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ABSTRACT 

Zinc antimonide (ZnSb) is one of the alternatives for commercial thermoelectric materials due 

to its non-toxic, low-cost, and earth-abundant nature. However, its simple crystal structure 

causes strong phonon vibrations, which enhance lattice thermal conductivity. In this work, we 

systematically studied the effect of γ-Al2O3 nano-inclusions on ZnSb. Our results show that 

composite engineering imparts lattice phonon scattering for reduced thermal conductivity and 

low-energy carrier filtering for enhanced Seebeck coefficient. The obtained figure of merit in 

the ZnSb+5% γ-Al2O3 sample at 673 K is nearly two-fold higher than the pristine sample. Our 

fabricated 2-leg ZnSb+5% γ-Al2O3 device displayed a power generation of 0.11 μW at ΔT of 

200°C. Furthermore, adding γ-Al2O3 nano-inclusions improve the mechanical and thermal 

stabilities due to grain boundary hardening and dispersion strengthening. Overall, the addition 

of γ-Al2O3 nano-inclusions to ZnSb enhances the phonon scattering, reducing its thermal 

conductivity and improving mechanical and thermal stability significantly. 

Keywords: ZnSb; γ-Al2O3; nano-inclusion; phonon scattering; thermal conductivity 
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Introduction 

At the global level, over 100 countries have set the goal to achieve net-zero carbon-based 

greenhouse gas emissions or neutrality targets[1]. To attain net-zero targets by 2050, heat 

recovery and energy conversion could play a significant role[2]. Solid-state thermoelectric 

conversion is one of the best alternative techniques for waste heat recovery applications. It is 

accounted that approximately over 7 Mtoe/year of waste heat can be recovered using 

thermoelectric devices[3]. Over 80% of generated industrial waste heat temperature ranges 

between 100°C to 300°C[4]. Commercial thermoelectric devices for direct conversion of waste 

heat to electricity are made of Bi2Te3; the latest research focussed on alternative materials, 

design, flexibility, optimization, and engineering[5–8]. However, Bi2Te3 is toxic, expensive, 

and applicable until near room temperature.  Hence, the need for non-toxic, inexpensive 

materials such as metal antimonites is one of the better options for medium-temperature 

applications; on the other hand, their thermoelectric performance needs to be improved 

sustainably. Thermoelectric efficiency would be increased by enhancing the power factor or 

reducing thermal conductivity. However, the interdependent inverse relation between S, σ, and 

κ concerning carrier concentration creates hurdles in optimizing zT in a material[9]. This 

interdependency in the relationship can be understood from the Wiedemann-Franz law and 

Mott's formula shown in Eq. 1 and 2. 

𝑆 =
8𝜋2𝜅𝐵

2 𝑇

3𝑒ℎ2 𝑚𝑑
∗ (

𝜋

3𝑛
)

2 3⁄

          (1) 

𝜅𝑒 = 𝐿𝜎𝑇 = 𝐿𝑛𝑒𝜇𝑇             (2) 

where L is Lorentz number, n is carrier concentration, and 𝑚𝑑
∗  is the density of state effective 

mass. Various strategies such as doping, nanostructuring, and defect engineering are being used 

and have improved thermoelectric conversion efficiency in different materials. In this aspect, 

nanostructuring is an easy and ideal technique to enhance zT without altering or deviating from 

the stoichiometry of the base thermoelectric compound[10]. Superlattices, quantum dots, 

nanowires, fine boundaries, and nano-inclusions are different techniques involved in the 

nanostructuring of thermoelectric materials[10]. Out of all these types, nano-inclusion 

techniques are inexpensive, easily controllable, facile synthesis, and practical approaches for 

commercialization[10].  

