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Abstract

GeTe has garnered extensive attention owing to its state-of-the-art thermoelectric performance, and
environmental benignity. In this study, it is demonstrated that the thermoelectric properties of GeTe
can be significantly enhanced through the co-doping of Bi, Mg, and W elements. As electron donors, Bi
and W elements can effectively optimize the excessive carrier concentration, adjusting it to the optimal
range. Meanwhile, Bi and Mg elements are capable of inducing band convergence to refine the elec-
tronic band structure of GeTe, resulting in a remarkable improvement in the Seebeck coefficient. The
substantial differences in atomic sizes between Bi/Mg/W and Ge give rise to intense strain fluctuations,
and the numerous point defects introduced by doping further strengthen phonon scattering. Ulti-
mately, the optimal sample Geo.937Bio.04Mgo.02Wo.003Te achieves an ultralow lattice thermal conductivity
of 0.356 W-m-1-K-1 at 673 K. Through the synergistic regulation of electronic and phonon transport
properties, Geo.o37Bi0.0aMgo.02Wo.003Te attains a peak thermoelectric figure of merit (ZT) of up to 2.11 at
823 K, with an average ZT of 1.5 in the temperature range of 400~823 K.
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(500~800 K) Hia 1 e I R i i) sl fsoE e, RO IR Bt i s 2 — o EIR N, GeTe 232
FEER), FIET R3m B LEEEAE 700 K EAR, SRASERMAA, h3E 74 M(R-GeTe)l
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it Geo.o37Bi0.0aMgo.02Wo.003Te 7 673 K SEIL 1 0.356 W-m ™K™' [FEAIG k& A4 5 26 . ok e 75 1k e A W 0 A
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Table 1. Main chemicals

#z1. TEZHH
W25\ 44 R (A= afifiz AP
Bk Ge 99.999% IR R T A A R B A R A 7
i b Te 99.99% IR RL T AR B A B A 7]
Bk Bi 99.99% BRI T AR G TR A
% Mg 99% BB T K22 E
ok W 99.99% EMgRTh T AR R R A A

SRS AE I A AR OGS R B RS R FIs N 2 R

Table 2. Experimental equipment
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PE A & Tithsy W& HiE
BT RT FA1004 FE PR B 24
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iR KSL-1200X o B AT R AR A B AR IR
Gt SPS-211Lx b ARE e s i ek
SN LDIEIN STX-202A et i DB T % R
R ME204E B A 5
FE 15 RBU BRI = R 4 ZEM-3 B i P R
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BRI R 5 HMS8400 B AR TR 2R R EL
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2.2. HIESE

Bi. Mg 1 W 7% GeTe F£ il Geixy--BixMgyW,Te (x =0, 0.02, 0.04, 0.06, 0.08, y = 0, 0.01, 0.02, 0.04,
0.04, z=0, 0.001, 0.003, 0.005, 0.01) = ZZ & iz [F] AH 55 il 45 & RO S5 B8 TR e vl &« 2, oM
VAR YR BEARE S AL 0 B LR B R % TR R Ge *¢(99.999%)‘ Bi $1(99.99%)+ Te $1(99.99%). Mg %
(99%)~ W #3(99.99%), SRIERNAFEE R T BB HE . BRETRAENE L FIAEE RN SR
AT IR, R E A 10 /AN NEETHR 2 1273 K, FFLE 1273 K fRiR 104%‘@%%“&&” , bEJE
g I IRTH TN VKK A K o B K ST IRE il BB 3 IS AR SN AR s ThaR ok 72 /N e SRR N
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Figure 1. (a) Room-temperature powder X-ray diffraction (XRD) patterns of Geixy--BixMgyW.Te samples; (b) Magnified
view of the (202) diffraction peak in the 29°~31° range for Gei-xyzBixMgyW-Te samples; (c) Magnified view of the (024) and
(220) diffraction peaks in the 41°~47° range for Geixy--BixMgyW.Te samples; (d) Variations of lattice parameters and interax-
ial angles with doping concentration obtained via Rietveld refinement of XRD data

1. (a) Gerxy-BixMgyW.Te HREIZEIRIH R X SHEEITHEE; (b) Gerxy-BixMgyW.Te #fa 29°~3 1 SEEIFI(202)17 54
IEHIAE; (c) Gelxy-BixMgyW.Te #i 41°~47° S8 EH(024)5(220)T5TIERIBIKE; (d) BT XRD HiEHEERKE
B ER g S B NG 8] FREIS FRE R L
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53297 45 FJ(PDF #47-1079, R3m B EEWIE . Bl 1(b)ERT 29°~31° 20 5l A (202)47 5 BT A i
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2] LI i 3G I AR S5 R RS A GeTe HIAHAR . 36 3 Jon 1 @it X $T2647 4 (XRD)Rietveld ¥ 1&
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HOUR AR, X LA R SR AE T Bi. Mg LS HESY K Srb. Hah, Hila M o AR
PEm, YOI T SRR RRERE N, X5 XRD fI45 R 5.

