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Abstract 

As thermoelectric generators can convert waste heat into electricity, they play an important role in 

energy harvesting. The metal chalcogenide AgBiSe2 is one of the high-performance thermoelectric 

materials with low lattice thermal conductivity (κlat), but it exhibits temperature-dependent crystal 

structural transitions from hexagonal to rhombohedral, and finally a cubic phase as the temperature 

rises. The high figure-of-merit ZT is obtained only for the high-temperature cubic phase. In this study, 

we utilized the high-entropy-alloy (HEA) concept for AgBiSe2 to stabilize the cubic phase throughout 

the entire temperature range with enhanced thermoelectric performance. We synthesized high-entropy-

type AgBiSe2−2xSxTex bulk polycrystals and realized the stabilization of the cubic phase from room 

temperature to 800 K for x ≥ 0.6. The ultra-low κlat of 0.30 Wm-1K-1 and the high peak ZT ~ 0.9 at 

around 750 K were realized for cubic AgBiSe2−2xSxTex without carrier tuning. In addition, the average 

ZT value of x = 0.6 and 0.7 for the temperature range of 360–750 K increased to 0.38 and 0.40, 

respectively, which are comparable to the highest previously reported values. 
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Introduction 

Thermoelectric technology can directly convert waste heat into electrical energy and vice 

versa. The core of this technology relies on thermoelectric materials, and the performance is evaluated 

by a dimensionless figure-of-merit (ZT), expressed as ZT = S2T/ρtot. Here, S, ρ, T, and tot represent 

the Seebeck coefficient, electrical resistivity, absolute temperature, and total thermal conductivity, 

respectively. tot encompasses the lattice (lat) and electronic (ele) contributions [1]. Therefore, a high 

performance can be achieved for a thermoelectric material by a simultaneous decrease in ρ and tot, 

which may seem contradictory. To overcome this contradiction, several strategies have been proposed 

for achieving a selective suppression of lat with minimal alteration of ρ, such as employing a 

multiscale hierarchical architecture to provide full-spectrum phonon scattering [2] or phonon scattering 

through nanostructure engineering [3]. 

 The AgBiSe2 metal-chalcogenide has attracted much attention as a promising candidate for a 

high-performance thermoelectric material due to its intrinsically low κlat of ~ 1 Wm-1K-1 at room 

temperature [4–12]. AgBiSe2 exhibits a structural phase transition from hexagonal to rhombohedral, 

followed by a transition to the cubic phase, as the temperature increases (see Fig. 1). An excellent TE 

performance of ZT ~ 1 at 773 K has been reported for the cubic phase with Nb doping [6], which makes 

AgBiSe2 a promising n-type candidate for medium-temperature thermoelectric applications. 

However, these complicated structural transitions are a drawback for module applications. There 

is a concern that the thermoelectric performance and mechanical strength will deteriorate if the crystal 

structure differs between the low- and high-temperature regions, owing to the temperature difference 

during power generation. To date, it has been reported that the partial substitution of Se sites with its 

isovalent elements S or Te reduces the structural phase transition temperature to the cubic phase [9,13], 

but stabilization of the cubic structure has not yet achieved. Although the cubic structure can be 

stabilized by substituting 30% of the Bi site with the homologous element Sb even at room temperature 

[14], the thermoelectric performance decrease because of the high electrical resistivity, possibly due 

to an increase in the band gap energy due to Sb substitution. 
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 A novel concept for stabilization by mixing entropy has been proposed, known as high-

entropy-alloy (HEAs) [15,16]. HEAs are typically defined as alloys containing at least five elements 

with concentrations between 5 and 35 at%, resulting in a high mixing entropy (ΔSmix) defined as ΔSmix 

= -RΣicilnci, where ci and R are the compositional ratio and the gas constant, respectively. It has been 

reported that in HEA, the Gibbs free energy decreases and the structural stability improves with 

increasing ΔSmix. HEAs have attracted considerable attention in the fields of materials science and 

engineering due to their excellent mechanical performance under extreme conditions [15, 16]. While 

this concept was originally developed for “alloys”, we have extended the concept of HEA to other 

compounds as high-entropy-type (HE-type) compounds, for instance, layered compounds and NaCl-

type metal chalcogenide, as superconductors with high ΔSmix [17–25]. Furthermore, as an efficient way 

to increase the total ΔSmix, we proposed multi-site alloying of compounds and its evaluation by 

summing the ΔSmix of each alloying site [23]. A new NaCl-type MCh (Ch: S, Se, Te) thermoelectric 