The addition of nano-inclusions generates additional interfacial boundaries and fine grain 

boundaries, which primarily act as scattering points for acoustic phonons to reduce thermal 



conductivity significantly[11,12]. Nano-inclusions are known to effectively scatter the 

phonons than charge carriers due to the mean free path of phonons being larger than charge 

carriers[13]. Insulating oxides as nano-inclusions improve the Seebeck coefficient inducing 

low-energy charge carrier scattering called the carrier-energy filtering mechanism. As an effect 

of the nano inclusion, the formation of carrier band bending near the interfacial boundaries is 

also observed[14–18][19,20]. As the size of nano inclusions is smaller than the mean free path 

of phonons and longer than charge carriers, they successfully scatter phonons and only filter 

low-energy charge carriers at the formed boundary interface [14,16]. "Phonon glass – electron 

crystal" model in thermoelectric materials is ideally possible by adding nano-inclusions[21,22]. 

Introducing nano-inclusions and nanograins formation through mechanical alloying favours 

the generation of high zT materials with improved mechanical and thermal stability[23]. 

Atomic defects formed during mechanical alloying scatter short-wavelength phonons, matrix-

inclusion interfaces, and fine grain boundaries scatter long-wavelength phonons[24]. Both 

mechanical and thermal stability are crucial for thermoelectric materials; mainly, when used 

for high-temperature applications, they experience thermal stress[21,25]. Nano-inclusions also 

improve the composite material's phase and thermal and mechanical stability[25,26]. 

In the search for intermediate-temperature thermoelectric materials, Zinc antimonite (ZnSb) is 

a potential compound with an operating range between 500–700 K[14,20]. ZnSb is an 

inexpensive, non-toxic, and earth-abundant intermetallic thermoelectric material capable of 

being the future commercial non-toxic thermoelectric device[27,28]. The other advantages of 

the ZnSb semiconductor are its metallic characteristics, i.e., its phase stability and chemical 

durability. There are two possible types, stable thermoelectric phases formed by the elements 

Zn and Sb at room temperature, i.e., ZnSb (stable) and Zn4Sb3 (metastable)[29]. Zn4Sb3 has 

ultra-low thermal conductivity from its complex unit cell and produces high zT, which is 

precisely the opposite of ZnSb[30–32]. Zn4Sb3 has low thermal conductivity, making it 

favorable to attain higher zT than ZnSb; however, their thermal instability and Zn defects create 

a question to use it in commercial thermoelectric applications[14], while the advantage of ZnSb 

with the possibility for p-type/n-type via doping make them the best-suited material in the range 

of 300-500oC[29,33] ZnSb is a stable phase, i.e., no phase transition is possible; however, its 

more unadorned orthorhombic crystal structure attributes to high thermal conductivity; 

therefore, its thermal conductivity should be optimized to improve zT[27]. The lattice part of 

the thermal conductivity depends on crystal structure and phonon transport; therefore, in a 



simple crystal structure, ZnSb alloy is easily controlled by the addition of nanoparticles or extra 

boundaries to scatter the phonons. 

Studies on ZnSb suggest that to synthesize nanograins samples; authors follow conventional 

direct melting followed by the mechanical alloying route to successfully form nanostructuring 

in the material to attain low thermal conductivity[34]. However, phase purity is critical when 

thermoelectric alloys are synthesized through melting, followed by an annealing route to 

achieve good thermoelectric performance. We often see this problem, i.e., forming either the 

Zn4Sb3 or Sb phases[34] However, for the first time, F. Tseng et al. successfully followed 

standard mechanical alloying and spark plasma sintering routes to form ZnSb alloy 

nanostructure [20]. Recently, Balasubramanian et al. synthesized ZnSb through mechanical 

alloying followed by a hot pressing route and obtained a fine grain and high phase purity 

ZnSb[35]. The synthesis route of mechanical alloying followed by hot pressing is a cost-

effective technique for large-scale and obtaining fine grain structure in thermoelectric 

materials.  

On the other hand, insulating oxide inclusions like Al2O3 effectively prove to enhance zT by 

reducing thermal conductivity and improving the Seebeck coefficient[13,25]. Al2O3 nano-

inclusions also help enhance the mechanical and thermal stability of the composite[25]. In the 

present work, the effect of insulating γ-Al2O3 nano-inclusions and nano boundaries formed by 

mechanical alloying on ZnSb composite is studied. In this work, for the first time, we 

successfully reported the synthesis route of mechanical alloying followed by a hot pressing for 

ZnSb alloys without secondary (Zn4Sb3) phase formations. Adding γ-Al2O3 nano-inclusions 

significantly reduces thermal conductivity by interfacial phonon scattering and enhances the 

Seebeck coefficient by the low-energy carrier filtering effect. Realistically γ-Al2O3 nano-

inclusions are observed to impart both mechanical and thermal stability to the ZnSb composite. 

