Zhang | [END_REF], indicating their full potential for thermoelectric applications.

Recently, with the rapid development of portable and wearable electronics such as integrated circuits and micro-sensors, a low-dimensional power supply with a high power density and long service life is of significance to replace batteries for charging the microelectronic systems [20]. Miniature thermoelectric generators can generate electricity from the temperature difference between an electronic component and the surrounding environment [1], which possess significant potentials for portable and wearable electronics.

To fabricate such miniature thermoelectric generators, thin-film-based thermoelectric materials are required [21,22]. Compared with other thermoelectric thin film systems, CoSb 3 -based skutterudites are good candidates due to their high-performance, low-toxic, high-stability, and mechanical robust features. To date, the p-type CoSb 3 -based thin films have been explored with a promising ZT of 0.86 at 523 K by Ti-doping [23]. However, there is still a huge gap for achieving high-performance n-type CoSb 3 -based thermoelectric thin films because only few works were reported with relatively low ZT of <0.5 [24], and their mechanisms for governing thermoelectric performance of thin films are still unclear [24][25][26][27].

Since both n-type and p-type materials are needed to assembly the miniature thermoelectric generators, exploring high-performance n-type CoSb 3 -based thin films is of significance.

CoSb 3 -based skutterudite materials have two natural interstitial sites in their lattices that can be filled by dopants [28], which provides a potential way to further improve their thermoelectric performance. In this work, we choose Ag and In as effective dopants to fill into CoSb 3 thin films using a facile magnetron sputtering technique. After comprehensive characterizations based on X-ray diffraction (XRD) and transmission electron microscopy 

Results and Discussions

In order to optimize the thermoelectric performance, we prepared CoSb 3 -based thin films with different Ag and In doping concentrations on BK7 glass substrates. Extensive energy dispersive spectrometer (EDS) analysis was used to determine the real compositions of the films, and the EDS test for each specimen was repeated 20 times to reduce errors. Their thickness and compositional information are listed in Table 1. As shown in Table 1, all the prepared films have an atomic ratio of 0.36 for Co:Sb, which is slightly higher than the stoichiometric ratio of CoSb 3 suggesting Sb deficiency (Sb vacancies, V Sb ) in the films. Ag has a stable content of ~0.2 % for all the doped films, and the In contents were 3.3 %, 4.2 %, and 6.6 % for all the co-doped films. It should be noted that although electron probe microanalysis (EPMA) exhibits a higher accuracy than EDS for evaluating the composition, EPMA needs a certain depth to achieve a more accurate value. However, the thickness of our thin films was only ~200 nm, therefore it is not suitable for EPMA. To carefully characterize the as-fabricated thin films, taking the 0.2 % Ag and 6. CoSb 3 [31][32][33]. Such a non-linear expansion should be attributed to the doped elements that fill into the interstitial locations of the lattice [31], whereas the linear expansion related to solute concentration is only effective for the substitution of framework site atoms [34]. In 

J o u r n a l P r e -p r o o f

J o u r n a l P r e -p r o o f

To further confirm the filling states of Ag and In, computational DFT calculations were performed. J o u r n a l P r e -p r o o f thin films as a function of Ag and In doping concentration. After Ag single-doping, n of the films is significantly reduced, which is responsible for the boosting of S; while with increasing the In-doping concentration, much higher μ can be achieved, despite that n is also reduced to some extent. The significantly enhanced μ is responsible for the improving of σ. 

