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Abstract. The intermetallic compound ZnSb is a (II-V) narrow gap semiconductor with
interesting thermoelectric properties. Electrical resistivity, Hall coefficient and thermal
conductivity were measured from 300 up to 600 K on Cu once and Ag-doped samples with a
concentration of 0.5%, which were the annealed powder was sinterable at 50 MPa in a uniaxial
hot press. The work confirms a significant improvement of the thermoelectric Figure-of-merit,
ZT, 61% for Ag doping and 143% for Cu doping. The optimum doping level is near 0.5 at.% Cu
and results in ZT values around 0.916 at 600 K. A significantly lower resistivity, which is linked
to a higher concentration of hole charge carriers, is the cause of the improvement. The intrinsic
impurity band of ZnSb is said to be enhanced by Cu replacing trace amounts of Zn (around 0.2
at.%) in the crystal structure. It was discovered that excess Cu was segregated at grain borders.
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1. Introduction
The potential of Zn-Sb alloys as thermoelectric materials makes them an attractive option for
applications using renewable energy. In reality, attaining greater efficiency is often shown by
the figure of merit (ZT)—while maintaining affordable manufacturing costs is a crucial
component of their actual implementation. Zn-Sb alloys are unique in that they combine strong
thermoelectric capabilities with comparatively inexpensive material prices [1,2]. They can
perform much better and become more competitive in energy management systems if their ZT
is improved by doping with elements like Cu and Ag. These materials might be crucial in
turning waste heat into electrical energy that can be used, which would support sustainable
energy solutions, provided they are optimized for increased efficiency [3]. Addressing the
intrinsic constraints of Zn-Sb alloys is a crucial part of developing them for thermoelectric
applications[4]. Despite its potential, ZnSb's poor figure of merit (ZT) and thermal instability
over around 470 K make it unsuitable for use in real-world applications. For it to be a practical
alternative to thermoelectric devices, several enhancements are therefore required [5,6]. A well-
known method for improving thermoelectric characteristics is doping, which reduces lattice
thermal conductivity and alters carrier concentration. Certain dopants, including Cd, In, Mg,
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Al, Hg, Cu, Nb, Te, and Se, do not yield appreciable performance gains. However, elements
like Te, Nb, Cu, Hg, and Al have performed better [7,8]. Ag has fewer valence electrons than
Zn, which makes it an intriguing dopant that can raise the concentration of holes. Ag may
increase the concentration of p-type carriers in ZnSb, which is required to increase the power
factor and, in turn, the overall performance of the thermoelectric system. To overcome some of
the difficulties that ZnSb faces in practical applications, it may be possible to increase ZT by
assessing the effects of Ag replacement in ZnSb, particularly at low temperatures[9,10]. ZnSb
doping can alter the bulk material's Zn/Sb ratio as well as the delicate balance between Zn
disorder and Zn shortage in ZnSb. As a result, carrier dynamics and concentration are modulated
proportionately [11]. The precise procedure and underlying standards, however, remain
intriguing and unclear. Dopants can be added to ZnSb in several ways, including by replacing
interstitial Zn atoms or Zn and Sb from conventional framework sites. Consequently, it becomes
essential to investigate the structural characteristics of the metal-doped ZnSb system by
combining theoretical computations with actual observations [12,13,14]. In the current work,
we concentrated on the doping-content dependences of thermoelectric characteristics after the
doping of Ag and Cu in ZnSb, building on our initial study of the low-temperature
thermoelectric capabilities of doped ZnSb. We attempted to extract some crucial information
that would aid in our understanding of Ag and Cu doping and their influence on the
thermoelectric characteristics of ZnSb by combining experimental observations with first
principles.

2. Experimental Procedure

The specimens were prepared by melting in evacuated silica glass ampoules. For Zn, Sb, Cu
and Ag, the corresponding purities were 99.99% and 99.999%. In a stainless steel vial, the
material was ball milled for 20 minutes in an argon environment after being quenched, crushed
into powder, and annealed for 4 days at 373 k® in a vacuum. The resulting powder was sinterable
at 50 MPa in a uniaxial hot press. By keeping the temperature close to the melting point, high-
density samples were produced. ZnSb sample and Cu and Ag doping of 0.5% wt were prepared.
The Seebeck coefficient and the resistivity were measured in a custom-built system between
300 and 600 k°. The Hall carrier concentration and mobility were measured by a Lake Shore
Hall setup. The thermal conductivity was measured using a Netzsch Laser Flash (LFA 457).
The samples were analyzed by X-ray diffraction (XRD) and scanning electron microscope
(SEM).