Stable ZnSb, along with nanostructuring, is an effective strategy to attain high zT by lowering 

thermal conductivity and using it for commercial thermoelectric generator applications. Thus, 

we demonstrate an effective replacement for commercially available toxic Te, Se, and Pb-based 

thermoelectrical devices with environmentally benign ZnSb composite that exhibits high 

thermoelectric performance for waste heat recovery applications.  

 

 

 



Materials and methods 

Material synthesis and device fabrication 

High purity elements of zinc powder (99% pure, Kurt. J. Lesker), antimony powder (99.999% 

pure, Kurt. J. Lesker), and γ-Al2O3 powder (99.99% pure, Sigma Aldrich) are weighted 

according to stoichiometry then mixed and grounded thoroughly using an agate mortar and 

pestle. Polycrystalline ZnSb + x% γ-Al2O3 nano-inclusions of various nominal compositional 

atomic percentages (x = 0, 1, 3, and 5) were fabricated through conventional mechanical 

alloying, i.e., high-energy ball milling followed by hot pressing consolidation technique. First, 

the nominal compositions with corresponding nano-inclusions concentration were 

mechanically alloyed in a planetary ball mill at 300 rpm for 24 hours using zirconia balls with 

a powder-to-ball ratio of 1:20. Then ball-milled powders are compacted into pellets by hot 

pressing in a mold of die diameter of 15 mm at 400 °C under uniaxial pressure of 120 MPa for 

10 minutes to produce compacted and high-densified samples. ZnSb + 5% γ-Al2O3 powder 

was hot-pressed using a square die to fabricate two p-type legs of 8 mm length and 4×4 mm 

cross-section. The fabricated legs are interconnected in electrical series using nickel electrodes 

and solder paste; the hot side is joined to the alumina plate using carbon tape. The complete 

fabricated thermoelectric device, the heat sink attached on the cold side, and the heating copper 

block on the hot side are shown in Fig. 2i.  

Structural characterization  

Structural and phase analysis were investigated using the powder X-ray diffraction method in 

Bruker D2 Phaser instrument using Cu Kα radiation of wavelength 1.5406 Ȧ and Lynxeye 

detector. In all samples, diffraction patterns were measured from 2θ of 10 to 90° with a step 

size of 0.02°. Then, the lattice parameter and lattice volume were calculated from the obtained 

XRD data using Bragg's law. The Raman spectra were recorded using an excitation HeNe laser 

wavelength of 532 nm in Renishaw Raman Spectroscopy 2000 instrument to understand the 

phase formations using molecular bonding-related vibrational intensities. Low magnification 

fractography was conducted using Philips scanning electron microscope (SEM) assisted EDAX 

and elemental mapping to understand the presence and distribution of Al2O3 nano-inclusions 

within the matrix phase. Hardness measurements are conducted on finely polished test samples 

using a Vickers hardness tester of 5 kgf load with 10 seconds dwell time at room temperature. 

TGA and DSC were performed on all the samples in a Simultaneous Thermal Analyser of 

PerkinElmer STA6000.  