J o u r n a l P r e -p r o o f

To further explain the unique electrical transport performance of Ag/In co-doped CoSb 3 thin films, computational first-principles DFT calculations were investigated. Figures 5(a-c Although DFT calculations are well known for the underestimation of bandgaps, we find that they predict the same trend as what we measured. The increased bandgap contributes to a rational coupling of S and σ and an optimized S 2 σ. According to the formula deduced by Goldsmid and Sharp [36], S max = E g /2qT max , where S max , E g , q, T max is the absolute maximum value of S, band gap, elementary charge and temperature, respectively. The proportional relationship between S max and E g indicates that the Seebeck coefficient increases as the band gap increases [37]. As can be seen, Ag single-doping induces an impurity band and the highest peak of DOS near the Fermi level, which results in that the electrons at Fermi level more localize compared to the un-doped CoSb 3 . Moreover, the enhancement of DOS near the Fermi level caused by impurity levels may lead to higher S values, which is in good agreement with the experimental results. It is worth mentioned that the increase in DOS caused by the impurity level may increase σ, but it will not affect n as the "normal" band.

After inducing interstitial In, DOS near the Fermi level is more extended, resulting in higher σ.

J o u r n a l P r e -p r o o f We further measured thermal transport properties of our Ag/In co-doped CoSb 3 thin films.

Because CoSb 3 has a typical cubic structure [38], the as-fabricated thin films can be treated as In doping concentrations, which were calculated using Wiedemann-Franz law (κ e = LσT) [39], where L is the Lorenz number. The detailed calculated L values were calculated and can be referred in Table S1 in Supporting Information. As can be seen, the achieved κ e possesses the same trend of σ, but their values are much smaller than that of the corresponding κ, indicating that κ l should dominate κ. and solvent exchange [42], and Yb-filled CoSb 3 using a DC-sputtering method [24]. Table 2 summarizes the detailed information for the state-of-the-art n-type thermoelectric thin films reported in the last few years. As can be seen, our novel CoSb 3 -based thin films possess a highly competitive ZT among the reported thin films at high temperature. Besides, our Ag/In J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f 

Experimental details

The experimental details are provided in the supporting information. 
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  TEM), the Ag and In atoms are confirmed to be filled into the interstitial sites of CoSb 3 , J o u r n a l P r e -p r o o f acting as filling doping. First-principles density functional theory (DFT) calculations indicate that both Ag and In prefer to fill the interstitial sites rather than occupy the Co or Sb sites. Ag interstitial doping induces impurity band in CoSb 3 band structure and boost the S, and In further tunes the bandgap and leads significantly improved μ and σ, contributing to an optimized S 2 σ. In addition, the induced Ag/In interstitial atoms act as point defects and the dense grain boundaries contribute to a reduction of κ, leading to a competitively high ZT of 0.65 at 623 K, which is a record high value for n-type CoSb 3 -based thin films. This work demonstrates that high-performance CoSb 3 -based thin solid films can be achieved by rational band engineering and structural manipulations.

6 %Figure 1 (

 61 Figure 1(i). The SEM images and EDS results of our fabricated CoSb 3 thin films with

Figure 1 . 6 %

 16 Figure 1. (a) Optical image, (b) scanning electron microscopy (SEM) image, and (c) crosssectional SEM image of the Ag/In co-doped CoSb 3 thin solid film on a BK7 glass substrate fabricated by an advanced magnetron sputtering method. Here the doping concentrations of Ag and In are 0.2 % and 6.6 %, respectively. Energy dispersive spectrometer (EDS) maps for (d) total elements and (e) Ag, Sb, Co, and In of the Ag/In co-doped CoSb 3 thin film. (f) Magnified cross-sectional transmission electron microscopy (TEM) image of the Ag/In codoped CoSb 3 thin film. EDS maps for (g) total elements and (h) Ag, Sb, Co, and In of the Ag/In co-doped CoSb 3 thin film taken from (f). (i) EDS scan lines for Ag, Sb, Co, and In of the Ag/In co-doped CoSb 3 thin film taken from (f).

  addition, since the atomic radii of Ag (1.75 Å) and In (1.62Å) are larger than those of Co (1.27 Å) and Sb (1.38 Å), such a lattice expansion is understandable. The potential interstitial states of Ag and In are illustrate in the schematic crystal structure of Ag and In co-doped CoSb 3 (Inset of Figure 2(c)).