3. Results and Discussion
3.1 XRD Diffraction
XRD patterns show that the dominant phase is ZnSb in the annealed samples (Fig. 1a). The
refined lattice parameters based on synchrotron radiation diffraction have orthorhombic
structure with P 2 2 2 space group, the lattice parameters: a=10.09173 A°, b=10.09173 A°, ¢
=10.09013A".
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Fig.1. (a) XRD patterns for annealed ZnSb, (b) for ZnSb doped by 0.05% Cu, and (c) for ZnSb

doped by 0.05% Ag.

With its orthorhombic structure and P 2 2 2 symmetry, ZnSb would affect its thermoelectric
capabilities by influencing its particular band structure, phonon dispersion, and scattering
processes. P 2 2 2 space group crystals may exhibit decreased phonon scattering in specific
directions, perhaps resulting in increased heat conductivity along those lines [15,16].
Alternatively, phonon scattering could work better in other directions, which could result in
reduced thermal conductivity [16]. Low thermal conductivity is frequently required to sustain
a high-temperature gradient for efficient thermoelectric performance, hence adjusting the
structure to promote phonon scattering in particular directions may be beneficial. Samples of
zinc antimony doped with copper With a cubic crystal structure, cell length of 9.83400 A°, and

subgroup F43c  with cubic symmetry, Fig. 1b has the chemical formula Cu3Sb>Zns [17].
Because the crystal is isotropic, it frequently offers balanced carrier mobility in all directions,
which can be useful for thermoelectric applications because higher symmetry can result in
uniform electrical conductivity, which is necessary for stable thermoelectric performance.
Seebeck coefficient minimizes heat conductivity and maintains a moderate level of electrical
conductivity. To create effective thermoelectric devices, the cubic symmetry provides a solid
foundation for isotropic transport characteristics[18,19].

As shown in Figure Ic, the XRD clearly shows peaks corresponding to the impurity AgSbZn>,
which have an orthorhombic crystal structure with P 2 2 2 space group and lattice parameters a
=10.83547 A% b=10.74577A°, and ¢ = 10.09706A°. The strong symmetry of cubic systems
is absent from orthorhombic crystal structures with P 2 2 2 space groups, which may result in
anisotropic electrical characteristics along various crystallographic orientations [20]. While
maintaining advantageous thermoelectric qualities in other directions, this anisotropy could
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enable electrical conductivity optimisation in one axis. Thermoelectric materials frequently
exhibit this anisotropic conductivity, where performance can be improved by directed tuning.
High Seebeck coefficients can be obtained by varying the charge carrier concentration or band
structure because the Seebeck coefficient in orthorhombic materials is sensitive to the effective
mass and density of states close to the Fermi level. Additionally, P 2 2 2 symmetry may support
bands with directional dependency [21,22].

3.2 Thermoelectric properties

The temperature variation of thermoelectric sample properties was studied from room
temperature up to 600 K and shown in Fig. 2. And Table.1 The Seeback and figure of merit are
temperature dependency and the type of doping, the figure of merit tends to increase as ZnSb
doping by Cu and Ag respectively [23]. Changes in carrier concentration, scattering processes,
and band structure can cause changes in the Seebeck coefficient and electrical conductivity as
the temperature rises. At high temperatures, phonon-phonon scattering increases, which can
favour greater ZT and cause the thermal conductivity (lattice and electronic components) to
decrease [24].
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Fig.2 Seeback and the figure of merit for undoped and doped ZnSb samples.
Table 1. Seeback and figure of merit for undoped and doped ZnSb samples.

ZnSb  Annealed | ZnSb doped Cu ZnSb doped Ag

Powder

Temperatu | Seebec | Figure Seebec | Figure of | Seebec | Figure
re k (n|of merit | k (| merit k  (p|of merit
V/K) | (2T) V/K) | (zT) V/K) (zT)

300 (k% 16.1 0.021 19.56 | 0.062 18.7 0.040
350 (k% 24.08 | 0.055 30.4 0.174 29.03 0.113
400 (k% 30.72 | 0.103 40.92 | 0.349 37.3 0.214
450 (k°) 38.53 | 0.182 41.62 |0.419 40.95 0.290
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500 (k%) 4272 | 0.249 48.28 | 0.641 46.26 0.411
550 (k% 46.01 | 0.317 52.03 | 0.808 50.02 0.529
600 (k% 48.7 0.377 5326 |0.916 51.38 0.609

By increasing the concentration of hole carriers, copper doping ZnSb can improve electrical
conductivity (o) and somewhat reduce the Seebeck coefficient due to the greater carrier density.
In addition to changing the band structure and carrier concentration, silver may have a different
effect than copper on the balance between electrical conductivity and the Seebeck coefficient
[25,26]. Ag may enhance phonon scattering and hence reduce lattice thermal conductivity.