Thermoelectric characterization 

Thermoelectric measurements of σ, S, and κ were conducted from room temperature to 673 K 

with 50 K intervals. The charge transport properties, i.e., carrier concentration and mobility, 

were measured using the Lakeshore Hall measurement system in the magnetic field range of -

2T to +2T at room temperature. Electrical conductivity and Seebeck coefficient were calculated 

using standard four-probe direct current measurement in SBA 458 Nemesis (Netzsch) 

apparatus under argon atmosphere from room temperature to 673 K. In all the samples, Fermi 

level (Ef) over the temperature range and the density of states associated effective mass (𝑚𝑑
∗ ) 

and the effective density of states (eDOS) at room temperature is theoretically calculated using 

measured carrier concentration and Seebeck coefficient. Thermal diffusivity values were 

measured on 12.7 mm diameter with 3 mm thickness disk samples in Netzsch LFA 467 

machine using a laser flash method under an inert atmosphere. The densities of the obtained 

Figure 1 (a) Cystal structure, (c) Rietveld refinement, and (f) Deconvoluted Raman peaks of 

pristine ZnSb, (b) XRD, (d) lattice parameter with inset showing peak shift, and (e) Raman 

spectra of the samples ZnSb+x% γ-Al2O3 samples (x = 0, 1, 3, and 5). 



samples were calculated using the standard Archimedes method. Thermal conductivities were 

measured automatically in Netzsch-assisted software using the standard formula 𝜅 =

𝜌𝛼𝐶𝑝Where ρ is the density of the sample, Cp is specific heat, and α is thermal diffusivity. 

Finally, the power factor (S2σ) and the dimensionless figure-of-merit were calculated using the 

obtained Seebeck coefficient, electrical, and thermal conductivity values. Temperature-

dependent thermoelectric device performance was acquired by the sweeping load resistance. 

The corresponding change in voltage, current, and power was recorded using the Keithley 

6517A Electrometer and hot side temperature using a K-type thermocouple.  

 

Results and discussion 

 As shown in Fig. 1a, ZnSb possesses an orthorhombic crystal structure with tuneable 

semiconducting properties, crystallizing with the P/bca space group and the bandgap of 

approximately ̴ 0.86 eV[36]. All the ZnSb + x% γ-Al2O3 (x = 0, 1, 3, and 5) samples are 

successfully hot pressed, with densification reaching approximately 90% in all samples. 

However, nano-inclusion reduces the density almost linearly due to the formation of back stress 

against sintering pressure between the matrix and inclusion interface. The low-density Al2O3 

phase also contributes to the reduced density[11]. Milling parameters do not influence the 

formation of the ZnSb phase without any secondary Zn4Sb3 phase, mainly due to the high 

stability of the ZnSb phase[12]. As shown in Fig. 1b, in XRD, along with ZnSb peaks, we also 

observed the two peaks of the Sb phase. No peaks related to the γ-Al2O3 nano-inclusion phase 

are observed due to the low concentration of γ-Al2O3 added[26]. As shown in Fig. 1c and Fig. 

S1, we conducted the Rietveld refinement to evaluate the lattice parameter change in all the 

samples. The inset of Fig. 1d showcases the left shift of the high-intensity XRD peak with 

increasing nano-inclusions concentration, which indicates lattice expansion. As shown in Fig. 

1d, the change in the lattice parameter (a) with increasing concentration of γ-Al2O3 nano-

inclusions is observed; however, it is complex to consider this change attributed to nano-

inclusions due to the presence of Sb atoms in all samples. The grain size is calculated from the 

XRD data using Eq. 3, called the Scherrer formula. The results shown in Table 1 indicate the 

reduction in grain size with increasing the concentration of γ-Al2O3 nano-inclusions. Ball 

milling with harder nano-inclusions reduces the grain size of the matrix ZnSb phase and 

increases the number of grain boundaries[23,29]. As shown in Fig. 1e, Raman peak intensities 

are reduced by adding γ-Al2O3 nano-inclusions, which means the added nano-inclusions 

successfully reduce the molecular lattice vibrations. As shown in Fig. 1f, deconvoluted Raman 



peaks observed at 61, 82, and 146 cm-1 indicate the presence of the ZnSb phase along with 

secondary Sb phase (peak at 112 cm-1) vibration modes in all samples[35,37]. The secondary 

electron SEM micrograph shown in Fig. 2a reveals the surface morphology of the pristine ZnSb 

sample with apparent porosity. As shown in Fig. 2b, the backscattered electron SEM image 

reveals the γ-Al2O3 nano-inclusions uniform distribution in the 5% γ-Al2O3 composite sample. 