Figure 2 (Figure 2 .Figure 3 .

 223 Figure 2. (a) X-ray diffraction (XRD) patterns of CoSb 3 thin films with different Ag and In doping concentrations in a 2θ range from 10° to 80°. (b) The rocking curve of (013) peak at 15.63° in a θ range from 12° to 20°. (c) Determined lattice parameters as a function of Ag and In doping concentration. The inset illustrates the potential interstitial states of Ag and In in CoSb 3 . (d) Calculated formation energies of Ag and In in different doping states, including occupying Co-sites, occupying Sb-sites, and interstitial state. The insets illustrate the corresponding doping states. (e) Schematic diagram of fabrication of Ag/In co-doped CoSb 3 thin films, which is potentially responsible for the interstitial doping states of Ag and In found in CoSb 3 . (f) The atomic force microscope (AFM) images of the initial amorphous glass and the deposited In layer. J o u r n a l P r e -p r o o f
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 4 Figure 4(a) plots the measured temperature-dependent σ of our fabricated CoSb 3 thin
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 4 Figure 4(c) shows the measured optical bandgaps of the thin films using a UV/vis/NIR
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 4 Figure 4(e) compares the calculated room-temperature effective mass m* and deformation

Figure 4 .

 4 Figure 4. Measured temperature-dependent (a) σ and (b) S of as-fabricated CoSb 3 thin films

)

  show the calculated band structures and corresponding DOS of un-doped, interstitially Agdoped, and interstitially Ag/In co-doped CoSb 3 , respectively. The calculated bandgap values for un-doped, interstitially Ag-doped, and interstitially Ag/In co-doped CoSb 3 were 0.166 eV, 0.199 eV, and 0.206 eV, respectively. Clearly, In-doping increases the bandgap of CoSb 3 , which have been verified in our optical spectroscopy measurement as shown in Figure 4(c).

Figure 5 .

 5 Figure 5. Calculated band structures and DOS of (a) un-doped, (b) interstitially Ag-doped,

  isotropy polycrystalline materials. The measured temperature-dependent κ with different Ag and In doping concentrations are plotted in Figure 6(a). As can be seen, after doping with Ag and In, κ of the CoSb 3 thin films is significantly reduced. The minimized κ of ~0.28 W m -1 K - J o u r n a l P r e -p r o o f 1 at 623 K can be observed in the 0.2 % Ag and 4.2 % In co-doped CoSb 3 thin film. To explore the fundamental reason for the reduction of κ, both κ e and κ l were investigated.

Figure 6 (

 6 Figure 6(b) shows the determined T-dependent κ e of CoSb 3 thin films with different Ag and

Figure 6 (

 6 c) shows temperature-dependent κ l with different Ag and In doping concentrations. Clearly, the determined κ l is much close to the corresponding κ, indicating that κ l plays a significant role in determining the low κ of the films. Figure 6(d) compares κ l of CoSb 3 thin films at 623 K as a function of Ag and In doping concentration. The insets illustrate the observed phonon scattering sources in the films, including the dense nano-grain boundaries that target to scatter the long-wavelength phonons, and Ag/In interstitial atoms and Sb vacancies as point defects that target to scatter the short-wavelength phonons, as observed in Figure 3. Figure 6(e) plots the determined temperature-dependent ZT of CoSb 3 thin films with different Ag and In doping concentrations. A competitively high ZT of 0.65 at 623 K is observed in 0.2 % Ag and 4.2 % In co-doped CoSb 3 thin film. Figure 6(f) compares the temperature-dependent ZT of our fabricated thin films with other state-of-the-art n-type thermoelectric films, including SrTi 0.8 Nb 0.2 O 2.75 using a pulsed laser deposition method [40], Bi 2 Te 2.8 Se 0.2 using a screenprinting method [41], TiS 2 [(HA) 0.08 (H 2 O) 0.22 (DMSO) 0.03 ] using electrochemical intercalation

