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Abstract: Hypothetical half-Heusler (HH) ternary alloy of CoVSn has already been computationally
investigated for possible spintronics and thermoelectric applications. We report the experimental
realization of this compound and the characterizations of its thermoelectric properties. The material
was synthesized by a solid-state reaction of the stoichiometric amounts of the elements via powder
metallurgy (30 h mechanical milling and annealing at 900 °C for 20 h) and spark plasma sintering (SPS).
The temperature-dependent ternary thermodynamic phase diagram of Co-V-5n was further calculated.
The phase diagram and detailed analysis of the synthesized material revealed the formation of the
non-stoichiometry HH CoVSn, mixed with the binary intermetallic phases of SnV3, Co,5n, and
CozV. The combination of X-ray diffraction, energy-dispersive X-ray spectroscopy, and thermoelectric
transport properties confirmed the formation of a multi-phase compound. The analysis revealed the
predicted thermoelectric features (zT = 0.53) of the highly doped CoVSn to be compromised by the
formation of intermetallic phases (zT = 0.007) during synthesis. The additional phases changed the
properties from p- to overall n-type thermoelectric characteristics.

Keywords: half-Heusler; CoVSn; thermoelectric; heterogeneous structure

1. Introduction

There have been substantial progress in thermoelectric (TE) materials over the last two decades.
Thermoelectric technology, which was mainly based on alloys of bismuth telluride [1] for Peltier
cooling modules, or silicon-germanium alloys [2] for radioisotope thermoelectric generators used
in NASA spacecraft, has expanded to new compounds for power generation and cooling [3].
New materials and material structures have been discovered with considerably enhanced thermoelectric
properties [4]. In particular, some materials like half-Heusler (HH) alloys have shown an inherently
large thermoelectric power factor, although they have generally higher thermal conductivity than
alloys such as Skutterudites [5] and Clathrates [6]. Since the thermal conductivity can be decreased by
structural engineering, their potential to provide inherently significant power factors has attracted
much attention lately. Recently, a new class of HH compounds was predicted with low thermal
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much attention lately. Recently, a new class of HH compounds was predicted with low thermal

conductivity [7]. In this regard, the sheer number of HH compounds to investigate is vast, and
conghuatitittiyal 7dndnptleidictigereheho dbeer shorthiet tHetoenizinguonds thaivey ¢stigate isss@stiadrtd
noakingtadioinkl progpeedi @irst peithcipic e thdicki {Bihertahismgdnesihiy edecdntivessfatiaktosoaleng
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(heshody tnpdrddi et bheivaveangteriats. SNXMAB1 H healtradtddthacty atedstiontdne b €Ekr(Nau 1)
T lheaateristicstipgamepe oftdré 4thbility ve d idissted capadbilitientfopude, thatieit)unusual TE
characteristics, high-temperature stability, and doping capabilities (Figure 1, Table 1).
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Table 1. Compounds cited in Figure 1.

Table 1. Compounds-cited-in Figure 1.

Item Compound Ref. Item Compound Ref.

Item 1 Tig.5(Zro s HE QM PEBRRg; Sbo 002 [11] Ref. Ttem Gawgpound [12] Ref.
1 2 Tios(Zrpitd fo5)0ialEpN0.99sSbo.oo2 (131 [11] 13 ZrNiga0Sb (141 [12]
2 3 (Zro sHfo DG 508 95318b4 o0, (151 [13] it T K aNiSn [16] [14]
3 4 Tif dreptfosdos ol ibmpmseabeses ,  [17] [15] 16 vddghliSn [1s] [16]
4 5  Tios(ZrHf)gmeNbwegsig el do1Snos8Sboe  [19] [17] 1p Tig5Zro s NP 0 2o} [18]
5 s (Hfo o Zrg SEGH0ERGS, op ey 191 1 @ Jap4maNepgediene 2] [20]
6 7 (HiapZrps)oandeaNEppgpsSboo 3 [21] 18 (tifoaydromnanhipyopsNiSn [o4)  [22]
7 s B vresNiSmasSho o ol 23] 29 (TiNiSedss sAYInNiSbloos 20 [24]
8 o 1.5% ¥:Ebseloped Ti-Ni-Sn 7 1251 2P Zro sHYREQRi38-2 28] [26]
9 10 (Zro s HkZ QRPN Ro] 271 A Zred b, QoNioaSb 301 [28]
10 1 (Tio.o &Feei B AR RN Rn B 291 2 TN 786l Bl (321 130]
11 45 (T 10.4(42(}%!;@@9@8% Ta0.01NiSn 331 [31] 23 INN&Q@%.SIbe.W 4] 132]
12 Predicted TEEINISTPESRI] = 41 WISk — 1728 K11 = 0,53 atNEICOSh 5 1341