material with the highest ΔSmix of 2.0R, which exceeds the typical ΔSmix of 6 equimolar elements for a 

single site, was achieved by this method [17]. In the same period, n-type MCh of 

Pb0.99−ySb0.012SnySe1−2xTexSx was reported with a high ZT value of 1.8 at 900 K [26], and, very recently, 

an extremely high ZT value of 2.7 for HE-type GeTe [27] was also reported from the same research 

group. In the aforementioned papers, all-scale scattering sources for heat-carrying phonons or localized 

phonons from the entropy-induced disorder dampening the propagation of transverse phonons were 

proposed as the origin of the large reduction in κlat. In 2023, cubic phase stabilization for AgBiSe2 was 

also reported for SnTe alloying [28], which resulted in a ΔSmix of 1.4R, which is categorized as a 

middle-entropy material. However, the bipolar effect, which is caused by alloying with a very narrow 

band gap material such as SnTe, remains a challenging issue for achieving high thermoelectric 

performance in the high-temperature region. 

It has been clearly shown that the incorporation of HEAs into thermoelectric materials can be 

an effective strategy for achieving both the stabilization of the crystal structure and a high performance 

[27]. In this study, we synthesized high-entropy-type (HE-type) AgBiSe2 compounds that incorporate 
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the concept of HEAs to stabilize the high-temperature cubic structure by anionic substitution of the Se 

site with S and Te. the temperature dependencies of the crystal structure revealed the stabilization of 

the cubic phase for x ≥ 0.6 from room temperature to 800 K. In addition to the structural stabilization, 

our study presents the conclusion that a high thermoelectric performance can be realized by the synergy 

of an ultra-low κlat due to effective point defect scattering and good transport properties with a 

suppression of the bipolar effect utilizing the simultaneous substitution of the Ch site. 

 

 

Methods 

Synthesis 

Polycrystalline samples of AgBiSe2−2xSxTex with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 were 

synthesized by solid-state reactions using elemental Ag powders (99.9%, Kojundo Kagaku) and grains 

of Bi (99.999%, Kojundo Kagaku), Se (99.999%, Kojundo Kagaku), S (99.999%, Kojundo Kagaku), 

and Te (99.9995%, Kojundo Kagaku). A stoichiometric ratio of these materials was mixed, pelletized, 

and then heated at 500℃ for 15 h in an evacuated quartz tube twice. To obtain high-density samples, 

hot pressing was performed at 500℃ for 30 min under a uniaxial pressure of 60 MPa. The relative 

density of the samples was beyond 95%.  

Sample assessment 

The actual compositions of the samples were estimated using energy-dispersive X-ray spectroscopy 

(EDX) on a TM-3030 (Hitachi Hightech), which is a scanning electron microscope (SEM) equipped 

with a Swift-ED analyzer (Oxford). The phase purity and crystal structure of the samples at room 

temperature were examined by means of synchrotron powder X-ray diffraction (SPXRD) at the 

BL13XU (Proposal No. 2023A1042) beamline of SPring-8. The SPXRD experiments were performed 

at room temperature with a sample rotator system, and the diffraction data were collected using a high-

resolution LAMBDA 750 K detectors [29] with a step of 2θ = 0.006o. The crystal structure parameters 

were refined using the Rietveld method with the RIETAN-FP software [30], and the crystal structure 
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was visualized using VESTA software [31].  

Phase transition temperature 

A temperature-composition phase diagram of AgBiSe2−2xSxTex was determined using SPXRD at the 

BL02B2 (Proposal No. 2022B105) beamline of the SPring-8. The SPXRD experiments were 

performed from 353 K to 873 K, and the wavelength of the beam was determined to be λ

=0.4962908(3) Å using a CeO2 standard. The phase determination of each temperature was carried out 

by comparison of the relative intensity and peak positions of (110), (018), and (220) peaks. At the 

hexagonal-rhombohedral phase transition boundary, the peak positions of (110) and (018) peaks were 

distant in the case of hexagonal phase, while the rhombohedral phase had a narrow peak position 

between (110) and (018) peaks. At the rhombohedral-cubic phase transition boundary, only the cubic 

phase had (220) between (110) and (018) peaks, and then (110) and (018) peaks gradually disappeared. 

Transmission electron microscopy 

The microstructures were characterized using transmission electron microscopy (TEM) with JEM-

ARM200F NEOARM (JEOL), which is equipped with aberration correctors for the image- and probe-

forming lens systems (CEOS GmbH), and energy dispersive X-ray spectroscopy (EDS) with JED-

2300T (JOEL). The TEM and scanning TEM (STEM) experiments were conducted at an accelerating 

voltage 200 kV.  