  In this work, we fabricated n-type Ag/In co-doped CoSb 3 -based thin solid films with a competitively high ZT of 0.65 at 623 K by using a facile magnetron sputtering technique.Both Ag and In prefer to occupy the interstitial sites in CoSb 3 as filling doping, confirmed by XRD and TEM based characterizations and first-principles DFT based calculations. Ag plays a significant role in boosting the S up to ~198 μV K -1 , and In further tunes the bandgap, increasing σ up to ~75 S cm -1 and contributing to an optimized S 2 σ of ~2.94 μW cm -1 K -2 at 623 K, improved by ~100 % compared to that of the un-doped sample. Furthermore, the induced Ag/In interstitial atoms as point defects and dense grain boundaries by nanostructuring act as phonon scattering centers, leading to an ultra-low κ of ~0.28 W m -1 K -1 at 623 K. This study indicate that a high-performance n-type CoSb 3 -based thin solid films provide a new perspective for miniature thermoelectric device applications.
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Table 1 .

 1 Compositions and thicknesses of the as-fabricated thin films.

Thickness (nm) Ag (at%) In (at%) Sb/Co

  

	170	0	0	2.63
	185	0.2±0.2	0	2.63
	205	0.2±0.2	3.3±0.5	2.78
	213	0.2±0.2	4.2±0.5	2.70
	221	0.2±0.2	6.6±0.5	2.70

Table 2 .

 2 A summary of n-type thermoelectric thin films.

	Inorganic	Substrate ZT	T	σ (S	S (μV	S 2 σ	κ (W	Ref.
				(K)	cm -1 )	K -1 )	(μW	m -1
							cm -1	K -1 )
							K -2 )	
	Bi 2 Te 3	Polyimide ~0.16 300 73.0	-137.8 ~1.47 0.25 [43]
	Bi 2 Te 3	Glass fabric +	~0.33 298 ~600.0	~-140.0	~11.8 ~1.00 [44]
		PDMS						
	Bi 2 Te 3 + RGO	Polyimide 0.0035 300 48.8	-148.0 1.08 -	[45]
	Bi 2 Te 2.8 Se 0.2	Polyimide 0.43	448 275.0 -143.0 5.6	0.56 [41]
	nanoplates							
	Bi 2 Se 3 HA 0.11 DMSO 0.06 -	0.187 300 1480.0 -80.0	9.5	1.52 [46]
	Ag 2 S 0.5 Se 0.45 Te 0.05	-	0.44	300 270.0 -136.0 5.0	0.33 [47]
	Ag 2 Se	Polyimide 0.6	300 497.0 -140.0 9.874 0.478 [48]
	Ag 2 Te 0.6 S 0.4	-	0.22	300 800.0 -84.0	5.67 0.78 [49]
	Sr 0.95 La 0.05 TiO 3	Si (100)	0.2	273 160.0 -239.0 ~9.1 1.50 [50]
	nanocubes							
	SrTi 0.8 Nb 0.2 O 3	LaAlO 3	0.37	1000 ~325.0	~-200.0	~13.0 ~3.50 [51]
	SrTi 0.8 Nb 0.2 O 2.75	LaAlO 3	0.29	1000 ~614.2	~-125.4	~9.6 -	[40]
	SrTi 0.8 Nb 0.2 O 3	Si, SiO 2	0.04	300 25.0	-156.0 ~0.6 ~0.45 [52]

J o u r n a l P r e -p r o o f
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 [40], Bi 2 Te 2.8 Se 0.2 using a screen-printing method [41], TiS 2 [(HA) 0.08 (H 2 O) 0.22 (DMSO) 0.03 ] using electrochemical intercalation and solvent exchange [42], Yb-filled CoSb 3 using a DCsputtering method [24], and this work. The thin films target to be applied in miniature thermoelectric devices. In this regard, the mechanical properties of the as-fabricated film are evaluated. 
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