Aliovalent–Isovalent In/Bi Co-doping Strategy for Enhanced Thermoelectric Performance in SrCuSb Zintl Phases
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Abstract:
 SrCuSb-based Zintl compounds are promising mid-temperature thermoelectric materials but are suffered from high lattice thermal conductivity and suboptimal charge transport. In this work, a co-doping approach is implemented by substituting aliovalent In and isovalent Bi for Sb in SrCuSb, thereby simultaneously tuning carrier transport and enhancing phonon scattering. Polycrystalline SrCuSb1-x-yInₓBiy (0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) synthesized by melting, ball milling, and spark plasma sintering shows that In adjusts the hole concentration and preserves high mobility. At the same time, Bi introduces mass/strain‑field disorder that softens the lattice and thereby suppresses lattice thermal conductivity. Co-doping also suppresses the formation of secondary phases, improving phase purity and carrier mobility. The optimized SrCuSb0.825In0.125Bi0.05 composition exhibits a high power-factor of ~1.9 mW/m·K2 and a low lattice thermal conductivity of ~ 0.54 W/m·K at 773 K, yielding a peak zT of ~0.65. The average zT over 300–773 K increases from 0.17 for pristine SrCuSb to 0.32, corresponding to an ~87 % enhancement. These results demonstrate that aliovalent–isovalent co-doping is an effective and widely-applicable route to simultaneously engineer carrier transport and phonon scattering, advancing mid-temperature thermoelectric materials based on planar Zintl phases.



1. INTRODUCTION
 Thermoelectric (TE) generation enables direct conversion of waste heat into electricity, and is increasingly recognized as a key technology to improve energy efficiency [1]. Their performance is measured by the dimensionless figure of merit of TE materials,  , where S is the Seebeck coefficient, ρ  the electrical resistivity, T  the absolute temperature, and κ  the total thermal conductivity [2]. Achieving high zT requires simultaneous optimization of these strongly interdependent properties, which has driven extensive research on new materials, as well as band-structure engineering and phonon-scattering strategies [3].
Although the well-known thermoelectric compounds such as PbTe, Bi2Te3, and SnSe have demonstrated zT ≥ 1, their reliance on toxic or costly elements limits their large-scale applications [4–7]. This has motivated the exploration of alternative thermoelectric materials composed by earth-abundant and environmentally friendly elements. In this context, Zintl phase compounds are of particular interests due to their structural frameworks suitable for thermoelectric materials, where cations donate electrons to form covalent bonding between polyanionic units, enabling an intrinsic semiconducting state and low lattice thermal conductivity[3]. Zintl systems such as Yb14MnSb11, Yb(Zn,Cd)2Sb2, YbMg2Bi2, Mg3Sb2, Eu5In2Sb6, (Eu0.5Yb0.5)1-xCaxMg2Bi2, and Yb9Mn4.2Sb9​ showed high thermoelectric performance through doping and defect engineering [8–11]. However, many Zintl compounds contain rare metals such as Ge and Eu, or toxic elements like As and Cd, which may limit their widespread application.
ZrBeSi-type Zintl phases with the space group P63/mmc have recently been attracted attention for an exciting series of thermoelectric materials [12]. These compounds contain honeycomb-like layered frameworks that resemble graphene sheets, allowing good electronic conduction and thereby enabling high device power output. As a result, several members of this family, including Eu2ZnSb2 [13] and BaAgAs [14], have achieved p-type zT values exceeding 1.0, comparable to the best Mg3Sb2-based systems. Furthermore, the ZrBeSi-type structure can accommodate a wide variety of elemental substitutions at three different crystallographic sites, making this phase an interesting platform for thermoelectric research. Recent reports on BaAgSb, BaAgBi, SrAgSb, EuAgSb, and EuCuSb [12,15,16] highlight this opportunity, with each material showing encouraging thermoelectric performance.
[bookmark: _Hlk211274222]Within this family, SrCuSb is a representative system that does not contain expensive Eu, Yb, or Ag. Its layered Cu–Sb honeycomb sheets, separated by Sr layers, afford high carrier mobility and a compositionally flexible framework amenable to broad chemical tuning [17,18]. However, studies show that pristine SrCuSb exhibits a high lattice thermal conductivity of about 4 W/m·K and suboptimal carrier concentrations, which limit its zT compared to best-in-class systems. Recent experimental and first-principles assessments suggest that reducing lattice thermal conductivity through defect engineering or vacancy control, and simultaneously tuning carrier density, are effective strategies for enhancing performance in these compounds [18,19]. 
Two general approaches have proved effective in other thermoelectric families and motivate the present work: (i) aliovalent (resonant/charge-tuning) doping to increase carrier concentration and, when appropriate, introduce resonant levels that enhance the Seebeck coefficient without severely penalizing electrical conductivity [20]; and (ii) isovalent heavy-atom substitution to maximize mass-fluctuation and strain-field phonon scattering and thereby suppress lattice thermal conductivity [21]. Notably, Indium has been shown to be an effective dopant in several chalcogenides (e.g., SnTe, GeTe), resulting in a pronounced enhancement of the power factor via band-edge perturbation and/or resonant-level formation [22,23]. At the same time, Bi substitution is widely employed to enhance mass-disorder scattering and favorable band-structure modifications in Sb-based alloys [24]. Recent studies on GeTe and Mg2Sn-GeTe further demonstrate that cooperative dopant engineering can simultaneously regulate the electronic structure and phonon transport via charge-transfer or defect-coupled mechanisms, leading to substantial improvements in thermoelectric performance [25, 26]. 