To get the figure of merit ZT, low thermal conductivity and a high power factor (Seebeck
coefficient squared times electrical conductivity) must be achieved [27]. With these lattice
parameters and an orthorhombic structure in space group P222, materials might provide
beneficial anisotropic thermoelectric characteristics. Such an orthorhombic structure with space
group P222 may exhibit interesting thermoelectric behaviour if doped or alloyed to decrease
heat conductivity while adjusting carrier concentration to enhance the Seebeck coefficient and
electrical conductivity [28]. This structure is a promising choice for thermoelectric applications
if well-tuned due to its low lattice thermal conductivity, adjustable electrical conductivity, and
perhaps high Seebeck coefficient [29].

Table 2. Resistance, Hall coefficient and carrier concentration for undoped and doped ZnSb.

Sample ZnSb  Annealed | ZnSb doped | ZnSb doped Ag
Powder Cu

Hall coefficient | +97x10° +7% 10 +12x10°

(m3/coulomb)

Carrier 0.64x10" 8.04x10™ 5.11x10™

concentration

(m™)

Table. 2 shows the p-type ZnSb sample's hole carrier concentration with the carrier
concentration, The Hall coefficient drops when ZnSb is doped with Ag or Cu. The ZnSb matrix
gains extra charge carriers (holes) as a result of doping with Cu or Ag. The concentration of
hole carriers rises as a result. Copper doping contributes additional holes to the ZnSb structure
by acting as an acceptor dopant [30,31]. As a result, the concentration of hole carriers rises
dramatically, lowering the Hall coefficient. Although silver adds holes as well, its effect on the
carrier concentration may be somewhat different from copper doping because of variations in
solubility, bonding, or defect states [32,33].

3.3 SEM
Figure 3 displays the surface topography of the doped and undoped samples. It is difficult to
obtain the clear surface amorphous of the annealed ZnSb sample, but the grains are sparse and
irregular, which may be identified as clusters rather than grains, and they show a wide grain
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size distribution ranging from 43 to 53 nanometres with wrinkled surfaces, revealing a three-
dimensional surface[34,35]. These SEM results were in good agreement with the XRD results.
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Fig.3 SEM backscattered electron images for a) undoped ZnSb, b) ZnSb-0.5%Cu, and (c) ZnSb-
0.5%Ag.

After Cu is doped, the grains are distinctly observed and distributed evenly, together with the
nano-particle structure that the average grain size is less than 50 nm. The HRTEM analyses of
S2 affirmatives that the thin film is polycrystalline and numerous grain boundaries can be found
in the polycrystalline ZnSb thin film. The grain size is about ~ 13 nm which is coincident with
the calculation result from XRD, indicating that the thin film has nano-sizes crystallite.
Generally, the well-crystallization leads to better electrical transport and nano-structure causes
the enhancement of the Seebeck coefficient [36].

The crystalline grain of Ag-doped ZnSb samples was a little fuzzy. The rough surface and
almost invisible crystalline grain revealed poor crystallization. It can be seen that the grains
were very sparse and irregular. The grain becomes more and more serried and the grain size is
between 89 to 200 nm. However, in Ag-doped ZnSb samples, the grain size increases related to
undoped ZnS which leads to poor thermoelectric performance. However, the surface
morphology and grain size were not as well as expected. At ZnSb samples doped with Ag.
AgSbZns is the result of doping. Nonetheless, there is evidence of nano-sized Ag-rich particles
trapped inside the ZnSb bulk grains in addition to the obvious segregation of silver particles
into grain boundaries [37].
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4. Conclusion

It appears that Cu doping enhances the impurity band of ZnSb, 5% concentration of monovalent
Cu changes the chemical structure and the crystal space group, as in a solid solution of
Cu3SbyZns. For Ag doping, AgSbZn», which has an orthorhombic crystal structure with P 2 2 2
space group which takes place already for 0.5% Ag. The electrical conductivity of the undoped
and doped samples increases rapidly when the temperature is at 600k due to the lower
dislocation density and defects. Hence, the Cu doped can optimize the thermoelectric property
of the ZnSb bulk sample.