FEdh Geo.o37Bi0o.0aMgo.02Wo.003Te HIFHE L F B AR (SEM) K H ot R S W 2 Fior. oA ELE B
RT Biv W 51040, FAFE Ge 5 Mg B LXK, FTREZE B T7E 600 CIR ki fE, Te [Fmil 5
KM, RIS AR BEFE /4 B Mg F Ge PR AED AR, TR T E4EIX . Ge-Mg BEHIX 5 GeTe £
W 2 NAAEAE WY A oy 22 7 55 s SR IEC TR BRGSO 5 T, S 38008 1 1) 1 b R ER] P D 37 2 1 BEL RS 170 4
K Mg JR T REWR S5 R R ST 5K -5 8N 1350728, 108 26 80 7 7= A BAMO B AR - [FIR,
1M Ge-Mg ‘& £ X 5 B4 [a] (1) Ji o 22 S B Al b Wi AR T 1 1 Y 35 1A B &3 5 ek AR ek v, AT AR A IR
JEE BT v e BCHIUR FR ARSI

Figure 2. (a) Scanning electron microscopy (SEM) images and corresponding elemental mapping of the Geo.937Bi0.04Mgo.02Wo.003Te
sample
& 2. Geo.937Bi0.04Mgo.02Wo.003Te HEMmEIIAEE FEMB(SEM)R E T EEIE

3.2. EAMIE1ERE

K 3(a) 7R T GelxyBixMgyW,Te ¥ 5 1 H T2 (o) BEIRE IARIL ¢ R . AR B S R BEIE B 8
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Figure 3. Electronic transport properties of Gei-xy--BixMgyW-Te samples. (a) Electrical conductivity (o), (b) Carrier concen-
tration (nn) and mobility (un) at 300 K as functions of doping concentration, (c) Seebeck coefficient (S), (d) Pisarenko rela-
tionship between carrier concentration and Seebeck coefficient at 300 K, (e) Power factor (PF), (f) Weighted mobility

3. (a) Gelxy-BixMgyW.Te # IR 52 (o) BEIE B L L AIHHZL El(b) Gexy--BixMgyW.Te ¥ @BIBIR FIRE () 5iE
BE(un)7E 300K THESZRERNEURXER; (o) Gerxy--BixMgyW,Te #REZE N5 ZE(SFERE M TLEIZE; (d) Ger-
xy-BixMgyW,Te HRHENTRZB(OS)SERFRE(m)E 300 K THIRFEARREERE; (e) GerxyBixMgyW,Te ¥
MINEEFPHMEENTWHELZ; () Gelxy-BixMgyW.Te HERBIMALTRE ZE (uw)PEIRE Tk
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3(0) 7R I Geloxy-BiLMgy W, Te FF iifs (1) ZE D15 R E(S)BEIR L AR R R . 28 Do RECHIEHIESE
TZRVIFEET p 834k 28 D REBEB AR L R3E hnim_EF+, Hd Geos7Bio.osMgo.osWo.o1 Te 7E T
BREMmP R R RMZE N w 2. | NENTRBEMNELE GeTe 1) 30 pv-K! £ T+ =
Geos7Bio.osMgo.osWooi1 Te 19 124.1 pV-K'; 7E 823 K i, ZE U178 REMM 4L GeTe 17 133.06 uV-K ' B E 1 %
Geos7Bio0sMgo.osWoor Te ) 240.8 pV-K'o it 7 37 F i HA 1T IK B 5 28 DL vw RE 2 1] Y Pisarenko K&,
AR N AR R SR . ] 3(d) R A AR T A (SPBYRE AL TR ) e AR R e, I [E I SN
T SCHRIRIE ) Ger«BixTe [15]+ GeixMgyTe [4] [16]+ GeioaxyCuxnyTe [17]#1 5 LA L. WTRAR H, &
46 GeTe HSEIEHE 56 85 R 1.1 me IEARIHEM) & RIF, 1 Gerxy--BiMgy W, Te ¥ i 1 28 U v R &7
THIRL B 7. XM R Ul A O R R E G R, K] T Bi. Mg, W B4 GeTe ettt it 2] 1 21
ER . A SCHERE S Bi JuR S ANTTLUE GeTe B2 EM W M BE R ZR/DN, F2AERRTILSUMN, $emRet A
BOTE[15][18]. Hh4h, tHAHRKERMHAH Mg B8 Ge nTF#IK L e &, MM/ L5 AR e (A (1) 5E
B2[4]. W 3(e)N Geixy-BixMgyW,Te Ff i) DIZ B 1(PF)Rf L IAAL th 2 B . DhaR A5~ m] LU0
SRR RIS VERE RO S5 . B AR BERE W Geo.o37BioosMgo.oWooosTe 7E 300 K I B2 K TiAF] 14.78
uW-em™- K2, #H L4l GeTe # 6.06 uW-em™ K 232 F- 3 . b4, 78 673 K #5h Geo.037Bio.0aMgo0aWo 003 Te
(1) Dy 2 K- B J2 ik 2] 50.93 pW-em ™K 2, B & ) E I -5 WA D) 26 R Bl o B T3 ZT. 14 3(D @
T Gelxy-BixMgyW,Te #£ it I N AL # 2 (uw) Bl I E A2 A0 ih 2. T BUE 5 AR P s FE
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3.3. HHE1ERE
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FERP AT Z UCTAT N, BN E R AP S EAE N R A 8UE, BAEEETE LR 45 LRACE G R T4E
WE - B E R SEAS . BEAh, ARHT OB TR A S RS (SPS) T E MR, i Geixy-BixMgyW, Te Ff
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Figure 4. (k) for GeixyzBixMgyW,Te samples
B 4. Ge1xy-BixMgyW.Te # G B RS E (o) BEIR E B LR Z
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(e )BT rer 9825 ke 3R, W1 S0 R EMNRIRIRA, T Gelowy-BixMgy W, Te FEin ] fh % #4 5 F 391K
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IR Z MR RSP R B 22, B AR 75 - it BRI (R 4 46 5T 45 Sn Ak P R R SR PRI, R, g e
FIE Geo.037Bio.0aMgo.02Woo03Te FIE R H/ME 0.35 W-m™ - K™ A 775 SCHATRE (E FI B AR A% VS R (1)
XL s(d)FTR, RHIE—AK GeTe AR F, FEib Geo.osrBioosMgo02Wo.o03Te SEIHL ) Sh A% # T 2 AR AR L
E= AR