Despite these successes in rock-salt and related structures, the combined use of aliovalent and isovalent co-doping on the anionic Sb site has not been systematically explored in layered ZrBeSi-type Zintl phases, such as SrCuSb. Layered Zintl chemistries differ fundamentally from cubic chalcogenides in their bonding topology, site preferences, and phase equilibria; therefore, strategies that work in SnTe or Mg3​Sb2 may not be valid for SrCuSb. Moreover, the Sr–Cu–Sb phase field shows sensitivity to cation stoichiometry (e.g., formation of SrCu2Sb2 as a common impurity) and to vacancy/defect populations, meaning that dopant choice can critically affect both phase stability and multiscale phonon scattering [24]. Recent work shows that vacancy and defect engineering in ZrBeSi-type systems can dramatically reduce the lattice thermal conductivity, further motivating targeted dopant strategies in SrCuSb [27]. 
In this research, simultaneous aliovalent In and isovalent Bi substitutions are introduced on the Sb sublattice of SrCuSb. The rationale is threefold: (i) In acts as an acceptor/resonant dopant that increases hole concentration and can perturb the valence-band edge to enhance the Seebeck coefficient while improving electrical conductivity [22,23,28]; (ii) isovalent Bi introduces mass and strain fluctuation scattering that selectively suppresses lattice thermal conductivity and can subtly modify band curvature through spin–orbit coupling [29–32]; and (iii) their combined presence can shift local phase equilibria and mitigate formation of Sr-rich impurity phases, stabilizing the desired ZrBeSi-type matrix. We have synthesized a series of samples with the composition of SrCuSb1−x−yInx​Biy​, and have carried out the characterization and measurements of TE properties. We demonstrate that this co-doping leads to an increase in the power factor and to the suppression of κl​, yielding a significant enhancement of zT compared to the pristine SrCuSb. A peak zT ≈ 0.65 at 773 K is attained for the optimized composition, SrCuSb0.825In0.125​Bi0.05​, due to the concurrent carrier tuning and multiscale phonon scattering. These results exemplify a materials-design principle that can be widely applicable for earth-abundant Zintl thermoelectrics [3, 8,33,34].





2. Experimental 
2.1 Synthesis 
Polycrystalline samples of nominal composition SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) were synthesized by solid-state reaction. A slight excess of Sr (5%) was introduced to compensate for volatilization losses during melting. Sr chunks (99%), Cu rods (99.9%), and Sb granules (99.9%) were weighed in an Ar-filled glovebox and loaded into a graphite crucible. The crucible was sealed in an evacuated quartz tube and heated with a ramping rate of 100 K·h-1 from room temperature to 773 K, and heated to 1223 K in 20 K·h-1, at which temperature the tube was kept for 3 days. The sample was then naturally cooled to room temperature. The resulting ingots were cleaned with a wire brush, crushed in a WC-lined mortar and pestle inside the glovebox, and subsequently ball-milled under Ar using a planetary ball mill (Fritsch, Germany) with WC balls at 300 rpm for 6 h. The powders were then sieved through a 45 μm mesh before being loaded into a 10 mm graphite die. Densification was carried out via spark plasma sintering (SPS-1080, SPS SYNTEX INC., Japan) at 973 K for 15 min under a static vacuum (~2 × 10-2 Pa) and a uniaxial pressure of 80 MPa. Two pellets were consolidated for each composition from the same batch of ball-milled powders, and were served for electrical resistivity, Seebeck coefficient, and thermal conductivity measurements.
2.2  Characterization
The powder X-ray diffraction (XRD) patterns were recorded using a RINT TTR-3 diffractometer (Rigaku Co., Japan) with the Cu–Kα radiation (λ = 1.5406 Å) at room temperature. Structural parameters were refined using the Rietveld method implemented in the FullProf Suite program [35]. The microstructure and the chemical composition of the sintered samples were examined using a field-emission scanning electron microscopy (SEM), JSM-7001F, JEOL Co., Japan, with an energy-dispersive X-ray spectroscopy (EDS) detector (JED-2300). Temperature-dependent thermoelectric transport measurements were conducted across the 300–773 K range on SPSed samples. The electrical resistivity (ρ) and Seebeck coefficient (S) were measured by the DC four-probe method using ZEM-3, Advance Riko Inc., Japan, on rectangular bars (~10 mm × 2 mm × 2 mm) under partial helium pressure. The thermal diffusivity (D) and the heat capacity (Cp) of SPSed samples were simultaneously measured on the graphite-coated disk-shaped samples (φ=10 mm and thickness =1.5 mm) using the xenon laser flash technique (LFA 467HT Hyperflash, Netzsch, Germany) in an argon environment. Pyroceram 9606 was used as a reference standard specimen. The total thermal conductivity (κ) is determined using the expression κ = D × Cp × d. The bulk density (d) of these pellets was measured by Archimedes’ principle using absolute ethanol as a solvent. Hall resistance was measured by the Van der Pauw method at 300 K using a Physical Properties Measurement System (PPMS, Quantum Design) with a magnetic field sweeping between ±7 T. The carrier concentration was estimated from the equation, np = 1/eRH, where e is the charge of the electron, and RH the Hall coefficient. Carrier mobility was calculated using μ = RH/ρ. The uncertainties of the measurements were estimated to be 5% for the Hall coefficient, 6% for the Seebeck coefficient, 8% for the electrical resistivity, 11% for the thermal conductivity, and the propagated uncertainty in zT is ≈ ±19% [36]. The longitudinal (νl) and transverse (νt) sound velocities of SrCuSb1-x-yInxBiy were measured at room temperature using a sing-around ultrasonic velocity-measuring instrument (UVM-2, Ultrasonic Engineering Co., Tokyo, Japan), with the measurements recorded on an oscilloscope (Tektronix).