Fig. 2g shows the energy dispersive spectrum showing Al nano-inclusions in the 5% γ-Al2O3 

composite sample without impurity peaks. Fig. 2(c-f) depicts the corresponding elemental 

mapping with the distribution of homogeneous Al nano-inclusion. From Fig. 2d and 2f, it is 

clearly understood that Zn is relatively thin than Sb, which is due to the Zn loss during the ball 

milling process; the presence of the Sb phase is already identified by XRD and Raman.  

𝐷 =
0.9𝜆

𝛽 cos 𝜃
                                                                                                                     (3) 

Where D is grain size in nm, β is FWHM of an XRD peak, θ is half of the diffraction angle in 

radians and λ is the wavelength of the XRD source in nm. 

 

Temperature-dependent electrical resistivity is measured in all the samples shown in Fig. 3a. 

From the plots; it is observed that all the samples show non-degenerate semiconductor behavior 

of intrinsic carrier excitation at a high temperature significantly above 400 K. Electrical 

Figure 2 (a) Surface morphology of pristine sample, (b) SEM BSE micrograph, (c-f) elemental 

mapping, and (g) EDAX of the 5% γ-Al2O3 composite sample, (h) schematic carrier scattering 

diagram , (i) device construction. 



conductivity is reduced by the addition of insulating γ-Al2O3 nano-inclusions due to the solid 

potential charge carrier scattering, which reduces furthermore with increasing the concentration 

of nano-inclusions[11]. Along with the scattering of carriers, increased porosity also 

contributes to the electrical conductivity reduction[11]. We calculated the carrier concentration 

and mobility in all samples at room temperature from the Hall effect results, as shown in Fig. 

3f. Positive signed carrier concentration values measured using Hall Effect suggest p-type 

electrical transport behavior in all samples. The obtained carrier concentration is within the 

optimum range (i.e., 1020 to 5 × 1020 cm-3) to achieve maximum power factor in all the 

samples[38]. Carrier concentration and mobility are reduced linearly by adding γ-Al2O3 nano-

inclusions, which confirms the γ-Al2O3 nano-inclusions effectively scattering the ZnSb charge 

carriers. In-coherent interfacial boundaries formed by the γ-Al2O3 lessen the mobility of the 

ZnSb carriers[39]. Added nano-inclusions scatter the medium to high wavelength, i.e., 

reduction in overall carrier concentration, which is the primary reason for reduced electrical 

conductivity. The added nano-inclusions also reduce the mobility of the carriers by forming 

insulating boundaries for matrix charge carrier transport[40]. Increased porosity by added 

insulating γ-Al2O3 nano-inclusions also contributes to the reduced electrical 

conductivity[18,25].  

The single parabolic band (SPB) model is a simple and effective approach to finding and 

understanding the fundamental charge transport properties from the calculated experimental 

thermoelectric parameters and carrier concentration[41]. SPB model was used to find the 

reduced Fermi level (𝐸𝑓), density of states effective mass (𝑚𝑑
∗ )  and effective density of states 

𝑒𝐷𝑂𝑆) are determined from the equations 4, 5 and 6[9,41]: 

𝑆 =
𝑘𝐵

𝑒
[

(𝜆+2)𝐹𝜆+1(𝜂)

(𝜆+1)𝐹𝜆(𝜂)
− 𝜂]                                                                                              (4) 

𝑚𝑑
∗ =

ℎ2

2𝑘𝐵𝑇𝑚0
(

𝑝

4𝜋𝐹1
2⁄

(𝜂)
)

2
3⁄

               (5) 

𝑒𝐷𝑂𝑆 = 2 × (
2𝜋𝑚0𝑚𝑑

∗ 𝑘𝐵𝑇

ℎ2 )
3

2⁄

               (6) 

Where, 𝜂 =
𝐸𝑓

𝑘𝐵𝑇
 is reduced chemical potential, λ is scattering parameter, 𝑚0 is rest mass of 

electron and 𝐹𝑖(𝜂)is the Fermi integral of order i, 𝐹𝑖(𝜂) = ∫
∈𝑖𝑑∈

1+𝐸𝑥𝑝[∈−𝜂]