3.4. HEHE

WE 6(a) N Gerxy-BixMgyW,Te Ff i () # HELALAB (Z7) Bt T B2 A2 AL B 26 ] . AN TR, Gexy-
BixMgy W, Te B ) ZT 1 RMEHETE, JCHAZFE M Geoos7BioosMgonWoosTe 7E 823 K iEH] 1 2.11 HJIEE
ZT, FHELZE GeTe (ZT = 0.8)3-T14 163%, # W] Bi-Mg-W JCERILB NS GeTe SAPRHA M RRIZTH 1 5
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Figure 5. Thermal transport properties for Geix-y--BixCdyY-Tei-xIx samples. (a) the Lorenz number (L), (b) Electronic thermal
conductivity (xe) (c) lattice thermal conductivity (xL), (d) comparison of kL between this work and reported values in the

literature
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Figure 6. (a) Temperature-dependent thermoelectric figure of merit (Z7). (b) Comparison of the peak ZT and the average ZT
(400~823 K) values between this work and other representative studies reported in the literature
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Table 3. Lattice parameters and unit cell volumes of Geix-y--BixMgyW.Te samples obtained via XRD rietveld refinement
%2 3. XRD BI85 2)HY Ger-xy--BixMgy W, Te £ 5D A& S A0 S R IAFR

By a(A) b(A) c(A) () HRA)
GeTe 4.1638 4.1638 10.6732 58.01 160.253
Geo.969B10.02Mgo.01 Wo.001 Te 4.1746 4.1746 10.6518 58.20 160.768
Geo.937B10.04Mg0.02Wo.003Te 4.1791 4.1791 10.6396 58.33 160.953
Geo.895B1i0.06Mg0.04Wo.005Te 4.1837 4.1837 10.6254 58.41 161.067
Geo.37Bi0.0sMgo.0aWo.01 Te 4.2126 4.2126 10.5777 58.90 162.564

Table 4. Theoretical density, actual density, and relative density of Ge1x-y-BixMgyW.Te samples
% 4. Gerxy-BixMgyW, Te #mAVIBIRHE, SEFREEMBEE

D% HALE B (p, glem?) LB (p, g/lem®) BUEE (%)
GeTe 6.229 6.095 97.85
Geo.969B10.02Mgo.01Wo.001Te 6.203 6.02 97.05
Geo.937B10.04Mgo.02Wo.003Te 6.198 6.074 98.00
Geo.895Bi0.06Mg0.04Wo.00sTe 6.192 6.05 97.71
Geo.87Bi0.0sMgo.04Wo.01Te 6.135 6.039 98.43
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