2.3 Electronic structure calculation
In order to study the effect of the doping, electronic structure calculations were performed using density-functional theory (DFT) through a full-potential linearized augmented plane-wave approach implemented in the WIEN2k code [37] and were done for a single unit cell and 2×2×2 supercells of SrCuSb with some antimony sites partially substituted by indium or bismuth, using the generalized gradient approximation with the Perdew-Burke-Ernzerhof functional (GGA-PBE) [38]. Parameter RmtKmax, where Rmt represents the smallest muffin-tin radius, and where Kmax denotes the plane-wave cutoff, was used to control the basis set size: this parameter was set to the high value of 7.0. In the calculation for SrCuSb0.875Bi0.125, the atomic spheres Rmt values were 2.5 for Bi and Sr, 2.39 for Cu, and 2.45 for Sb. In other calculations, Rmt values of 2.45 for Cu, Sb, In, and 2.5 for Sr were used. Convergences were reached with k-point samplings of 1000 and 100 k-points in the Brillouin zone for a single unit cell and supercells, respectively. For the DFT calculations, we used structural coordinates and lattice parameters of SrCuSb obtained from X-ray diffraction measurements in this study.
3. Results and discussion
3.1 Phase formation and microstructure evolution
SrCuSb has a layered crystal structure, featuring alternating stacks of Sr2+ sheets between the CuSb2− honeycomb layers along the c-direction, as illustrated in Figure 1(b). The XRD patterns of SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) are presented in Figure 1(a). The XRD patterns agree with those expected for the BeZrSi-type structure (P63/mmc) (No. 194), as reported in the previous literatures  [18,19]. The lattice parameters of SrCuSb1-xInx and Bi co-doped samples, determined from Rietveld refinement (Figure 2(a) and Figure S5), decrease with increasing In content (a: 4.527→4.520 Å, c: 8.749→8.721 Å) due to the smaller ionic radius of In3+, and increase slightly with Bi co-doping (a: 4.5208–4.521 Å, c: 8.724–8.728 Å), reflecting the larger Bi size. These changes confirm successful dopant incorporation. A minor SrCu2Sb2 with some unidentified impurity phase persisted across compositions, even with 5 at% excess Sr, attributable to Sr volatility and reactivity at high processing temperatures. Phase diagram considerations of the Sr-Cu-(Sb, In, Bi) systems (Figures 3, S1-S3) suggest that Sr loss drives the composition toward the stability region of SrCu2Sb2. Interestingly, progressive substitution at the Sb site suppressed this secondary phase (Figure S4), indicating that In incorporation stabilizes the host lattice by shifting the phase equilibrium [39]. Bi co-doping further optimized phase stability: SrCuSb0.825In0.125Bi0.05 remained almost single-phase, with little evidence of impurity peaks, whereas SrCuSb0.805In0.125Bi0.07 displayed a Bi-rich secondary phase, highlighting the solubility limit (Figure S9). No extra peaks due to In- or Bi-rich compounds were observed below this threshold, confirming the formation of a solid solution. 
We employed the Williamson–Hall method to quantitatively analyze microstructural distortions, using a Si standard to correct for instrumental broadening. Crystallite size, dislocation density, and micro-strain were yielded via CMWP fitting, as shown in Figure 2(b). The results indicate that the doped samples have smaller crystallite sizes and significantly higher dislocation densities than the undoped SrCuSb. The observed reduction in crystallite size can be attributed to the lattice strain induced by substitutional doping. The atomic sizes of In and Bi differ from those of Sb, creating local strain fields that enhance microstrain and foster dislocation formation during ball milling and subsequent spark plasma sintering. These strain fields hinder grain boundary migration and suppress crystallite coarsening, thereby helping to maintain smaller crystallites. Additionally, dopant atoms can interact with dislocation cores to form Cottrell-type solute atmospheres, effectively pinning dislocations and inhibiting their annihilation during high-temperature processing [40]. Similar phenomena of dopant-induced grain refinement have been observed in other thermoelectric systems [5,41].
While the high defect density strongly indicates enhanced phonon scattering, direct evidence from advanced techniques such as TEM or synchrotron-based defect mapping will be essential to confirm the precise role of dislocation–dopant complexes [42,43]. These results demonstrate that targeted In/Bi co-doping simultaneously improves phase purity, induces controllable lattice distortions, and sustains high defect concentrations. This synergy is highly favorable for reducing lattice thermal conductivity while preserving the structural integrity of the host lattice, underscoring the importance of dopant selection in designing high-performance thermoelectric materials [44].
[image: ]
Figure 1. (a) XRD patterns of SrCuSb1-xInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07). (b) Crystal structure of SrCuSb with using VESTA [45]. 
[image: ]
[bookmark: _Hlk191981726]Figure 2. (a) Refined lattice constant of SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07). (b) Crystallite size DV, micro-strain ε, and dislocation density δ of samples as functions of doping levels x and y, calculated using the modified W-H method. 