Electrical transport properties 

The ρ and S were simultaneously measured using the four-probe method with a ZEM-3 instrument 

(Advance Riko) from room temperature to approximately 500℃ in a He atmosphere. To make the 

structural transition complete, measurements were kept for 1 hour near the structural transition 

temperature to cubic phase. 

Thermal transport properties 

The tot was calculated using tot = DCpds, where D is the thermal diffusivity, Cp is the specific heat, 

and ds is the sample density, respectively. D was measured by means of the laser-flash method with a 
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TC1200-RH instrument (Advance Riko). The value of Cp was estimated using the Dulong-Petit model, 

Cp = 3nR, where n is the number of atoms per formula unit.  

Hall coefficient 

The room temperature Hall coefficient (RH) was examined by the formula; Δρxy = RHB (ρxy: Hall 

resistivity, B: magnetic flux density). To remove the effective longitudinal resistivity, the ρxy was 

estimated by the formula; Δρxy(B) = (ρxy(B) − ρxy(−B))/2, and it was measured using four probe method 

with physical property measurement system (PPMS, Quantum Design) under magnetic fields up to 5 

T. 

 

Results and discussion 

Chemical composition and Structural characterization 

Room temperature SPXRD patterns of AgBiSe2−2xSxTex with x = 0–0.8 are shown in Fig. 2. All 

peaks of the x = 0–0.5 samples were indexed as hexagonal structure (space group: P3̅m1, #164), which 

is the typical room-temperature crystal structure of AgBiSe2 phase. On the other hand, those of x = 

0.6–0.8 were indexed as cubic structure (space group: Fm3̅m, #225), which is well known as the high-

temperature phase of AgBiSe2. Thus, we successfully obtained the cubic structure of AgBiSe2−2xSxTex. 

Although x = 0.8 showed small amount of Bi2(S, Se, Te)3 impurity phase with 2.7 wt%, no peak split 

was observed in all samples, indicating the homogeneity of the samples. Successful stabilization of the 

cubic structure at room temperature would be possibly due to the increase in ΔSmix in the system [26,27]. 

The systematic increase of lattice parameter c for hexagonal and a for both hexagonal and cubic with 

increasing x also indicates that Se atoms were substituted by S and Te atoms (See supplemental Fig. 

S1). The sudden decrease of lattice parameter a and increase of c for x = 0.5 sample would be attributed 

to the emergency of cubic phase, which may result in the transfer of larger atom from hexagonal to 

cubic. Note that, multi-phase Rietveld refinement revealed the coexistence of rhombohedral phase with 

10% in x = 0–0.4 samples, which is comparable to previous reports [8–10], and also 16% of cubic 

phase and 34% of hexagonal phase were also found in the x = 0.5 and 0.6 samples (See supplemental 



7 

 

Fig. S2). Through the Rietveld refinement, anti-site disorder (ASD) [8,9] was also found in the 

hexagonal structure between Ag 2d and Bi 2d on their respective sites. Fractions of ASD were 

estimated as around 5% for x = 0–0.4 and increased to 11% for x = 0.5 samples (See supplemental Fig. 

S3). The detailed results of Rietveld refinement were summarized in supplemental Fig. S4. The SEM-

EDX analyses also revealed that there is no compositional segregation (See Supplemental Figs. S5(a–

i)). Note that tiny deviation from the nominal composition, which is indicated by dashed line, was 

observed for the S element. This chalcogen deficiency would occur during the sintering due to its high 

volatility. Although very small deviation of S was observed, the actual composition is in good 

agreement with the nominal composition (see Figs. S5(j–m) and also see Table S1). The estimated 

ΔSmix through the actual composition was plotted with both of cubic and hexagonal crystal structure 

cases (Fig.3(o)). In addition, the ΔSmix estimated with and without ASD situation were also plotted. 

The ΔSmix value for the cubic phase exceeded 1.5R for x ≥ 0.3, and it reached 1.7R at x = 0.7. 