5. Acknowledgment

My thanks and appreciation to the professors of the Physics Department at Al-Qadisiyah
University, College of Education, and the Iraqi Ministry of Science and Technology, and thanks
to the personnel who work in this institutions.

References

[1] Yurij Mozharivskyj,Yuri Janssen,Joel L. Harringa,and et. al.,2006,” Zn13Sbio: A Structural
and Landau Theoretical Analysis of Its Phase Transitions“,Chem. Mater., 18, 3, 822—
83 1,https://doi.org/10.1021/cm0515505

[2] Jie Zheng, Yu Tang, Yujie Xiang, Yonggui Tao, and et. al.,2023,” High Thermoelectric
Performance and Oxidation Resistance of (Na, Ga) Codoped B-Zn4Sb3 Thermoelectric
Materials Prepared by the NaCl Flux’, Crystal Growth & Design, 23 4, 2375-2383.
https://doi.org/10.1021/acs.cgd.2¢01363

[3] Sai Yang, Tingting Deng, Pengfei Qiu, Tong Xing, Jun Cheng, and et. al.,2022,” High-
Performance and Stable (Ag, Cd)-Containing ZnSb Thermoelectric Compounds”, ACS Applied
Materials & Interfaces, /4,23, 26662-26670. https://doi.org/10.1021/acsami.2¢c03304.

[4] Volodymyr Gvozdetskyi, Bryan Owens-Baird, Sangki Hong,and et.al.,2019,” From
NaZn4Sb3 to HT-Nal-xZn4—ySb3: Panoramic Hydride Synthesis, Structural Diversity, and
Thermoelectric ~ Properties”, Chemistry of Materials, 3/ ,21 , 8695-8707.
https://doi.org/10.1021/acs.chemmater.9b02239.

[5] Mildred S. Dresselhaus, Gang Chen, Ming Y. Tang,2007,” New Directions for Low-
Dimensional =~ Thermoelectric =~ Materials”, Advanced  Materials 19,8,1043 -
1053,DOI:10.1002/adma.200600527.

[6] Allan He, Sabah K. Bux, Yufei Hu, David Uhl, and et. al.,2019,” Structural Complexity and
High Thermoelectric Performance of the Zintl Phase: Yb21Mn4Sb18”, Chemistry of Materials,
31,19, 8076-8086. https://doi.org/10.1021/acs.chemmater.9b02671.

[7] T. Ueda, K. Hasezaki, J.,2009,” Preliminary Study of Single Phase Preparation and Doping
Effect of f-Zn4Sbs’, Electron. Mater. 38,1025-1029, https://doi.org/10.1007/s11664-009-0699-
1.

[8] Hairin, ALN , Idris, MF , Othman, R , an et. al , 2019,” Effect of Acceptor Impurity (Cu and
Al) in Zn4Sb3 Thermoelectric Materials via

Hot-isostatic Pressing (HIP) Method”, International Conference on X-Rays and Related
Techniques in Research and Industry (ICXRI), AIP Conference Proceedings, 2068, UNSP
020008, DOI: 10.1063/1.5089307.

[9] F Liu', X Y Qin , H X Xin'2007,” Thermoelectric properties of (Zno.osMo.02)4Sbs (M = Al,
Ga and In) at low temperatures”, Journal of Physics D: Applied Physics, _40, _24 ,DOI
10.1088/0022-3727/40/24/033.

