Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

PbSe-MnSe 44K & & e MR R S5 M0 AN R PR IE 1 2
RE ZEIf BRI xebte Kkl FRIEAR BE

Microstructures and thermoelectric transports in PbSe-MnSe nano-composites
Zhang Yu Wu Li-Hua Zengli Jiao-Kai Liu Ye-Feng Zhang Ji-Ye Xing Juan-Juan Luo Jun
5| F1% |2 Citation: Acta Physica Sinica, 65, 107201 (2016) DOI: 10.7498/aps.65.107201

7 £ )13 View online:  http://dx.doi.org/10.7498/aps.65.107201
2114 25 View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/110

AT RERH B BB S &
Articles you may be interested in

Ba/Ag X5 J %} CazCo,Og J #4 FE A LW FAAE Hi 14 BE 11 52 1)
Effect of double substitution of Ba and Ag on thermal transport of Ca3Co,0g-based thermoelectric oxide
PP 27 4%.2013, 62(18): 187201 http://dx.doi.org/10.7498/aps.62.187201

I 25} 6 FeNiAITa JEARICIZ & < 2H 23 S5 A4 A BE f0 52
Influence of aging time on mechanical properties and microstructures of FeNiAlTa shape memory alloy
PP 22 H%.2013, 62(15): 158106  http://dx.doi.org/10.7498/aps.62.158106

Sr B AN BN Y1 — St CoOg MIA KL - il 2% F HL P 2 ¢ R AL

Temperature dependence of electrical resistivity for Sr-doped perovskite-type oxide Y;_,Sr,CoOj3 pre-
pared by sol-gel process

YH 24,2013, 62(4): 047202  http://dx.doi.org/10.7498/aps.62.047202

55 i FGHA095 Bl 45 a4 2R AIE
Microstructure of spray-formed FGH4095 after static recrystallization
YE&24.2012, 61(20): 208101  http://dx.doi.org/10.7498/aps.61.208101


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.107201
http://dx.doi.org/10.7498/aps.65.107201
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I10
http://wulixb.iphy.ac.cn/CN/abstract/abstract55557.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55557.shtml
http://dx.doi.org/10.7498/aps.62.187201
http://wulixb.iphy.ac.cn/CN/abstract/abstract55137.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55137.shtml
http://dx.doi.org/10.7498/aps.62.158106
http://wulixb.iphy.ac.cn/CN/abstract/abstract51973.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51973.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51973.shtml
http://dx.doi.org/10.7498/aps.62.047202
http://wulixb.iphy.ac.cn/CN/abstract/abstract50743.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50743.shtml
http://dx.doi.org/10.7498/aps.61.208101

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 10 (2016) 107201

PbSe-MnSeZKE 4

A R RV 5 A AT

B AT [ RE”

*E Zuk

TEFIT xietE Ak FRIRR

BE

(B REFM RS T2, B 200444)

(201641 A 13 HU&Hl; 2016 4 2 A 25 HIZ R eH )

FECTF 5 WA R PhTe, 55— R 04540 PbSe AT 1 £ 1 Se fifi B 58 = & S5 AL 34, AR K
BRI O, AR SCR S Rl K 45 G PR R R 45 T2 T Pho.os—2MnzNag.025¢(0 < z < 0.12)
PRI S HEAORL, RGHATFT 1A F Mn & SR ADEHBEN A UL e AN B s PR RE R S R, R IRk
SERE S A THI 0 3777 S5 (1) MinSe BRRAIEZ ARt A, A P 15 ) S5 35 5. /D B [AIVA 1) Mn 890 1
Ry (a7 JF R, AT R 74w, BT A 75 7 U 1 it L T R BRI, R R IARE ZT B 214k (B2
4 Mn & & S, 28 0w REGE T, BN M A R R ORI, ZT AR P . |
it Na &AL T B TIREE, 3/45 7 ZT = 0.65 1) PbSe-MnSe K 2 & # i 4 kL