In order to reveal the structural phase transition in the present samples, the temperature-dependence 

of SPXRD was performed from room temperature to 873 K. Figures 4(a–f) show the temperature 

dependence of SPXRD patterns around (110) and (018) reflections of the hexagonal structure and (220) 

reflection of the cubic structure with x = 0–0.5. Color plots were made by the intensity of SPXRD 

patterns (Figs. 4 g–l). From these results, the T-x phase diagram of AgBiSe2−2xSxTex with x = 0–0.8 was 

made (Fig. 5). Here, T1 and T2 denote the structural transition temperatures from hexagonal to 

rhombohedral and rhombohedral to cubic, respectively. We can clearly see a drastic reduction of T1 

with increasing x. Note that these T1 and T2 were determined from the temperature at which either 

rhombohedral or cubic phase became dominant. From the phase diagram and the color plot, it is clear 

that x = 0.5 is the boundary composition between the hexagonal and cubic phases. For the scenario of 

stabilization of the cubic phase, we deduce that the increase of ΔSmix, so called HE effect, would 

decreases the Gibbs free energy and stabilize the high-temperature phase of cubic structure. However, 

detailed study on the HE effects on the Gibbs free energy, which needs the calculation of enthalpy 

contribution, are needed. In addition, investigation from the aspects of kinetic barrier and atomic 
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diffusion should be required in the future works, and that is beyond the scope of present study. 

 

Thermoelectric properties 

Figures 6 (a-d) show the temperature dependence of ρ, S, power factor (PF), tot, lat, and ZT for 

AgBiSe2−2xSxTex with x = 0–0.8. Here, the ρ, S, PF, lat , and lat  were plotted separately in upper and 

lower panels according to the majority phase, hexagonal or cubic, at room temperature. Figure 6(a) 

shows the temperature dependence of ρ. At room temperature, the ρ value of pristine AgBiSe2 was 6.1 

mΩcm, and it remained almost flat until around 500 K (Lower side of Fig. 6 a). An increase tendency 

of ρ from around 500 K is consistent with the T1 temperature, at which the structural transition from 

hexagonal to rhombohedral phase occurs. Note that, to elucidate the intrinsic properties of cubic phase, 

the measurement was kept for 1 hour at 30 K higher than the T2 temperature for x = 0–0.5 to make the 

phase transition complete. Coincidence of all data points with each other within the error indicates the 

completion of phase transition at this temperature. The value of ρ increased to 33.4 mΩcm at around 

600 K. The observation of drastic increase of ρ around this temperature is also consistent with previous 

reports [6,7,9,10], and it would be related to the transient region of the phase transition from 

rhombohedral to cubic. After that, the value of ρ exhibited a reduction tendency and decreased to 19.1 

mΩcm at 748 K. Although the increase of ρ before T2 was relatively smaller than that of x = 0.0, similar 

trend was observed for x = 0.1–0.4 according to the T1 and T2 structural phase transition. At room 

temperature, ρ slightly increased with x amount, and it suddenly increased at x = 0.5. In the case of the 

x = 0.5 sample, ρ behaved similar to that of the x = 0.6 sample, although it showed a small hump 

possibly due to a phase transition around 400–500 K. The fraction of ASD was larger than the other 

hexagonal samples, and the room temperature ρ increased with the disorder. This is why the behavior 

is quite different from other hexagonal phase samples. On the other hand, the cubic-phase samples 

behaved like typical semiconductors, even though the x = 0.6–0.8 samples were affected by the 

emergence of the Bi2Ch3 (Ch: S, Se, Te) impurity phase at intermediate temperatures for x = 0.6 and 

0.7 or room temperature for x = 0.8 (see Supplement Fig. S6). The ρ value of x = 0.6 was 49.2 mΩcm 



9 

 

at room temperature, and it decreased to 7.7 mΩcm at 748 K with increasing temperature.  

The behavior of the x = 0.7 and 0.8 samples are discussed with consideration of the transport 

property of Bi2(S,Se,Te)3 impurity phase. The behavior of ρ, S, tot, and lat of AgBiSe0.4S0.8Te0.8 would 

be explained by classifying in 5 phases as shown in Supplemental Fig. S7. At phase A, all transport 

properties showed typical semiconductor behavior by AgBiSe0.4S0.8Te0.8 and Bi2(S, Se, Te)3. The ρ 

increased, and both tot and lat decreased, but S remained flat at phase B, thus, carrier concentration 

should be unchanged, then the boundary scattering and the point defect scattering should be enhanced 

with increasing amount of the Bi2(S, Se, Te)3 phase. In the case of phase C, ρ and the absolute value 

of S decreased, and tot increased while lat remained almost flat. The bipolar effect of Bi2Te2.7−xS0.3Sex 

with x = 0, 0.2 and 0.4 was observed on the temperature region of phase C; therefore, carrier 

concentration should be increased by the bipolar effect of Bi2(S, Se, Te)3 at phase C. Low ρ and high 

tot were observed at phase D, indicating that the thermoelectric properties of Bi2(S, Se, Te)3 was 

dominant at the phase. At phase E, ρ and the absolute value of S increased, and tot gradually decreased, 

thus, the amount of Bi2(S, Se, Te)3 impurity phase should decrease. As discussed above, the cause of 

the complicated behavior of AgBiSe0.4S0.8Te0.8 was explained by the affection by the Bi2(S, Se, Te)3 

impurity phase.  