[image: ]Figure 3. The isothermal section of the ternary Sr-Cu-Sb phase diagram at 1223 K (a), and the chemical potentials for the respective phases (b), based on ‘The Materials Project’ database. [46,47]  
[image: ]	Figure 4 and Figure S6-9 show the typical SEM images of the samples at the fractured surfaces. The micrographs show that the matrix has a layered morphology. The as-melt samples consist of homogeneous, octahedral grains with an average size of approximately 1 µm, as shown in Figure S6, consistent with the layered hexagonal ZrBeSi-type structure. Figures S7-8, together with the corresponding EDS elemental mappings, further demonstrate that the In/Bi-doped samples exhibit sheet-like crystals characteristic of a layered structure, with a homogeneous distribution of the constituent elements. After SPS, the SEM image of the SrCuSb samples in Figure 4(a) reveals a more condensed microstructure with distinct layered features and sheet-like domains with thicknesses on the order of tens of nanometers. The grain sizes of the SPSed samples are smaller than those of the as-melt samples, confirming the effectiveness of ball milling in refining the microstructure. The densities were calculated to be about 99% of the theoretical ones (Table S1). 
Figure 4. Typical SEM images of fractured surfaces perpendicular to the pressing direction for (a) SrCuSb, (b)SrCuSb0.875In0.125, (c) SrCuSb0.825In0.125Bi0.05, and (d) SrCuSb0.805In0.125Bi0.07. (a, c) Low-magnification views reveal grain morphology and orientation with reference to the pressing direction (P). (c, d) Higher magnification images (right panels) highlight representative nanoscale features, including layered and defect-rich regions, as indicated by red and yellow markings. The fractured surfaces reveal a pronounced layered microstructure, with dominant layers oriented parallel to the plane normal to the pressing axis.

To further examine the elemental distribution and local composition, elemental mapping and quantitative EDS analyses were performed on the fractured surfaces of SrCuSb0.825In0.125Bi0.05 and SrCuSb0.805In0.125Bi0.07 SPSed samples. The corresponding elemental maps (Figure 5 and Figure S9) show the spatial distributions of Sr, Cu, Sb, In, and Bi, indicating a generally homogeneous distribution of the constituents within the observed area. The small fraction of secondary phase occasionally observed in the mapping analysis is consistent with the minor impurity peaks detected in the XRD pattern. To minimize potential topographic effects associated with fracturing, additional EDS measurements were performed on polished surfaces of SrCuSb0.875In0.125 and SrCuSb0.825In0.125Bi0.05 samples, and the corresponding SEM images and elemental maps are shown in Figures S10 and S11. These results confirm that the dopant elements are uniformly distributed at the microscale, with no clear evidence of significant segregation. Quantitative EDS measurements from multiple regions are summarized in Table S3. The measured compositions are reasonably consistent with the nominal stoichiometry within the typical uncertainty of EDS analysis. Minor deviations from the nominal values may arise from the semi-quantitative nature of EDS measurements and from possible Sr volatilization during high-temperature synthesis. 
[image: ]





Figure 5. (a) Typical fracture surface SEM image of SrCuSb0.825In0.125Bi0.05 sample and (b-f) the corresponding EDS mapping of Sr, Cu, Sb, In, and Bi elements. The elemental maps indicate an overall uniform distribution of the constituent elements. Minor contrast variations observed in the maps may be related to the surface topography of the fractured surface rather than true compositional segregation.

3.2  Electronic Transport
[bookmark: _Hlk225981531]Figure 6(a) illustrates the temperature dependence of the electrical resistivity (ρ) for SrCuSb1-x-yInxBiy. All samples exhibit highly doped degenerate semiconducting behavior, with resistivity increasing with temperature. Indium doping significantly reduces resistivity compared to pristine SrCuSb, attributed to enhanced carrier concentration and improved electrical transport properties. However, introducing Bi co-doping results in a substantial increase in ρ. Although this increase may partially be attributed to the greater scattering of charge carriers resulting from heavy anion doping and the formation of secondary phases, the primary origin is found to be the decreased carrier concentration in the Bi-doped samples, as will be shown later. The observed fluctuations in the ρ with temperature can be due to various scattering mechanisms, such as ionization, electron-phonon interactions, and electron-electron scattering [48]. According to the Brooks–Herring formula [49], the carrier relaxation time during ionization scattering(τion) is expressed as:
	       Eq.1.
where ε is the static permittivity of the material, N  the ionized impurity concentration, Z  the charge on the impurity in units of e, E  the energy of an electron, ℏ  reduced Planck's constant, and β  the inverse screen length. In the Zintl limit, Sr and Cu donate electrons to Sb, achieving Sr2+, Cu+, and Sb3– closed-shell electronic configurations. Now, In has two less electrons than the Sb atom, the doping of In at the Sb site can lead the system to p-type conduction. Bi, being isovalent, does not contribute to ionized-impurity scattering but introduces lattice disorder that increases neutral-impurity scattering. Together, they reduce the carrier relaxation time and mobility, with In being the dominant factor for Coulomb scattering and Bi enhancing disorder scattering. 