585


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yurij++Mozharivskyj
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yuri++Janssen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Joel+L.++Harringa
https://doi.org/10.1021/cm0515505
https://doi.org/10.1021/acs.cgd.2c01363
https://doi.org/10.1021/acsami.2c03304
https://doi.org/10.1021/acs.chemmater.9b02239
https://www.researchgate.net/scientific-contributions/Mildred-S-Dresselhaus-2066304560?_sg%5B0%5D=Otb50hXOSRjzSq_Xi4maLb8SwDDZsQ-tpNw5Jv_-fo4fokLmxf5o5PJpTozgH5dxkGxLzCI.WJSlBL4y3zUDVCAqBW90MJmP9hdfWnl9b2VZUH-MbMsONLSz-zDkRdErlfReW3xH5RAatS464VZSMj_HgVR89g&_sg%5B1%5D=DC2Xj8o5CjmlPZa2TNhNCs4HSJ4fj6phaNTFaq-ISimKcVtOrLRGZHed3rXRDMLUUu5jAfc.soj1hPOSO9gn6nk_5jCWec58b-CZ97jDtAE4D3kXkGnrpww_PUeU6sOz7a_rW_yBKaHrpTUje8hnMa1vk8t6CA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/profile/Gang-Chen-113?_sg%5B0%5D=Otb50hXOSRjzSq_Xi4maLb8SwDDZsQ-tpNw5Jv_-fo4fokLmxf5o5PJpTozgH5dxkGxLzCI.WJSlBL4y3zUDVCAqBW90MJmP9hdfWnl9b2VZUH-MbMsONLSz-zDkRdErlfReW3xH5RAatS464VZSMj_HgVR89g&_sg%5B1%5D=DC2Xj8o5CjmlPZa2TNhNCs4HSJ4fj6phaNTFaq-ISimKcVtOrLRGZHed3rXRDMLUUu5jAfc.soj1hPOSO9gn6nk_5jCWec58b-CZ97jDtAE4D3kXkGnrpww_PUeU6sOz7a_rW_yBKaHrpTUje8hnMa1vk8t6CA
https://www.researchgate.net/scientific-contributions/Ming-Y-Tang-31571682?_sg%5B0%5D=Otb50hXOSRjzSq_Xi4maLb8SwDDZsQ-tpNw5Jv_-fo4fokLmxf5o5PJpTozgH5dxkGxLzCI.WJSlBL4y3zUDVCAqBW90MJmP9hdfWnl9b2VZUH-MbMsONLSz-zDkRdErlfReW3xH5RAatS464VZSMj_HgVR89g&_sg%5B1%5D=DC2Xj8o5CjmlPZa2TNhNCs4HSJ4fj6phaNTFaq-ISimKcVtOrLRGZHed3rXRDMLUUu5jAfc.soj1hPOSO9gn6nk_5jCWec58b-CZ97jDtAE4D3kXkGnrpww_PUeU6sOz7a_rW_yBKaHrpTUje8hnMa1vk8t6CA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/Advanced-Materials-1521-4095?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
http://dx.doi.org/10.1002/adma.200600527
https://iopscience.iop.org/journal/0022-3727
https://iopscience.iop.org/volume/0022-3727/40
https://iopscience.iop.org/issue/0022-3727/40/24
https://techniumscience.com/index.php/socialsciences/index

I Eximia Journal
H H Vol. 14, 579-587, May, 2025
> Ximia S

= WWW.EXi miajournal.com
@ JOurnal J

[10] Yang Wu, Johanna Nylén, Craig Naseyowma, and et. al. ,2008 ,” Comparative Study of
the Thermoelectric Properties of Amorphous Zn41Sbsy and Crystalline Zn4Sbs”, Chem. Mater.,
21, 1, PP. 151-155, https://doi.org/10.1021/cm802893v.

[11] K. Valset, X. Song, T. G. Finstad, 2015,” A study of transport properties in Cu and P doped
ZnSb “J. Appl. Phys. 117, 045709, https://doi.org/10.1063/1.4906404.

[12] Peyala Dharmaiah, Minsu Heo, Cheenepalli Nagarjuna, and et. al., 2024,” Enhancement
of thermoelectric properties in p-type ZnSb alloys through Cu-doping”, Journal of Alloys and
Compounds”, 1004V, 5, 175739, https://doi.org/10.1016/j.jallcom.2024.175739.

[13] Rajan Biswas, Satish Vitta, Titas Dasgupta,2022,” Influence of zinc content and grain size
on enhanced thermoelectric performance of optimally doped ZnSb “ ,Materials Research
Bulletin ,149, 111702, https://doi.org/10.1016/j.materresbull.2021.111702.

[14] Sung Hyun Kang ,Minsu Heo, Yong-Jae Jung, and et. al.,2024,” Enhanced thermoelectric
performance of Cr-doped ZnSb through lattice thermal conductivity reduction below the
phonon glass limit”, Journal of Alloys and Compounds
1002,175402,DOI:10.1016/j.jallcom.2024.175402.