∞

0
. We considered the λ 

as zero, due to the dominance of the acoustic phonon scattering[42,43]. Fermi level is reduced 

by the addition of γ-Al2O3 nano-inclusions, which is shown in Fig. 5b, indicating the Fermi 



level moves towards the conduction band attributed to reduced carrier hole concentration. The 

calculated effective density of states (eDOS), which is in the order of 1019 cm-3, and the density 

of states' effective mass (𝑚𝑑
∗ ) which is greater than two in all the samples at room temperature 

mentioned in Table 1 indicating the increase in both the parameter by the addition of γ-Al2O3 

nano-inclusions proportionally attributed to the enhancement in Seebeck coefficient. 

Temperature-dependent Seebeck coefficient is shown in Fig. 3b, representing the 

positive thermopower values confirming the p-type semi-conductive behavior in all the 

samples. All samples follow the same trend, which is Seebeck coefficient slightly reducing 

(almost constant) from 303 to 573 K then reducing faster up to 673 K. The Seebeck coefficient 

is increased from pristine to 1 to 3 to 5% sample due to the carrier-energy filtering mechanism 

by the addition of γ-Al2O3 nano-inclusions[40]. At high temperatures, reduction in the Seebeck 

coefficient is mainly due to the activation of intrinsic minority charge carriers, i.e., electrons 

contribute to the bipolar effect[19,31]. Measured Seebeck coefficient values are confirmed by 

Figure 3 (a) Electrical resistivity, (b) Seebeck coefficient, (c) Power factor (d) Pisarenko 

relation, (e) thermal diffusivity and, (f) Room temperature carrier concentration and mobility 

of the samples ZnSb+x% γ-Al2O3 samples (x = 0, 1, 3, and 5). 



the Pisarenko relation, which also confirmed by the theoretically calculated effective mass 

increased with increasing nano-inclusion concentration[44–48]. As shown in Fig. 2h, added γ-

Al2O3 nano-inclusions scatter the low-energy charge carriers, contributing to the Seebeck 

coefficient enhancement. As shown in Fig. 3c the power factor is reduced by the addition of 

nano-inclusions compared to pristine samples except in the 5% γ-Al2O3 sample at high 

temperature. The reduced power factor is mainly attributed to the reduced electrical 

conductivity that dominates the improved Seebeck coefficient by the addition of γ-Al2O3 nano-

inclusions. The plotted Pisarenko relation for effective mass perfectly matches and validates 

the obtained experimental S and carrier concentration as shown in Fig. 3d.  

Temperature-dependent thermal conductivity shows a similar trend in all the samples, as shown 

in Fig. 4a. In all the samples, thermal conductivity decreased rapidly up to 473 K and then 

continued to increase up to 673 K. Increased secondary carriers at high temperature contribute 

Figure 4 Temperature dependent (a) Thermal conductivity, (b) Lorenz number, (c) Electronic 

thermal conductivity, (d) Phonon thermal conductivity, (e) κphonon vs 1000/T and, (f) κphonon/κ 

of the samples ZnSb+x% γ-Al2O3 samples(x = 0, 1, 3, and 5). 



to the electronic part of the thermal conductivity to increase overall thermal conductivity at a 

high temperature called bipolar effect[20]. Thermal conductivity is successfully reduced from 

pristine to 1% to 3% to 5% γ-Al2O3, by the addition of homogenous  γ-Al2O3 nano-inclusions, 

as shown in the SEM Fig. 2f. Phonons of various wavelengths, especially mid to long 

wavelengths, are scattered by the added γ-Al2O3 nano-inclusions, which are major carriers for 

thermal conductivity, as shown in Fig. 2h. Added γ-Al2O3 nano-inclusions reduced the mean 

free path of phonons in the composite to reduce the lattice thermal conductivity. Along with 

added γ-Al2O3 nano-inclusions interface boundaries, fine-grain boundaries, low γ-Al2O3 

thermal conductivity, and defects formed during mechanical alloying contribute to reducing 

lattice thermal conductivity[39,49]. Nano-inclusions effectively scatter mid to high wavelength 

phonons more than short-wavelength phonons. However, atomic-scale defects and fine grain 

boundaries scatter short-wavelength phonons; therefore, γ-Al2O3 added samples scatter a broad 

spectrum of phonon wavelengths.  