Next, using an Arrhenius-type relationship (Figure 7(a)), the band gap energies were determined in the high-temperature range by applying a linear fit to log(ρ) versus 1/T. This relationship can be expressed as ρ(T)=ρ0exp(Eg/(2kBT)), where ρ0 represents a pre-exponential factor, Eg the band gap, and kB the Boltzmann constant. The band gap values increased with increasing In-doping (from 0.223 eV for SrCuSb to 0.278 eV for x = 0.125), while incorporating Bi reduced the band gap to 0.238 eV. The obtained band gap values are consistent with that of 0.218 eV calculated for SrCuSb by Zheng et al. [17] and Moll et al. [18] This variation in band gaps can be understood by the change in the electronegativity differences of Sr-Sb bond (Δχ = 0.92) compared to that of Sr-In (Δχ = 0.16) and Sr-Bi (Δχ = 0.56), which also reflects in carrier mobility (μp), as shown in Figure 6a. This change in electronic structure highlights the effects of dual anionic dopants on SrCuSb and suggests opportunities to modify its electronic properties through carefully designed doping strategies [11,21,28].
[bookmark: _Hlk225981685][bookmark: _Hlk225987152]To elucidate how composition influences charge transport, Hall measurements were performed at 300 K. Carrier concentration and mobility were deduced from the Hall resistivity data, as shown in Fig. 7(b). Substitution of In for Sb causes a pronounced increase in hole concentration, from ~ 1.4×1020 cm-3 in pristine SrCuSb to ~ 3.7×1020 cm-3 for x = 0.125, while the carrier mobility decreases with increasing x, likely due to enhanced ionized impurity scattering. By contrast, Bi co-doping counterbalances this trend: the hole concentration decreases to ~ 0.6-0.8×1020 cm-3 while the carrier mobility increases to ~180-200 cm2V-1s-1, as shown in Fig. 7(b). This has been rather unexpected because Bi is isovalent with Sb. To shed light on this mechanism, electronic structure calculations based on the density-functional theory (DFT) have been carried out for SrCuSb, SrCuSb0.875In0.125, and SrCuSb0.875Bi0.125, as shown in Figures S12. Because of the limited calculation load, a large doping level (2 atoms out of 16 Sb sites) with a 2 x 2 x 2 super cell model was assumed. Nevertheless, the calculated results for the In-doping show the evolution of resonant bands within the energy bap, supporting the increased DOS near EF by doping. This is considered to be consistent with the experimental observation of the increased hole concentration by In-doping. For the case of Bi-doping, on the other hand, the calculation did not show a significant change in the DOS compared to the pristine SrCuSb, but yielded a slight decrease in the size of the band gap. This slightly decreased band-gap is consistent with the experimental observation as shown above, which may cause thermal excitation of electrons at finite temperatures and partially compensate the hole concentrations. However, the actual Bi-doping level is much smaller (y = 0.05-0.07) than the calculation (y = 0.125), thereby it is unclear whether the slight decrease in the band gap can be the main origin for the decreased carrier concentration, as observed in Fig. 7 (b). More detailed calculations with the effect of In/Bi co-doping and the larger supercells may be helpful.
[bookmark: _Hlk225987282] The interplay between In-driven band filling of the valence band and Bi-induced scattering establishes a compositionally tunable balance that governs electronic transport in Zintl compounds [21,30,31]. While the Hall parameters provide a reliable estimate of the carrier densities introduced by chemical doping, charge transport at elevated temperatures may be influenced by thermally activated carriers, changes in the dominant scattering mechanisms (e.g., increased electron–phonon scattering), and possible multi-band contributions. Consequently, the high-temperature transport behavior may deviate from that inferred solely from room-temperature Hall measurements.
The temperature dependence of the Seebeck coefficient (S) for SrCuSb1-x-yInxBiy is shown in Figure 6(b). For all compositions, S showed positive values over the measured temperature range, indicating dominant p-type conduction. The pristine SrCuSb exhibits a monotonic increase in S with temperature, consistent with degenerate semiconducting behavior. This can be understood by using the specific Mott-derived Equation that relates the Seebeck coefficient (S) to the density of state effective mass (md*) and the carrier concentration (np) [50]:
			Eq.2		
Where h is Planck's constant. This relationship shows that S is directly proportional to T and md*, while inversely proportional to np2/3. Indium doping increases np, as shown in Figure 7(b), which reduces the Seebeck coefficient due to the inverse dependence of S on np2/3. However, this reduction is partially offset by an increase in md*, as seen from the Pisarenko plot [51], shown in Fig. S13. This is attributable to a band-edge perturbation and the formation of the resonant band near the Fermi level by the In doping on Sb sites, as is supported by the DFT calculation for SrCuSb0.875In0.125 (Fig. S12). By contrast, isovalent Bi co-doping decreases the carrier concentration np, thereby raising S; whereas the Bi doping mitigated the md*, back to the similar values of SrCuSb, in line with the Pisarenko trend (Fig. S13). This reduced md* also contributes to the improved carrier mobility in Bi-doped sample, as shown in Fig. 7(b). 