[15] Mohsen K. Keshavarz, Chun-Wan Timothy Lo, Sylvain Turenne, and et. al. , 2019,” Hot
Extrusion of ZnSb-Based Thermoelectric Materials; A Novel Approach for Scale-Up
Production “,J. Manuf. Mater. Process., 3,3,58, https://doi.org/10.3390/jmmp3030058.

[16] Chinatsu Okamura, Takashi Ueda, Kazuhiro Hasezaki, 2010,” Preparation of Single-Phase
ZnSb Thermoelectric Materials Using a Mechanical Grinding Process”,  MATERIALS
TRANSACTIONS , 51,5, PP. 860-862, https://doi.org/10.2320/matertrans. MH200902.

[17] Hao Yin, Anders Bank Blichfeld, Mogens Christensen, 2014,” Fast Direct Synthesis and
Compaction of Homogenous Phase-Pure Thermoelectric ZnsSbs’, ACS Applied Materials &
Interfaces , 6, 13, 10542—-10548, https://doi.org/10.1021/am502089a.

[18] Peter S. Thorup, Christian M. Zeuthen, Kasper A. Borup, Bo Brummerstedt Iversen,2022,”
Improving the Operational Stability of Thermoelectric Zn4Sb3 by Segmentation”, Chemistry
of Materials , 34,11, 5206-5214, https://doi.org/10.1021/acs.chemmater.2c00852.

[19] Karl F. F. Fischer, Josephine H. Bjerg, Lasse R. Jorgensen, Bo B. Iversen,2021,” Stability
and Thermoelectric Properties of Zn4Sb3 with TiO2 Nanoparticle Inclusions”, ACS Applied
Materials & Interfaces, /3,38, 45708-45716. https://doi.org/10.1021/acsami.1c11263.

[20] Lirong Song, Jiawei Zhang, Bo B. Iversen,2020,” Microstructure and Thermoelectric
Properties of Zn1-xAgxSb Thin Films Grown by Single-Target Magnetron Sputtering”, ACS
Applied Energy Materials, 3 3 , 2055-2062,https://doi.org/10.1021/acsaem.9b01842.

[21] X. SONG, K. VALSET, J.S. GRAFF, A. THOGERSEN, and et. al.,2015,” Nanostructuring
of Undoped ZnSb by Cryo-Milling”, Journal of ELECTRONIC MATERIALS, 44, 8, PP.2578-
2584, DOI: 10.1007/s11664-015-3708-6

[22] Maninder Singh, Pratibha Dwivedi, Derrick Mott, Koichi Higashimine,and et. al.,2019,”
Colloid Chemical Approach for Fabricating Cu—Fe—S Nanobulk Thermoelectric Materials by
Blending Cu2S and FeS Nanoparticles as Building Blocks”, Industrial & Engineering
Chemistry Research, 58, (9) , PP. 3688-3697, https://doi.org/10.1021/acs.iecr.8b05569

[23] Lasse R. Jorgensen, Christian B. Zeuthen, Hazel Reardon, Bo B. Iversen,2018,” Is
SrZn2Sb2 a Realistic Candidate for High-Temperature Thermoelectric Applications”, The
Journal of Physical Chemistry C, 122,10, PP.5317-5324.
https://doi.org/10.1021/acs.jpcc.8b00037

[24] Jian Wang , Kirill Kovnir,2015,” Elusive B-Zn8Sb7: A New Zinc Antimonide
Thermoelectric”, Journal of the American Chemical Society, /37, 39 , PP.12474-12477.
https://doi.org/10.1021/jacs.5b08214.