Table 1 The grain size, density, porosity, Fermi level, effective mass, and effective DOS of the 

ZnSb+x% γ-Al2O3 samples (x= 0, 1, 3, and 5). 

Inclusion 

(mol.%) 

Grain 

size 

(nm) 

Density 

(g/cc) 

Porosity 

(%) 

Fermi 

level 

(meV) 

Effective 

mass 

Effective 

DOS 

(1019cm3) 

0 40.02 5.68 10.24 87 2.10 7.79 

1 36.26 5.62 11.11 79 2.18 8.25 

3 31.73 5.51 12.60 64 2.25 8.64 

5 23.07 5.40 14.10 53 2.29 8.85 

The thermal conductivity in a pristine ZnSb sample of 2.5 W/mK is significantly high 

compared to the thermal conductivity of Zn4Sb3 alloy. High porosity levels, as mentioned in 

Table 1, i.e., around 10% and ZnSb simple unit cell structure, as shown in Fig. 1a, are 

detrimental to thermal transport resistance and strongly affect obtained thermal conductivity 

and resultant thermoelectric performance. Total thermal conductivity is a sum of the 

contribution from charge carriers (electrical part) and phonons (lattice part), i.e., 𝜅𝑡𝑜𝑡𝑎𝑙 =



𝜅𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 + 𝜅𝑙𝑎𝑡𝑡𝑖𝑐𝑒 Where the electrical part of the thermal conductivity is calculated from 

equation 2. Lorenz number is calculated from the measured Seebeck coefficient using the 

formula 𝐿 = 1.5 + exp (−|𝑆| 116⁄ ) with units of 10-8 WΩK-2 where S is in μV/K suggested 

by Kim et al. [50] shown in Fig. 4b. κe and κp are plotted concerning temperature, as shown in 

Figs. 4c and 4d, both parts of the thermal conductivity reduced by the addition of γ-Al2O3 nano-

inclusions contribute to the total thermal conductivity reduction. The contribution of κe towards 

total κ is high because of the presence of metallic Sb atoms, which we observed from the XRD. 

In all samples concerning temperature, thermal excitation of minority carriers by increasing the 

temperature contribute towards κe enhancement. However, by the addition of γ-Al2O3 nano-

inclusions, κe was reduced compared to pristine samples due to the reduction of σ. Coming to 

phonon thermal conductivity, in all the samples, κp decreased rapidly up to 473 K. In pristine 

sample, decrease in κp continued up to 673 K, however in composite samples thermal 

conductivity started increasing above 473 K until 673 K. As shown in Fig. 4e, κl is plotted 

against 1000/T, which indicates the phonon – phonon scattering dominated from room 

temperature to 573 K due to the Umklapp process. However, above 573 K, the slope of the 

linear relationship becomes reverse, which indicates the dominance of bipolar diffusion from 

excited minority carriers in the composite samples [51,52]. Phonon's contributions toward total 

thermal conductivity are higher than electrons, as shown in Fig. 4f. 

The figure-of-merit values shown in Fig. 5a suggest the zT is improved by the addition of γ-

Al2O3 nano-inclusions. To assure the accuracy of the evaluated figure-of-merit, we measured 

the thermoelectric parameters multiple times, as shown in Fig. S2.  Both pristine and 1% γ-

Al2O3 added samples showing nearly the same zT at all temperatures means there is no 

significant enhancement by adding 1% γ-Al2O3 nano-inclusions. The maximum zT obtained is 

0.14 in the 5% γ-Al2O3 samples at 673 K, which is almost a two-fold improvement compared 

to the pristine sample. One of the primary reasons for low zT in these samples is the relatively 

high thermal conductivity compared to other reported ZnSb alloys. The high percentage of 

porosity of around 10% after hot pressing is one of the major causes of charge-carrier transport 

resistance. Thermoelectric alloys require very high densification or solidity to acquire good 

thermoelectric and stability properties; otherwise, they show a detrimental effect on charge-

carrier transportation and negatively impact the figure-of-merit. The complete structure of the 

designed 2-leg device, hot-side copper block, and cold-side aluminum heat sink is shown in 

Fig. 2i. The designed 2-leg, 5% γ-Al2O3 highlighted the power of 0.11 μW at the temperature 

difference of 200°C, as shown in Fig. 5c.  