I'redicted 1L factors of CoVon compound, kK =4.1 W/mK, 5=1/5puVvV K™, ZzI'=0.53 at YUU K. [55]

In 1995, Ogiit et al. [36] predicted CoVSn with a MgAgAs (C1b) crystal structure as an intermetallic
semiconductor,using density functional theory (DFT) band structure calculations. Another study [37]
applBa T r 85 esh il RPaPTedigteci T QYBRa iR E NS 808 G Pl BV STAL L HiE A AR
Bssmetallic ESrsoRIuetar; Uing cdensiyafetinnal thea P8R Bo0d atrustirgsslcilations:
Arotherstidy (371 applissthe fall-potentialinear myfinstin otbin! fhaMHO) methadl fogyaluate
the glestrqnig RraRserties LG an AR WS an BAirSSs s BROeARARY 2. et il
381 cianated, i stlesToniperasiire i emesifisd BecssdabrsomMBRraitnsith ke hs
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B SAPRES) Tt s M BFeRVS ol SRRl SRR (B WHED ST aesta I i SISSHEQRIF RSk
trapsport ¢ lcaula(w_%. Liguge Zphows the calculated electfonic band structure and density of states
(DOS) of Cog\/gn alloy [38]. Based on this electronic structure, the alloy was predicted as a p-type
semiconductor with a bandgap (W-X) of 0.85 eV.
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Figure 2. Calculated electronic band structure and density of states (DOS) of the CoVSn alloy.
1lii urer2. C&Eg%%tﬁ%flﬁgronic.%ié structure and density of states (DOS) of the CoVSn alloy.

e evi{eéproduced from [38], Elsevier: 2017.

In the mentioned study, the maximum Seebeck coefficient with a carrier concentration of
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thermoelectric and microstructure analysis is performed.
2. Materials and Methods
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verified by inspecting the linear fit to the (AT-AV) data set.

3. Results and Discussion

3. Reﬁéﬁ@%%ﬂ?m%ray diffraction data of the CoVSn powder after 15 and 30 h milling, and that
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annealed at 900 °C for 20 h. The XRD patterns of the SPS-consolidated CoVSn bulk sample revealed
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As illustrated in Figure 4, the multi-phase structure containing various intermetallic compounds
with both semiconductor and metallic characteristics provides semiconductor-metal interfaces [42].
The CoVSn compound containing the intermetallic phases has both ionic and covalent bonds.
The presence of both ionic and covalent bonds in CoVSn (VSn: ionic-rock salt; CoSn: covalent-Zinc
blend) can influence the stability of the semiconductor-metal interfaces (i.e., interface behavior) [43].
The metal-semiconductor contact lines up the chemical potentials and develops a Schottky barrier
at the interface that can lead to distinct chemical and electrical properties different from the bulk
compounds [44]. It is instructive to look at the thermodynamics of the ternary phase diagram of
CoVSn. Such data are not currently available, being a new alloy. Therefore, we calculated the ternary
phase diagram of the Co-V-5n over the temperatures range of interest, 25 to 1200 °C. The Thermo-Calc
2016a package was used for this calculation. Figure 6 shows the ternary phase diagrams at the selected
temperatures of 1100, 900, 600, and 25 °C.

Table 2. Phase compositions of the nominated areas in Figure 6.

Temperature (°C) Label Phase (s)

ap Co3Sny A + HCP_A3 + HCP_ORD
b, Co3Sny_A + CoSn + HCP_ORD
c CoSn + HCP_ORD + Sn3V,
dy CoSn + CoSny + SnzV,

25 e BCT_A5 + CoSny + SnzV,
fr HCP_ORD + Sn3V; + SnV3
23 CoV3_A15 + HCP_ORD + SnVj3
h; BCC_B2 + CoV3_A15 + SnV3
ip BCC_B2 + CoV3_Al5
ag CoszSn,_A + FCC_L12
be Co3Sny_B + FCC_L12 + HCP_ORD
Cg CozSny_B + HCP_ORD
dg Co3Sn,_B + CoSn + HCP_ORD
€ ALTA_SIGMA (V,Co) + CoSn + HCP_ORD
fe ALTA_SIGMA (V, Co) + CoSn
g6 ALTA_SIGMA(V, Co) + CoSn+ SnV3

600 hg CoSn + Sn3V, + SnVj
ig LIQUID + CoSn + SnzV,
je LIQUID + Sn3V,
ke ALTA_SIGMA(V, Co) + SnV3
lg ALTA_SIGMA(V, Co) + CoV3_A15 + SnVj
h; BCC_B2 + CoV3_A15 + SnV3
ip BCC_B2 + CoV3;_A15
06 BCC_B2

Pe BCC_B2 + SnV;
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Table 2. Cont.