To further understand the effect of S and Te simultaneous substitution on the electrical 

properties, Hall measurement was conducted. The Hall coefficient (RH) at room temperature was 

negative for all samples, indicating n-type conduction. The Hall carrier concentration (nH) was 

estimated using the formula; nH = 1⁄(eRH), where e is the electronic charge, and the Hall mobility (μH) 

was examined with the formula; ρ = 1⁄(enH μH). The obtained values of nH and μH at room temperature 

were summarized in Table S2. The nH and μH have almost inversely proportional relation toward x 

amount both the hexagonal phase and the cubic phase. The nH for the pristine AgBiSe2 sample was 

estimated as 2.2 × 1019 cm−3, and it increased to 3.4× 1019 cm−3 for the x = 0.1 sample. It then showed 

decreasing behavior with the increase of x and reached to 1.2 × 1019 cm−3 for the x = 0.5 sample. This 

downturn behavior of nH is consistent with the upturn tendency of ρ at room temperature (Figure S8), 
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indicating the tiny effect of electron carrier concentration possibly due to slight deficiency of Ch site 

for instance S element. Smaller values of μH for x = 0.5, 0.6 among all samples could be caused by the 

boundary scattering between the cubic and hexagonal phases. 

Figure 6(b) represents the temperature dependence of S of AgBiSe2−2xSxTex with x = 0–0.8. 

The negative sign of the S indicates the n-type conduction for all the samples, and it is consistent with 

the Hall coefficient results. The temperature dependence of S for pristine AgBiSe2 exhibited the same 

trend as reported in Ref. 7. The value of S was −138 μVK−1 at room temperature, and it slightly 

increased until the T1 (~500 K). In the rhombohedral phase, the S value suddenly increased up to −300 

μVK−1 at around T2 (~600 K), and it gradually decreased to −258 μVK−1 at 748 K. The other hexagonal 

phase samples also showed almost similar behavior. In contrast, the samples above x = 0.5 exhibited 

much higher S value at room temperature, for instance, S for x = 0.6 sample was −256 μVK−1 at room 

temperature. The S of x = 0.5 and 0.6 remained almost flat until 600 K, and it continuously decreased 

to −186 μVK−1 at 748 K for both samples. Although x = 0.7 and x = 0.8 are also cubic at room 

temperature, the S value of them exhibited a different behavior from the x = 0.5 and 0.6 samples. It 

showed large reduction from around 500 K due to the creation of Bi2Ch3 impurity phase, which accords 

with the ρ behavior. In general, the ρ and the absolute value of S are inversely proportional to nH. This 

is consistent with the behavior of S at room temperature in the hexagonal phase, whereas the absolute 

value of S for cubic phase tended to decrease even though the ρ increased. This should be affected by 

not only nH but also a decrease of μH, which agrees with the smaller values of μH for the x = 0.5, 0.6 

samples among all of them (see Supplement Fig. S9), possibly due to the boundary scattering between 

the cubic and hexagonal phases.  

Assuming a single parabolic band (SPB) model, the S in degenerated semiconductors can be 

illustrated by the Pisarenko plot [33]. The nH dependence of S is plotted in Figure 6(c). Each curve was 

generated at 300 K with an effective mass of m*/me, where m* and me are density of state effective 

mass and effective mass, equals to 1.2, 1.0, 0.8, 0.6, and 0.4 for obtained samples. The estimated m*/me 

for x = 0.0–0.8 samples are 0.59, 0.77, 0.78, 0.58, 0.53, 1.25, 0.79, 0.56, and 0.43, respectively. The 
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samples with x = 0.0–0.4 roughly followed the curves of the SPB model, indicating that the systematic 

changes of ρ and S with x = 0.0–0.4 could be mainly caused by the change of nH. In contrast, the 

samples above x = 0.5 deviated from the SPB model trend, showing that the changes of ρ and S could 

be influenced by changes in band curvature or multiple bands [33,34]. Taking account of the different 

crystal structure for hexagonal and cubic structures, the band structure also differs from the both of 

them and it resulted in the different trends for x = 0.0–0.4 and 0.5–0.8 samples. 