To understand the phase stability, plotted DSC curves for all the samples up to 700 K as shown 

in Fig. 5d. From the DSC results, it is clear that there are no peaks in the curves, which indicates 

the high phase stability of ZnSb and which is also maintained by the addition of inclusions. 

Thermal stability is improved by the added γ-Al2O3 nano-inclusions, which are shown in Fig. 

5e. High mechanical strength is a mandatory requirement for the commercialization of high-

performance thermoelectric materials, which improved by the addition of γ-Al2O3 nano-

inclusions. Mechanical stability is one of the primary parameters to improve the lifetime of 

thermoelectric devices during their application period. Mechanical stability measured by 

Vickers hardness in the ZnSb samples is enhanced by the addition of γ-Al2O3 nano-inclusions, 

as shown in the inset of Fig. 5f, where hardness increases from 130 HV in the pristine to 218 

HV in 5% γ-Al2O3 samples linearly. As mentioned in Table 1, nano-grain size and Fig. 2f, 

homogenous Al2O3 dispersions helps in mechanical strengthening. The added nano-inclusions 

improved the mechanical strength through grain boundary hardening and dispersions hardening 

Figure 5 (a) Figure-of-merit, (b) Fermi level, (c) power performance of the device, (d) DSC 

phase stability, (e) TGA thermal stability and, (f)  Vickers hardness of the ZnSb+x% γ-Al2O3 

samples (x = 0, 1, 3, and 5). 



from the nano-inclusion secondary phase[19]. Therefore, our study providing the clear insights 

on the nanocomposite engineering by γ-Al2O3 inclusions helps in improving the thermoelectric 

performance, mechanical and thermal stability of the ZnSb material. It opens up gates in new 

direction to build and improve the ZnSb thermoelectric performance and making it as potential 

candidate to replace the commercial Bi2Te3 thermoelectric device materials. 

Conclusion 

In this study, ZnSb + x% γ-Al2O3 (x = 0, 1, 3, and 5) alloys are successfully synthesized through 

facile mechanical alloying followed by hot pressing. The addition of γ-Al2O3 nano-inclusions 

reduces both carrier concentration and mobility, reducing overall electrical conductivity. 

Seebeck coefficient is enhanced by the addition of γ-Al2O3 nano-inclusions, mainly attributed 

to the carrier-energy filtering effect, i.e., scattering of low-energy carriers by band bending near 

the interfacial boundaries. Power factor is reduced in γ-Al2O3 nano-inclusion added samples, 

especially in 1% and 3% samples, due to the reduction in electrical conductivity dominates the 

increase in Seebeck coefficient. Thermal conductivity is reduced by the addition of γ-Al2O3 

nano-inclusions in all samples due to the strong phonon scattering. A high porosity level 

contributes to charge carrier transport resistance, and ZnSb's uncomplicated structure 

contributes to thermal transport resistance synergistically, showing a strong negative effect on 

obtained overall zT. We reported the maximum zT obtained is 0.14 in 5% γ-Al2O3 added 

samples, which is almost two-fold to pristine sample at 673 K. The 2-leg coupled ZnSb+5% γ-

Al2O3 device displayed the maximum power of 0.11 μW at ΔT of 200°C. With the addition of 

γ-Al2O3 nano-inclusions, the composite's thermal and mechanical stability improved. Our 

study demonstrates that nanocomposite is a simple and effective solution to enhance the zT 

and strength of ZnSb material to make a potential alternative for Te-based devices.  
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