586


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yang++Wu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Johanna++Nyl%C3%A9n
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Craig++Naseyowma
https://doi.org/10.1021/cm802893v
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/1.4906404
https://www.sciencedirect.com/journal/journal-of-alloys-and-compounds
https://www.sciencedirect.com/journal/journal-of-alloys-and-compounds
https://www.sciencedirect.com/journal/journal-of-alloys-and-compounds/vol/1004/suppl/C
https://doi.org/10.1016/j.jallcom.2024.175739
https://www.sciencedirect.com/journal/materials-research-bulletin
https://www.sciencedirect.com/journal/materials-research-bulletin
https://www.sciencedirect.com/journal/materials-research-bulletin/vol/149/suppl/C
https://doi.org/10.1016/j.materresbull.2021.111702
https://www.researchgate.net/scientific-contributions/Sung-Kang-2168468611?_sg%5B0%5D=z0C1o3GbSt2E_K6J3the3YpvhD4AiWJBlq8LGTaf6wLualH13zbaj6q-x01-Nm_gePWW_po.whf21IQINBiL3KT0YmO1LAJC00qX2GFbFYBaLxJbV0WHyk7ts938-TlZVmIW6t17lfiadFrVtCoTaEazjGoLPg&_sg%5B1%5D=3RSLTc_FfDDQIOomxJPt2GKaZ-bg-5GUq97psrsSdmiC0GmheOC-8fAmdqnjbFrIiJg-Y4g.AjRiVx5xlXdojLK72z1E3J5xsqFsKiIzfBBPALqKWnucZthdEx2j5ZjF4Z6pz0k-14L5YnVs6xeH21Z5jMo3OA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/profile/Minsu-Heo?_sg%5B0%5D=z0C1o3GbSt2E_K6J3the3YpvhD4AiWJBlq8LGTaf6wLualH13zbaj6q-x01-Nm_gePWW_po.whf21IQINBiL3KT0YmO1LAJC00qX2GFbFYBaLxJbV0WHyk7ts938-TlZVmIW6t17lfiadFrVtCoTaEazjGoLPg&_sg%5B1%5D=3RSLTc_FfDDQIOomxJPt2GKaZ-bg-5GUq97psrsSdmiC0GmheOC-8fAmdqnjbFrIiJg-Y4g.AjRiVx5xlXdojLK72z1E3J5xsqFsKiIzfBBPALqKWnucZthdEx2j5ZjF4Z6pz0k-14L5YnVs6xeH21Z5jMo3OA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Yong-Jae-Jung-2197538593?_sg%5B0%5D=z0C1o3GbSt2E_K6J3the3YpvhD4AiWJBlq8LGTaf6wLualH13zbaj6q-x01-Nm_gePWW_po.whf21IQINBiL3KT0YmO1LAJC00qX2GFbFYBaLxJbV0WHyk7ts938-TlZVmIW6t17lfiadFrVtCoTaEazjGoLPg&_sg%5B1%5D=3RSLTc_FfDDQIOomxJPt2GKaZ-bg-5GUq97psrsSdmiC0GmheOC-8fAmdqnjbFrIiJg-Y4g.AjRiVx5xlXdojLK72z1E3J5xsqFsKiIzfBBPALqKWnucZthdEx2j5ZjF4Z6pz0k-14L5YnVs6xeH21Z5jMo3OA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/Journal-of-Alloys-and-Compounds-0925-8388?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
http://dx.doi.org/10.1016/j.jallcom.2024.175402
https://doi.org/10.3390/jmmp3030058
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Chinatsu+Okamura
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Takashi+Ueda
https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Kazuhiro+Hasezaki
https://www.jstage.jst.go.jp/browse/matertrans/-char/en
https://www.jstage.jst.go.jp/browse/matertrans/-char/en
https://www.jstage.jst.go.jp/browse/matertrans/51/5/_contents/-char/en
https://doi.org/10.2320/matertrans.MH200902
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Hao++Yin
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Anders+Bank++Blichfeld
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Mogens++Christensen
https://pubs.acs.org/journal/aamick?ref=breadcrumb
https://pubs.acs.org/journal/aamick?ref=breadcrumb
https://pubs.acs.org/toc/aamick/6/13?ref=breadcrumb
https://doi.org/10.1021/am502089a
https://doi.org/10.1021/acs.chemmater.2c00852
https://doi.org/10.1021/acsami.1c11263
https://doi.org/10.1021/acsaem.9b01842
https://doi.org/10.1021/acs.iecr.8b05569
https://doi.org/10.1021/acs.jpcc.8b00037
https://doi.org/10.1021/jacs.5b08214
https://techniumscience.com/index.php/socialsciences/index

I Eximia Journal
H H Vol. 14, 579-587, May, 2025
> Ximia S

= WWW.EXi miajournal.com
@ JOurnal J

[25] Dongwang Yang, Xianli Su, Jian He, Yonggao Yan, Jun Li, and et. al.,2021,” Fast ion
transport for synthesis and stabilization of B-Zn4Sb3”, Nature Communications , /2,1,
https://doi.org/10.1038/s41467-021-26265-0

[26] Ke Xie, Yahui Hu, Lingzhi Ma, and et.al,2021,” Preparation and performance analysis of
more homogeneous Zn4Sb3”, Journal of Alloys and Compounds, 878 , 160405,
https://doi.org/10.1016/].jallcom.2021.160405