Figure 6(d) presents the temperature dependence of power factors (PF) of AgBiSe2−2xSxTex 

with x = 0.0–0.8. PF increased up to T1 and decreased down to T2 temperature for the x = 0.0–0.4 

samples. In the cubic phase of all the samples, PF exhibited an increase trend as a function of 

temperature. While the maximum PF values were obtained at around T1 region for x = 0.0–0.2 samples, 

the other samples showed highest values at highest temperature. The highest PF of 5.5 μWcm−1K−2 (T 

= 485 K) and 4.8 μWcm−1K−2 (T = 747 K) for the hexagonal and cubic phase were achieved for the x 

= 0.0 and x = 0.3 samples.  

Figure 7(a) shows the temperature dependence of tot of AgBiSe2−2xSxTex with x = 0.0–0.8. 

The pristine AgBiSe2 exhibited relatively low tot value of 0.65 Wm−1K−1 at room temperature, and it 

slightly decreased until the T2 (~598 K). Subsequently, a sudden decrease of tot down to 0.42 Wm−1K−1, 

possibly due to the structural transition from hexagonal/rhombohedral to cubic phase with an order–

disorder transition of cation sites, was observed and then it gradually decreased with temperature. In 

the case of x = 0.5 sample, the behavior with order–disorder transition was not observed since the 

fraction of ASD was larger than those of the other hexagonal phase samples. Since any phase transition 

does not occur in x = 0.6–0.8 samples, the behavior was different from that for the hexagonal phase. 

For x = 0.6, the tot was 0.52 Wm−1K−1 at room temperature, and it slightly decreased to 0.42 Wm−1K−1 

and remained almost flat against the temperature. For the x = 0.7 and 0.8 samples, a large increase of 

tot was observed from around 500 K possibly due to the emergence of the impurity phase of Bi2Ch3 

phase, which has higher thermal conductivity such as typical thermoelectric material of Bi2Te3. 

Fig. 7(b) represents the temperature dependence of lat, subtracting the ele from tot. The ele has been 
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determined by using the Wiedemann−Franz law, ele = LTρ−1, where L is the Lorenz number. The L is 

estimated using an equation L = 1.5 + exp(−|S|/116) [34]. The ultra-low lat was observed in all the 

samples; moreover, the x = 0–0.7 samples exhibited lower lat of 0.50 Wm−1K−1 above 620 K. The 

lowest lat of 0.24 Wm−1K−1 was obtained in x = 0.4 and 0.7 at around 750 K. From T1 to T2, humps in 

temperature dependence of lat were observed in the x = 0.0–0.5 samples. Although this kind of hump 

is rare, similar λ-shaped transition was also found in a few bulk crystals such as AgBiSe2 order-disorder 

transition [36–38]. According to the previous reports, the ultra-low lat of AgBiSe2 in the cubic phase 

is due to (a) phonon softening owing to a high degree of anharmonicity of Bi-Se bonds caused by the 

stereochemical active lone pair electrons (6s2) of Bi, and (b) effective phonon scattering by the 

disordered Ag/Bi lattice [7,8,10]. In addition to these, effective phonon scattering should be increased 

by the disordered chalcogen framework with S, Se, and Te atoms, and it should result in the reduction 

tendency of lat around 360 K with increasing x. To clarify this reduction tendency of lat, we discuss 

the decrease of lat with x amount using the point defect scattering (PDS) model [8,9,39–47]. Figure 

7(c) shows the calculated result of lat using the PDS model. This model can assess the lat of the 

contribution of mass and strain contrast. First, the lat of AgBiSe2 was used as an initial value (κlat.pure). 

Average sound velocity of 1579.6 ms−1, which obtained from longitudinal sound velocity of 2580.6 

ms−1 and transversal sound velocity of 1416.9 ms−1, was in good agreement with the previous reports 

[8]. The elastic parameter ε should be regarded as a phenomenological adjustable parameter, and the 

estimated ε of 32.5 gives good fitting for the trend of measured room-temperature lat. Following the 

model estimated with the contribution of mass and strain contrast is indicating the lattice disorder 

and/or strain by S and Te substitution fostered the phonon scattering and contributed to the decrease 

of lat. Slightly lower lat from the model line could be explained by following 3 points, phonon 

scattering by increase of (1) an ASD and (2) Grüneisen parameter (see Supplemental Fig. S10), and 