[bookmark: _Hlk211934558]The interplay of np and md* underpins the optimization of thermoelectric performance. A careful balance between increasing carrier concentration for small electrical resistivity and enhancing md* for large S is crucial for achieving a high-power factor (PF = S2/ρ), as depicted in Figure 6(c). PF increases with increasing T and saturates at higher T for x ≤ 0.075. For x > 0.075, PF increases monotonically in whole the measured temperature range. Pristine SrCuSb exhibits a moderate PF, which is consistent with its semiconducting nature. With increasing indium doping, a slight improvement in PF is observed due to decreased electrical resistivity (ρ) from increased carrier concentration despite a reduction in the Seebeck coefficient (S). Remarkably, co-doping with Bi (SrCuSb0.825In0.125Bi0.05) achieves a peak PF of ~1.9 mW/m·K2 at 773 K, a significant enhancement over the pristine sample. This improvement arises from the cooperative tuning of carrier concentration and mobility: In substitution causes increases in hole concentration and improved electrical conductivity. On the other hand, Bi co-doping reduces carrier concentration while restoring carrier mobility, thereby enhancing the Seebeck coefficient without giving severe effect in the electrical transport. Similar cooperative dopant interactions have recently been reported to simultaneously regulate electronic structure and lattice dynamics in thermoelectric materials, highlighting the effectiveness of multi-dopant engineering strategies for optimizing transport properties  [11,20,52].
           [image: ]
[bookmark: _Hlk199350126][bookmark: _Hlk209106118]Figure 6. (a) Electrical resistivity (ρ), (b) Seebeck coefficient (S), (c) Power factor (PF), and (d) weighted mobility (μw) as a function of temperature for SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) with corresponding fitted exponents. Data points are denoted by distinct symbols for each composition, and error bars indicate measurement uncertainties. Enhanced thermoelectric performance upon Bi incorporation is evident from improved S and PF values at elevated temperatures. 
[image: ]
Figure 7. (a) Arrhenius plots of electrical resistivity (lnρ vs 1/T) for SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) samples, illustrating the evolution of transport activation behavior with increasing In and Bi content. (b) Room temperature hole concentration (np, blue) and carrier mobility (μ, red) as functions of composition. 

To further validate the factors contributing to the enhanced power factor (PF) associated with In/Bi doping in SrCuSb, we have estimated the temperature-dependent weighted mobility (μw). This estimation utilizes the recently proposed empirical formula by Snyder et al., as follows [53]:
	     		Eq.3.
The temperature-dependent weighted mobility, derived from Eq. 3, for the optimized SrCuSb1-xInxBiy is illustrated in Figure 6(d). As the temperature rises, μw decreases, which is attributed to scattering of carriers by phonons and is typical behavior for thermoelectric materials. Samples with higher Bi or In doping exhibit steeper decreases in mobility, suggesting enhanced scattering from increased mass fluctuations and lattice distortions [54]. The higher exponents, such as 𝑇−1.86, may indicate additional contributions from alloy scattering or defect scattering, particularly in samples with higher doping concentrations. Notably, the maximum weighted mobility of  SrCuSb1-xInxBiy (μw∼220 cm2/V) is higher than that of skutterudites like CoSb3​ (μw∼150 cm2/V), SnTe (μw∼35 cm2/V) [23,30], and Mg3Sb2 (μw∼180 cm2/V) [55], but lower than PbTe (μw∼400 cm2/V), which is attributed to the relatively lower effective mass of carriers in PbTe [5]. 
 3.3 Thermal conductivity  
The temperature-dependent total thermal conductivity (κ) for SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) samples is presented in Figure 8(a). All samples exhibit the typical crystalline trend of decreasing κ with increasing temperature, which is attributed to enhanced phonon scatterings via the Umklapp process. The pristine SrCuSb sample shows the highest κ values, decreasing from ~5.9 W/m·K at 300 K to ~4.0 W/m·K at 773 K, in line with prior reports [18,19,39]. The higher values of κ are due to the high κe/κl ratio (Figure 8(c)). Substitution with In and Bi reduces κ, particularly with increasing Bi content. The optimized composition SrCuSb0.805In0.125Bi0.07 exhibits a minimum total κ ~2.0 W/m·K at 773 K (Figure 8(a)). The thermal conductivity was decomposed using the Wiedemann–Franz law (κe = LσT), where L is the Lorenz number, confirming that the lattice contribution (κl) dominates thermal transport across the entire temperature range (Figure 8(b)).The Lorenz number (L) is calculated from the measured Seebeck coefficient (S) using the empirical equation: . Figures S14 (a) and (b) display the calculated temperature-dependent Lorentz number and electronic thermal conductivity (κe), respectively. Significantly, κl decreases threefold upon In/Bi co-doping, reaching ~0.54 W/m·K at 773 K for the SrCuSb0.805In0.125Bi0.07, which is among the lowest reported values for ZrBeSi-type Zintl phases. 
The suppression of κl​ arises from multiscale phonon scattering mechanisms:
1. Mass and strain fluctuations, as quantified by the scattering parameter, as ​, where fi is the fractional concentration of dopants, ΔMi is the difference in the atomic mass between the dopant and host atoms, and ϵi​ is the local strain due to size mismatch. In this system, heavier Bi and size-mismatched In substitutions at the Sb site provide the dominant scattering sources [54].
2. Point-defect and alloy scattering, as quantified by the scattering parameter , increases with co-doping due to simultaneous mass and size perturbations [28,52,57].
3. Microstructural effects, including nanoscale grain boundaries from ball milling and SPS consolidation, further enhance phonon scattering [58].