[27] Lasse Rabel Jorgensen, Kasper Borup, Christian Moeslund Zeuthen, and et.al.,2021,”
Operando structural investigations of thermoelectric materials”, Journal of Applied
Crystallography, 54,4 , PP.1189-1197. https://doi.org/10.1107/S1600576721006294

[28] Naval Kishor Upadhyay, Nagendra S. Chauhan, L.A. Kumaraswamidhas,and et. al.,2020,”
Facile bulk synthesis of high performance -Zn4Sb3 for thermoelectric applications”, Materials
Letters, 265 , 127428, https://doi.org/10.1016/j.matlet.2020.127428

[29] Chun-Wan Timothy Lo, Taras Kolodiazhnyi, Yurij Mozharivskyj,2019,” Incorporation of
indium into the Zn13Sb10 thermoelectric material”, Journal of Alloys and Compounds, 780,
PP.334-340, https://doi.org/10.1016/j.jallcom.2018.11.339.

[30]Lirong Song, Anders B. Blichfeld, Jiawei Zhang, 2018,” Enhanced thermoelectric
performance and high-temperature thermal stability of p-type Ag-doped B-Zn 4 Sb 3”, Journal
of Materials Chemistry A, 6,9 , PP.4079-4087. https://doi.org/10.1039/C7TA10859A

[31] Jian Yang, Xiangzhao Zhang, Bangzhi Ge, 2017,” Effect of Zn migration on the
thermoelectric properties of Zn4Sb3 material”, Ceramics International, 43, 17, PP.15275-
15280, https://doi.org/10.1016/j.ceramint.2017.08.065.

[32]Jian Yang, Guiwu Liu, Zhongqi Shi, Jianping Lin, and et. al.,2017,” An insight into [-
Zn4Sb3 from its crystal structure, thermoelectric performance, thermal stability and graded
material”’, Materials Today Energy, 3, PP.72-83. https://doi.org/10.1016/j.mtener.2017.02.005
[33] Lirong Song, Jiawei Zhang, Bo B. Iversen,2017,” Simultaneous improvement of power
factor and thermal conductivity via Ag doping in p-type Mg 3 Sb 2 thermoelectric materials”,
Journal of Materials Chemistry A, 5,10 , PP.4932-4939, https://doi.org/10.1039/C6TAO08316A
[34]H. Z. DUAN, Y. L. LI, K. P. ZHAO, P. F. QIU, X. SHI, L. D. CHEN,2016,”Ultra-Fast
Synthesis for Ag2Se and CuAgSe Thermoelectric Materials”, JOM, 68, 10 , PP.2659-2665,
https://doi.org/10.1007/s11837-016-1980-4.

[35]Romain Pothin, Rose-Marie Ayral, Alexandre Berche, and et.al.,2016,” Interest of the
differential thermal analysis on the characterization of a thermoelectric material: ZnSb”, Journal
of Alloys and Compounds, 657 , PP.358-365,https://doi.org/10.1016/j.jallcom.2015.10.118.
[36]Alireza Faghaninia, Cynthia S Lo0,2015,” First principles study of defect formation in
thermoelectric zinc antimonide, 3 -Zn 4 Sb 3”, Journal of Physics: Condensed Matter , 27,12 ,
125502, https://doi.org/10.1088/0953-8984/27/12/125502.

[37]A. B. Blichfeld, B. B. Iversen,2015,” Fast direct synthesis and compaction of phase pure
thermoelectric ZnSb”, Journal of Materials Chemistry C, 3,40 , PP.10543-10553,
https://doi.org/10.1039/C5TCO1611H.

587


https://doi.org/10.1038/s41467-021-26265-0
https://doi.org/10.1016/j.jallcom.2021.160405
https://doi.org/10.1107/S1600576721006294
https://doi.org/10.1016/j.matlet.2020.127428
https://doi.org/10.1016/j.jallcom.2018.11.339
https://doi.org/10.1039/C7TA10859A
https://doi.org/10.1016/j.ceramint.2017.08.065
https://doi.org/10.1016/j.mtener.2017.02.005
https://doi.org/10.1039/C6TA08316A
https://doi.org/10.1007/s11837-016-1980-4
https://doi.org/10.1016/j.jallcom.2015.10.118
https://doi.org/10.1088/0953-8984/27/12/125502
https://doi.org/10.1039/C5TC01611H
https://techniumscience.com/index.php/socialsciences/index