(3) emergence of local chemical ordering (LCO) which will be described later. Although the qualitative 

estimation of contribution for lat from each point is difficult, above 3 points could contribute at least 

a small degree to the lat reduction. 
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In order to gain an insight of microstructures into the electrical and thermal transport 

characteristics, high-resolution TEM (HRTEM) observation was performed for the x = 0, 0.2, 0.3, 0.4, 

0.5, and 0.7 samples as shown in Figs. S11(a–f). For pristine AgBiSe2, the atoms were clearly aligned 

(see Supplemental Fig. S11a) and the compositional segregation was not observed. On the other hand, 

although the atoms were also clearly aligned for the x = 0.5 sample, the bright area and the dark area 

were observed (see Fig. 7d). According to the result of EDS analysis, localized aggregation of Ag and 

Te atoms, so called local chemical ordering (LCO) which is previously found in high-entropy alloys 

(HEAs) [48–50], was observed. The LCO was also observed in the x = 0.7 sample (see Fig. S11f), 

whereas it was not observed in the x = 0.0–0.4 samples. This finding of LCO suggests that an 

agglomeration of atoms might occur without occupying the cation and anion sites randomly in high-

entropy materials of AgBiCh2 similar to the HEAs case. The increase of ASD in hexagonal structure 

of x = 0.0–0.4 would be also a sign of LCO occurrence. 

Finally, temperature dependence of ZT of AgBiSe2−2xSxTex with x = 0–0.8 are shown in Fig. 8 

(a). Note that ZT values plotted here are only for the cubic phases. A peak ZT values of 0.62 at 748 K 

was achieved for pristine AgBiSe2 sample. The ZT values of all other samples except for x = 0.8 

surpassed that of pristine AgBiSe2 above 660 K and the previously reported Sb-substituted cubic 

structural samples [14]. Among those samples, a peak ZT value of 0.89 was achieved for x = 0.3 at 

around 750 K. In the case of halogen doped AgBiSe2, the peak value of AgBiSe1.98Cl0.02 was almost 

the same as that of x = 0.3 sample; however, the absolute value of S for x = 0.3 sample was larger than 

that of AgBiSe1.98Cl0.02 [7], indicating that ZT values of AgBiSe2−2xSxTex samples have the possibility 

to exceed a unity by carrier tuning. Furthermore, the ZT value of Nb-doped AgBiSe2 

(Ag0.96Nb0.04BiSe2) reached 1 at 773 K [6]; nevertheless, tot was almost twice higher than that of 

AgBiSe2−2xSxTex samples. In addition, the average ZT values at 360–750 K for x = 0.6 and 0.7 exhibited 

0.38 and 0.40, which are comparable to the highest value of the average ZT value reported in Br doped 

(AgBiSe2)0.7(PbSe)0.3 [53]. Therefore, further investigation of carrier doped AgBiSe2−2xSxTex could 

make us to achieve the higher ZT > 1 and possibly the highest ZTave among the AgBiSe2-based 
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materials.  

 

Conclusion 

In summary, we successfully stabilized the cubic AgBiSe2−2xSxTex phase above x = 0.6 from 

room temperature to 800 K by utilizing the high-entropy concept through a simultaneous substitution 

of the Se site with S and Te. Ultra-low lat = 0.24 Wm−1K−1 was obtained with x = 0.4 and 0.7 at 750 

K. The decrease in lat was inversely proportional to the x amount, indicating that effective point defect 

scattering was enhanced by ASD and the solid solution of the chalcogen atoms. Finally, a high peak 

ZT value of 0.89 (T = 750 K) was achieved. In addition, high average ZT values of 0.38 and 0.40 were 

achieved between 360–750 K with x = 0.6 and 0.7 without carrier tuning. 

The present work demonstrates the stabilization of the cubic structure using the HE concept, 

together with achieving a high thermoelectric performance owing to the synergy between an ultra-low 

lat by effective point defect scattering and better transport properties by suppression of the bipolar 

effect.  
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Figures and captions 

 

 

Fig.1 Schematic images of crystal structure of AgBiSe2 and its crystal structural transition against 

temperature. 

 

   

Fig. 2 Synchrotron powder X-ray diffraction patterns of AgBiSe2-2xSxTex with x = 0.0–0.8 at room 
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temperature. The asterisk represents the diffraction peak due to the Bi2(S,Se,Te)3 secondary phase. The 

wavelength of the beam was determined to be λ=0.206684 Å. 