4. Secondary phases (BiSb inclusions at higher Bi levels) provide additional interfaces for phonon disruption [59].
We measured the longitudinal (vl) and transverse (vt) sound velocities of the SrCuSb1-x-yInₓBiy series at room temperature using a sing-around ultrasonic pulse technique (see Supporting Information). Using these data, we obtained the average acoustic velocity (vs) and corresponding elastic moduli, shear modulus (G), bulk modulus (B), and Young’s modulus (E) shown in Figure 10(a-b) (more details in Supporting Information file, Table S4). The obtained vs values (~2800 m/s) and moduli (E ≈ 85 GPa, G ≈ 35 GPa) tabulated in Table S4 indicate that SrCuSb possesses a relatively soft lattice compared with classical thermoelectric materials with high thermal conductivity, such as Si and Mg2Si, yet are consistent with the low-stiffness framework typical of II–I–V Zintl compounds [60]. This observation aligns with first-principles calculations, which report an average Debye sound velocity of approximately 2700 m/s and a Debye temperature of ~260 K for SrCuSb, confirming its inherently weak interatomic force constants and anharmonic bonding environment [16,27].
The decrease in vs and the corresponding elastic moduli upon In/Bi co-doping may reflect lattice softening driven by local bond perturbations. Hence, interatomic distances were calculated from the refined atomic coordinates obtained via Rietveld refinement of the XRD data (see Table S2). In pristine SrCuSb, the Cu–Sb bond length within the honeycomb layer is ~2.6137 Å, as shown in Figure S15. Upon In substitution at the Sb site, a slight contraction of this bond is observed (down to ~2.6108 Å for x = 0.125), accompanied by small reductions in the Sr–Cu and Sr–Sr distances, consistent with the slightly smaller atomic size of In relative to Sb. In contrast, subsequent Bi co-doping leads to a gradual increase in these bond lengths; for example, the Cu–X bond length (X = Sb/In/Bi) increases to ~2.6136 Å in SrCuSb0.825In0.125Bi0.05 and to ~2.6142 Å in SrCuSb0.805In0.125Bi0.07. This bond elongation reflects the larger atomic size of Bi and provides structural evidence for local lattice expansion in the Cu–Sb framework. The combined effect of dopant-induced bond perturbations weakens interatomic force constants. It enhances atomic-scale disorder, thereby reducing lattice stiffness and promoting phonon anharmonicity, ultimately contributing to the reduction in lattice thermal conductivity, as observed in Fig. 8 (a) and (b). The correlation between vs ∝ √(G/D) and κl ≈ (1/3) ×Cv×vs²×τc implies that even moderate reductions in elastic moduli exert a quadratic influence on phonon-mediated heat transport. Consequently, the observed reduction in vs amplifies the effectiveness of intrinsic scattering mechanisms, mass fluctuations, strain fields, and interface scattering, thereby shortening the phonon relaxation time (τc) and mean free path (lph), as shown in Figure 10(c).
From a microscopic perspective, the reduced force constants and elongated Cu–Sb bonds result in lower acoustic phonon frequencies. At the same time, increased interlayer spacing enhances the contribution of soft shear modes, collectively strengthening Umklapp and boundary scattering processes. The resulting enhancement in the Grüneisen parameter (γa) underscores the rising anharmonicity of the co-doped lattice. These results are consistent with previous reports on low-κ Zintl phases such as Eu₂ZnSb₂, BaAgAs, and SrCuP [12,16,18,19,39], where similar bond softening and elastic compliance correlate strongly with ultralow κl values (See Table S4 for γa and other properties obtained by sound velocity measurements). Collectively, the measured sound velocities and elastic moduli confirm that SrCuSb is characterized by an intrinsically soft acoustic spectrum that is extremely sensitive to compositional perturbations. In/Bi co-doping effectively couples with this compliant lattice, reinforcing phonon–phonon and defect scattering channels, thereby reducing κl without significantly compromising electronic transport performance (see Figs. 8(b) and 10(d)).
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Figure 8. Temperature-dependent (a) total thermal conductivity (κ), and (b) the fitting of the κl with T–α of samples are represented as dotted lines, where α reflects the scattering strength; higher for co-doped samples, (c) the ratio of κl/κe, and (d) PF and lattice thermal conductivity at 300 K and 773 K. 
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Figure 9. (a) Temperature-dependent ratio of weighted mobility to lattice thermal conductivity and (b) thermoelectric quality factor (B) of the SrCuSb0.825In0.125Bi0.05 sample with the comparison of other competitive thermoelectric materials [55,61,62]. 
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Figure 10. Measured room-temperature longitudinal (vl) and transverse (vt) sound velocities to compute the average (vs), elastic moduli, phonon relaxation time (τc) (from κl = 1/3Cv×vs2×τc), and the phonon mean free path (lph) (panels (a)–(c)). The dashed and broken lines are guides to the eye. Literature data for other polycrystalline SrCuSb materials sound velocities [12,16]  are also shown for comparison in panel (a) (open symbols). (d) vs versus κl at 300 K for various compounds [60,63].