Temperature (°C) Label Phase (s)
ag FCC_L12
by CozSny_B + FCC_L12
C9 Co3Sny_B + FCC_L12 + HCP_ORD
dgy Co35n,_B + HCP_ORD
€9 ALTA_SIGMA(V, Co) + CozSny,_B + HCP_ORD
fo ALTA_SIGMA(V, Co) + Co3Sny_B
g9 Co35n,_B+BCC_B2+CoSn
hy ALTA_SIGMA(V, Co) + Co3Sny_B + BCC_B2
900 ig BCC_B2 + Co3Sn;,_B
jo LIQUID + BCC_B2 + CoSn
ko ALTA_SIGMA (V, Co) + CoV3_A15 + BCC_B2
Io BCC_B2 + CoSn
ip BCC_B2 + CoV3;_A15
04 BCC_B2
09 LIQUID + SnV3
Po LIQUID + BCC_B2 + SnV3
Ps BCC_B2 + SnV;
) LIQUID + BCC_B2
S9 ALTA_SIGMA(V, Co) + BCC_B2
ag FCC_L12
bg Co3Sny_B + FCC_L12
c11 LIQUID + Co3Sn;_B + FCC_L12
dyp LIQUID + FCC_L12
e LIQUID + ALTA_SIGMA
f11 LIQUID + ALTA_SIGMA (V, Co) + FCC_L12
811 LIQUID
1100 hyq LIQUID + ALTA_SIGMA(V, Co) + BCC_B2
i ALTA_SIGMA (V, Co) + BCC_B2
04 BCC_B2
Ps BCC_B2 + SnVj;
111 LIQUID + BCC_B2
mjq LIQUID + LIQUID #2 + SnV3

LIQUID + LIQUID #2 + BCC_B2

LIQUID + BCC_B2

LIQUID + SnV;

LIQUID + LIQUID #2

60f 11
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Table 2. Phase compositions of the nominated areas in Figure 6.

Temperature (°C) Label Phase (s)
az CosSnz_A + HCP_A3 + HCP_ORD
b2 Co3Sn2_A + CoSn + HCP_ORD

2 CoSn + HCP_ORD + Sn3V2
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Table 3 lists the different phases at the center of the phase diagram (i.e., the equal atomic
concentration of the elements over 100-degree temperature steps from 25 to 1100 °C). These diagrams
further confirm that at thermodynamic equilibrium, the material decomposes into multiple phases, as
listed in Table 3, which agrees with the observation in the microstructural analysis (Figures 3 and 4).

Table 3. The phase composition of CoVSn compound (1:1:1) at the temperature of 25 to 1100 °C.

T (O Phase/Crystal Structure/Elements

25 CoSn, HCP_ORD (Co, V) and Sn3V,

100 SnV3;, HCP_ORD (Co, V) and Sn3V,

200 SnV3, HCP_ORD (Co, V) and Sn3V,

300 CoSn, HCP_ORD (Co, V) and Sn3V,

400 CoSn, HCP_ORD (Co, V) and Sn3V,

500 CoSn, HCP_ORD (Co, V) and Sn3V;

600 CoSn, SnV3, ALTA_SIGMA (V, CO)

700 SnV3, BCC_B2 (Co,V,5n), ALTA_SIGMA (V, Co)

800 Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,5n)) and

(ALTA_SIGMA (V, Co), CoSn, BCC_B2 (Co,V,Sn))
Equilibrium line between two areas of (CoSn, BCC_B2 (Co,V,Sn)) and

900 (LIQUID, CoSn, BCC_B2 (Co,V,Sn))
1000 LIQUID, BCC_B2 (Co,V.Sn)
1100 LIQUID

As shown in Table 3, there is no single phase of CoVSn, but mainly binary compounds of
CoSn, SnV3, CosV, and Sn, V3. Our observation of the multiphase structure, containing three binary
intermetallics, contradicts previous studies [38,45]. In the theoretical analysis of this composition
(1:1:1) [45], the calculated phase diagram showed a specific area for the stable CoVSn compound.
However, the presence of this single-phase alloy was not experimentally confirmed.

4. Conclusions

The single-phase half-Heusler CoVSn was predicted theoretically as a stable thermodynamic
material with prospective properties for spintronics and thermoelectric applications, although it was
never experimentally confirmed. According to the theoretical and experimental data presented here,
the CoVSn phase was found to be thermodynamically unstable, and its partial decomposition into
metallic phases is unavoidable at the equilibrium state. In this study, the experimental realization of the
CoVSn compound with a heterogeneous microstructure was represented. The material analysis showed
the presence of the half-Heusler ternary alloy of non-stoichiometry CoVSn as the semiconductor
phase, mixed with three binary intermetallics: SnV3, Co,Sn, and CozV. The combination of X-ray
diffraction, energy-dispersive X-ray spectroscopy, and transport properties confirmed the formation of
the composite structure. The composite material demonstrated a metallic electronic behavior with a
degenerate carrier concentration.
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