KEEIA): YIKRE S, B PbSe

PACS: 72.20.Pa, 64.75.Nx, 81.40.Cd, 65.40.-b

15 =

RATRL R — Fh SR Y BE R AL b R,
[ A P P BT 1 i Az S I AR E R R BE AT L EL R B
e B R Ve B RAT AR R R T
/N AR A A KR TSR B e AR a1 R
Tl AR IR AR G AT Bl ke, T BLR
figé 1F T RE Y5 R Sk AT A 58 35 e ] A, EL S B 2P
S TR B BE B R, — R A ILE
(ZT = ST/ (pr)) KA E I LA RL ) BE B e 2L
R, HAp SR RE, p N, £ AT,
TONHERRSE; TENIAE 2T K, BB
i P70 O TR 2T, AT LLE I N S,
BEAIR p A1 e RSB (B2 AR R — R FAB 2 1Y
ARG AR O, S, p ks HEEL DGR, ME LAAR AL 1
2, BrbA ZT ARAER MR BT . ITEER, R 4E
LI B BRTE A PR AR B R T B 700, B35 4R
AR AR . FR B, SR -RCKR R

* EREHRBHEIES (HHES: 51371194, 51172276) FE 5.

T #E/E#H. E-mail: junluo@shu.edu.cn
© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498 /aps.65.107201

JEE (0 5 AL A A RE B8 ) 75 - ff s R B e e AR
FROR, LHE AR 9K AR RGN K AT H A
s [10—15]

iR R A B ) ER T LR (1) B8 i 4 A RN A B
fhEvERe, — B 2R R EBE. Hob, PbTe %
FHEHE HHRLIX (450—800 K) FLAT I8 57 1 4 B 1 i,
Jz A Rk e g DO R A R N T AR A
KRR 2 —. B 07 SRR A g 1)
Fighk & 42 19 J7 48 PhTe AR 248 A E
KIEEEHRTF. F3, PbTe-AgSbTe, 44K & &4 0]
AR IR B T 2.2, MRAEYKRE A 1 B 7R
AL AT Y . T, PbTe-SrTe 4K &
H 4 PRI AR A B 1.7, 3 — 5@ gk -1
KZ RERE . HHE T HUN BRI TR, 18
915 K Zz7 thik 3] 7 2.2 22, SR, Te mRIEH
RIS D, i BB, IXAE A3 PhTe A IR
EME DL HUASAHE T B .

PbSe 1E 4 7 — M gk &4, BA F PbTe

http://wulizb.iphy.ac.cn

107201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.107201
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 10 (2016) 107201

FH A NaCl 5 #h B 4 4, fig i 25 M AH 0L, P BEAL
22k B B 1230 T H. PbSe Eb PbTe 14 £, i&
FF 5 i AR . W 5 EE ) /2 Se it & LL Te
F w5, A AR B, [A 0 PbSe J: # i M4 R B
WEFCRI N AN . (H2, a2, G %
B, PhSe HI#AHEPEREA W P Te 5. HATX +
PhSe 5t HUATRL K ST AR 52D Parker 25 24
THE T PbSe [ REFT 4544, 45 REBRWEB M p Y
PbSe B A %K 1) il 28 D50 R %L, ££ 1000 K /&
i, ZT W e 4xik 3 2. Wang % 25 7£ PbSe 145 A
Na, 7£850 K i ZT 1A% 1 1.2, Ut Na B 4= 1) p &Y
PbTe i) ZT = 1.4 1K 2], i, Wang 2% P £ p
T Phy . Sr,Se HA 5 5 2= G FLE 28 /G R g
7=, PEAR T Rey 18 R B2, KW St N 0.08 B,
E900 K /247 ZT 53] 1 1.5, /& H itk e s i M p
A PbSe JE AR, Wang 25 P8 i&HF 58 T n %4 Br
5 %% PbSe ZE MV BL, 7E850 K 7247, ZT #id 1.
Zhang % 2V 7£ PbSe i1 #5 N AP~ 4 SR g 4L, 1
850 K /547 ZT 6% 17 1.3, = H B ZT = iy n Y
PbSe FEH A K}

HAig i HEERWE, Mot REMBEHLE W
BE B8 [ ARG A/ i 1 B8 A 87 R I B2, DA 7 A1 UL 3
128 L5 240 (S) I T (Fp = S%/p) [F B
0, %P AR A R B0l seag 1) Min 5 4%
PbTe JEILH T & 1 #ALE, X 54075 & % D)
B P AR, Mn JGE X PhSe A £ #y LA ) L 4
g ia AN K (R S R A SRS A AR AR
AR K 2 A PO IR e g T 2% T — KA1
Pbg.os_Mn,Nag 025¢(0 < = < 0.12) (b &H, R4
HURIEFE T AN [F] Min 75 506 A4 R 45 74« MUBR A g
FHRCER P RE IO BN, 9K K RE I & MinSe
Mt 4 2 B BRI AN IR G5 4, PRI ATLRR 58 AN
P REAS B TR, FE Rt Rt ) BB
Na & &, AR 7, 3R 1 p 2! PbSe-MnSe
Pk EEMEIAE 710 K 24 s ZT 4 0.65.