 

 

  

 

Fig. 3 Estimated Smix/R as a function of x amount. 
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Fig. 4 (a–f) Temperature dependence of synchrotron powder X-ray diffraction (SPXRD) patterns 

around (110) and (018) reflections of hexagonal structure and (220) reflection of cubic structure with 

x = 0–0.5 samples. (g–l) 2D color mapping for temperature dependence of SPXRD patterns of 

AgBiSe2−2xSxTex with x = 0–0.8 samples. 
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Fig. 5 Temperature against x amount (T-x) phase diagram of AgBiSe2−2xSxTex with x = 0–0.8. Note that 

T1 and T2 denote the structural transition temperature from hexagonal to rhombohedral structure and 

rhombohedral to cubic structure, respectively. Blue, green, and red regions indicate the dominant phase 

of hexagonal, rhombohedral, and cubic, respectively. 
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Fig. 6 Temperature dependence of (a) electrical resistivity, (b) Seebeck coefficient, (c) Seebeck 

coefficient against carrier concentration known as Pisarenko plot, and (d) power factor of AgBiSe2-

2xSxTex with x = 0–0.8.  
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Fig. 7 (a) Total thermal conductivity and (b) lattice thermal conductivity of AgBiSe2-2xSxTex with x = 

0–0.8 against temperature. (c) Temperature dependence of lattice thermal conductivity at room 

temperature. (d) High resolution transmission electron microscopy (TEM) and scanning TEM (STEM) 

images and energy dispersive X-ray spectroscopy (EDS) mapping of AgBiSeS0.5Te0.5. Note that, 

arrows indicate local chemical ordering (LCO). 
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Fig. 8 (a) Temperature dependence of dimensionless figure-of-merit (ZT) of AgBiSe2-2xSxTex with x = 

0–0.8. (b) ZTave value between 360 and 750 K for cubic structure of AgBiSe2-based materials [28, 51–

53]. 
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Tables 

 

Table S1 Room temperature carrier concentration (nH) and carrier mobility (μH) of AgBiSe2-2xSxTex 

with x = 0–0.8. 
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Table S2 Chemical composition, carrier type, structure type, Smix/R (Total), representative 

thermoelectric properties of maximum dimensionless figure-of-merit ZT and PF and lowest kL at 

presented temperature, and nH and mobility at room temperature of the medium-entropy- and high-

entropy-type thermoelectric materials.  
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Figures and captions 

 

 

Fig. S1 (a) x amount dependence of lattice constant a and (b) c for hexagonal and cubic structure of 

AgBiSe2-2xSxTex with x = 0–0.7. 
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Fig. S2 Phase fraction (%) of hexagonal (blue), rhombohedral (green), and cubic (red) structure as a 

function of x amount for AgBiSe2-2xSxTex with x = 0–0.8. Gray color in x = 0.8 indicates an impurity 

phase of Bi2Ch3 (Ch: S, Se, Te). 
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Fig. S3 Anti-site disorder on the Bi 2d and Ag 2d crystallographic sites of hexagonal phase of AgBiSe2-

2xSxTex with x = 0–0.5. 
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Fig. S4 Synchrotron X-ray diffraction patterns of AgBiSe2-2xSxTex with x = 0–0.8. 
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Fig. S5 (a–i) Back scattering electron (BSE) images of polished surface of AgBiSe2-2xSxTex with x = 

0.0–0.8. (j–m) Atomic concentration (%) of obtained samples by energy-dispersive X-ray spectroscopy 

(EDX). Note that dashed lines indicate an ideal composition. 



38 

 

 

 

Fig. S6 (a–c) 2D color mapping for temperature dependence synchrotron powder X-ray diffraction 

(SPXRD) patterns of AgBiSe2−2xSxTex with x = 0.6, 0.7, and 0.8. Note that the impurity indicates 

Bi2(S,Se,Te)3. 
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Fig. S7 Normalization temperature dependence of electric resistivity (black square), Seebeck 

coefficient (blue triangle), total thermal conductivity (red rhomb), and lattice thermal conductivity 

(green circle) of AgBiSe2-2xSxTex with x = 0–0.8. 
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Fig. S8 x amount dependence of electrical resistivity ρ (left axis) and carrier concentration nH (right 

axis) of AgBiSe2-2xSxTex with x = 0–0.8 at room temperature. 
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Fig. S9 x amount dependence of mobility μH of AgBiSe2-2xSxTex with x = 0–0.8 at room temperature. 
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Fig. S10 Estimated Grüneisen parameter γ for AgBiSe2-2xSxTex with x = 0–0.8. 
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Fig. 11 High-resolution TEM (HRTEM) observation images for AgBiSe2-2xSxTex with x = 0.0, 0.2, 0.3, 

0.4, 0.5, and 0.7. 
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