[bookmark: _Hlk212113215]The Callaway model for lattice thermal conductivity (κl) provides a theoretical framework for describing the influence of different scattering mechanisms, such as those induced by dislocations and doping, on thermal transport within a crystal lattice. The expression for lattice thermal conductivity in the Callaway model can be formulated as follows [64]:
    				Eq. 4
Where,  is a dimensionless quantity in which ω, ћ, kB, θD, υs, and τp are the phonon frequency, reduced Planck constant, the Boltzmann constant, the Debye temperature, the average phonon velocity, and the phonon relaxation time, respectively. In this model, the relaxation time for phonons (τp) is governed by Matthiessen's rule, encompassing several scattering mechanisms from Umklapp process (τU​), point defects (τD​), lattice strain (𝜏S), dislocations (𝜏d), and grain-boundary (τB​). The total phonon scattering rate τp–1 can be written as: . The temperature dependence of κl​​ was fitted using a power-law relation, κl​ ∝ T−α. The pristine SrCuSb shows α ≈ 0.76, consistent with dominant Umklapp scattering. In contrast, the co-doped SrCuSb0.825In0.125Bi0.05 sample shows α ≈ 0.49, indicating stronger point-defect scattering () contributions. At the same time, the heavily Bi-rich SrCuSb0.805In0.125Bi0.07 exhibits α ≈ 1.13, suggesting a more complex interplay of alloy disorder and possible localized vibrational modes introduced by Bi doping [30]. The resulting lattice suppression is comparable to that of benchmark p-type systems, such as Mg3Sb2 and SnSe [4,11], but is achieved here in a compound composed of earth-abundant, non-toxic elements. In Figure 9(a-b), the ratio of weighted mobility to lattice thermal conductivity (µW/κl) and quality factor B are plotted as functions of T. Fig. 9 (b) highlights that the co-doped SrCuSb displays values competitive with those of state-of-the-art thermoelectric materials.
[image: ]Figure 11. Temperature-dependent (a) zT values SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05,  0.07). Error bars are ±18%. (b) Comparison of zT values of the ZrBeSi-type Zintl phase compounds [15,17,19].

The temperature-dependent thermoelectric figure of merit (zT) for SrCuSb1-x-yInxBiy (0.0 ≤ x ≤ 0.125, y = 0, 0.05, 0.07) is shown in Figure 11(a). For the pristine SrCuSb sample, the zT increases gradually with temperature, reaching ~0.18 at 773 K. A significant improvement in zT is observed upon In and Bi co-doping due to tuned PF and κl (Figure 8(d)). The SrCuSb0.825In0.125Bi0.05 sample achieves the peak zT of ~0.65 at 773 K, representing a 3.6-fold enhancement over the pristine compound. SrCuSb0.825In0.125Bi0.05 showed an average zT value of 0.32 (300–773 K), corresponding to an 87% increase compared with that for the pristine SrCuSb. Figure 11(b) presents the comparable zT values of other ZrBeSi-type Zintl phase compounds [15,17-19]. The improved zT in the present compounds is attributed to the synergistic effects of In and Bi co-doping, which optimally balance the electronic and thermal transport properties. Figure S16 shows a comparison of the power factor (PF) and lattice thermal conductivity (κl) of SrCuSb1-x-yInxBiy samples with other 1–1–1 Zintl compounds [15,17-19,65-69]. The co-doped SrCuSb compositions exhibit an optimal balance of moderate κl and enhanced PF, underscoring the effectiveness of In/Bi co-doping. 
Compared to other state-of-the-art p-type thermoelectric materials, the performance of SrCuSb-based systems is particularly encouraging. For instance, In/Mg co-doped Sn0.70Pb0.30Te achieves a zT of ~1.0 at 710 K, and polycrystalline Ge0.86Mn0.1Sb0.04Te doped with small amount of rare earth elements (Er, Tm, Yb, Lu) exhibit a zT of ~0.7 at similar temperatures [20,24, 70]. While the present values for SrCuSb0.825In0.125Bi0.05 remain slightly below the benchmark of zT > 1, its reliance on non-toxic, earth-abundant elements offers a critical advantage for sustainable, scalable thermoelectric applications. Furthermore, high-performance systems such as Cu2Se and Bi2Te3 achieve zT values exceeding 1.0 under optimized conditions, typically via advanced nanostructuring or phase-engineering approaches [6,7,71]. These strategies could enhance thermoelectric efficiency if applied to SrCuSb-based systems. 
4. Conclusions  
This work establishes In/Bi co-doping as an effective strategy to overcome the intrinsic limitations of SrCuSb-based Zintl thermoelectrics. Indium increases carrier concentration and mobility by tuning charge neutrality and defect chemistry. In parallel, Bi incorporation drives mass/strain‑field disorder and lattice softening, intensifying point‑defect scattering to suppress the lattice thermal conductivity without deleteriously impacting the electronic bandwidth. Co-doping also narrows the phase field and suppresses parasitic secondary phases commonly observed in SrCuSb, thereby improving phase purity and sample reproducibility. Collectively, these effects yield a ~3.6-fold enhancement in the peak zT, reaching ~0.65 at 773 K, along with an ~87% improvement in the average zT in the 300–773 K range. Beyond SrCuSb, the approach highlights a transferable design principle: multiscale defect engineering via anion co-doping can optimize carrier dynamics and phonon scattering while ensuring structural stability. This insight provides a pathway to advance Zintl compounds as sustainable and scalable thermoelectric materials for mid- to high-temperature energy conversion.
5. Broader Implications  
This study establishes In/Bi co-doping as a practical approach for advancing the thermoelectric performance of SrCuSb-based Zintl phases. The findings highlight the importance of multiscale defect engineering, which suppresses thermal conductivity by enhancing phonon scattering while preserving the electronic transport, thereby achieving higher efficiency. Compared to conventional p-type thermoelectric materials, SrCuSb-based compounds offer a promising, sustainable alternative with substantial room for improvement. Key future directions include targeted microstructural optimization for grain boundary refinement, rigorous control of phase stability to suppress secondary phases, and sophisticated doping strategies to enhance the power factor further and minimize thermal conductivity. Collectively, these insights chart a pathway toward the development of high-performance, scalable Zintl thermoelectric materials for mid-temperature energy conversion.
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