2 LRI
2.1 HmEK

¥ w14l Pb KL (99.999%), Se$i (99.999%), Mn
Fr(99.98%), Nadlt (99.7%) #% /8 1b F it &t %
FFAIE R, £1050 °C AR 24 h, FH1E 500 °C
PRI 120 h, KA HR B EE. ROk SRS A
¥y, EEE IR AP e sl Bedti B L K ) AN E] oy

518500 °C, 65 MPa £l130 min, #5205 & 1
i3 95% LA .

2.2 HEMGFME

FE S DA E LR K X 2R AT 5 (XRD) #i5E,
W% A H AR HR 22 0 | A2 7 (1 D /max-2200X 5 2 AT
S BT 3 K SR FL B SEML RALE,
M5 N Zeiss Supra 55; fHOM 7C 2 4346 W K| FH oo 2
T B A BE TS F 4 (EDX) SEBL. BRARRE & (1 28 DL
ZES AHFHZ p A H A ULVAC-RIKO 2 &) 4 7=
) ZEM-3 £AE, RIS N He <. #FHE £ H
ARk =\ x Cp x diFE, FHAFESFI#T B R
A FHBOGIN 6720 & (Netzsch LFA457), t#k C,
ZRAA B PRI E (Netzsch DSC214), % d il
o o] 3 K A HE K I B 4 RRE R B R
EEACHR A PR A B AR (R RO S DR T SRAE (B
HXD-1000 TMC/LCD).

3 HRET®

Kl 1 (a) N Pbg.gs—Mn,Nag g2Se #F i #4 e
SRR AR XRD . 2o O IEINE] 0.04 B, f74t
Ve 320 34 A5 A, T B 5 TR 1) PR 5 % 5 50 T ik /)
R M2t 42808 A, P2t 4212 A
BN, FB5r M2t 3EN A EUR T Po2t, s/ T
¥ K. RN, @ = 0.04 I 2445 T 0 37 77 MnSe
B MNTH, 2 > 0.04 B, 7 5T A7 B R AR,
1X 3 B Mn 7£ PbSe H 1) [l 1% F£ B AE 0—0.04 2 [A].
Bl 1 (b) Bn THEZ M &g S5, HEE B3k
AR AIESE Mn (1 BEEFELE 0.04 L. Bl 1 (c)
N PbSe-MnSe & & £ & PbSe [X [ — o AH & B2
7£ 500 °C i, MnSe 7E PbSe 51 ) % i & £ 59 0.02,
TEZ IR, WA T REEAR. Kk, PbSe-MnSe
FE B IE I FE b MnSe 1 955 —AHBT .

B2z = 0.02FF i 191 8O 7 BB
RS R, 16 PhSe F A4 o [R] I H L T BRAR AN
FERACKAT A, X L BRRAT B /N AR LA
50 nm, K B AR AIAROK B S 1 2R AT A
J AN FE 43 14 50—100 nm A1 1—5 pm. AR
ST R C RS R 2 (d)—(f) Fiow, #iE T
MY & MnSe 4, « = 0.02 £ 5 Hobr AR I 77
TEAESE T MnSe 7E PbSe H1 (WG4 ff FE. & 3 0] &5
RT x=0.06 FF 5 08 BUR BT BRI GRS

107201-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 10 (2016) 107201

(a) e MnSe
=0.12 * 'M .
» r="9. - " hd
Z | 2=0.10 U
=
& x=0.08 ) J l
2
3 | x=0.06} |
2l z=004 J
x=0.02 k \
r=0 J
1 1 1 1 1 1
10 20 30 40 50 60 70 80
20/(°)
6‘14 T T T T T T T 1100 . .
) w .
1000 |- M
613l | 1016 C
b 900 |
. 1%
o . ° g
3 612 . . g ;%( 800 |
° . - Solid solution+MnSe
. 700}
6.11F ° -
600
(c)
6‘10 1 1 1 1 500 1 1 1 1

1 1 1
0 0.02 0.04 0.06 0.08 0.10 0.12
T

K1 (MTIEE) (a) #HEEAF Mn & & Pbg.gs—oMngzNag.o2Se F i 1) XRD Eli; (b)

0 0.1 0.2 0.3 0.4
PbSe MnSe —»
mniE 2 S Mn & &

12246 H; (c) PbSe-MnSe £ R 1E & PbSe [X [ = juAf ] [32]
Fig. 1. (color online) (a) XRD patterns for hot-pressed Pbg.gs—zMngzNag.g2Se with different Mn contents;

(b) the Mn content dependent lattice parameters; (c) the pseudo-binary phase diagram for the PbSe-MnSe

system near the PbSe-rich side [3Z].
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Table 1. Average Vickers hardness for Pbg.gs—»MnzNag g2Se
(z =0, 0.02, 0.06) samples.
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Fig. 2. (color online) Back-scattered electron images and elemental mappings of Pb, Se and Mn for
Pbo.9s—2zMngNag.02Se(z = 0.02).
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Fig. 3. (color online) Back-scattered electron images and elemental mappings of Mn for Pbg.gg—zMnzNag.g2Se
(z = 0.06).
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Fig. 4. (color online) Temperature dependent S, p, and Fp for Pbg.g9s—¢MnzNag.02Se samples: (a) Seebeck
coefficient S; (b) resistivity p; (c) power factor Fp.
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merit for Pbg.gg—»MnzNag.g2Se samples: (a) Total thermal conductivity x; (b) Lorenz number L; (c)

lattice thermal conductivity xr; (d) figure of merit Z7T.
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Fig. 6. Temperature dependent S, p, Fp, k and ZT for the z = 0.02 sample with different Na content (2%
and 0.7%): (a) Seebeck coefficient S; (b) resistivity p; (c) power factor Fp; (d) total thermal conductivity

k; (e) figure of merit ZT.
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Abstract

Thermoelectric materials can generate electricity by harnessing the temperature gradient and lowering the tem-
perature through applying electromotive force. Lead chalcogenides based materials, especially PbTe-based ones, have
shown extremely high thermoelectric performance. PbSe has a similar crystal structure and band structure to PbTe.
Compared with the commonly-used PbTe, PbSe possesses a high melting point and has an abundant reserve of Se,
making it attractive to high temperature thermoelectric applications. It has been theoretically proposed that Mn-doping
in lead chalcogenide should be able to lower the temperature of band degeneracy, and experimental evidences have
been represented in Mn-PbTe. However, such an experimental study as well as the investigations of influences of Mn
on microstructure, mechanical, electrical and thermal properties has not been conducted in Mn-PbSe. In this work,
Pbo.gos—MnzNag.025¢ (0 < = < 0.12) materials are prepared by the melting-quenching techniques combined with rapid
hot-press sintering. Effects of Mn doping on the microstructures, mechanical and thermoelectric properties of PbSe
samples are systematically studied. The refined lattice parameters from X-ray powder diffraction patterns show that the
solubility of Mn in the matrix is in a range from 0 to 0.04. The back-scattered electron images and elemental maps reveal
that the MnSe-rich impurity phases exist in the PbSe matrix, which makes the PbSe-MnSe system a nano-composite
system. Pbg.gsMng.02Nag.025€e has also such microstructures, implying that the solubility of Mn should be below 0.02.
Cubic-phase MnSe-rich precipitates have the sizes ranging from 50 nanometers to 1-5 micrometers. They are well dis-
persed in the PbSe-rich matrix, as round or layered microstructures. The mechanical properties of the nanocomposites
can be determined by micro-hardness measurements. Interestingly, the average Vickers hardness values of the PbSe-
MnSe nanocomposites are significantly improved, which are 16.6% and 51.6% harder respectively in = 0.02 and 0.06
samples than those of pristine PbSe. Smaller Mn content can optimize the figure of merit ZT due to the band con-
vergence and additional phonon scattering by precipitates, while higher Mn content has little influence on ZT because
of the saturated Seebeck coefficient and anomalous increase in lattice thermal conductivity. As a result, the highest
figure of merit is 0.52 at 712 K, which is achieved in the Pbg.g6Mng.02Nag.02Se sample. By further adjusting the Na
content from 2% to 0.7%, the carrier concentration is optimized. Thus, the Seebeck coefficient and power factor become
higher. A figure of merit of 0.65 is achieved at 710 K in the PbSe-MnSe nano-composite with a nominal composition of
Pbo.g73Mno.02Nag.0o7Se. We suggest that further optimizing the electrical properties may achieve a higher thermoelectric

performance in the PbSe-MnSe system.
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