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Abstract

Single crystals of Cl doped n-type SnSe were grown by Bridgman method and the effect of Cl doing
on thermoelectric properties of SnSe single crystal samples was investigated. The results showed
that the transition of p type to n type in SnSe single crystal was observed with the increase Cl con-
tent. The electron concentration was raised to 5.1 x 1018 cm~3 in SnSeg.97Clo.0o3 sample, which
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processed high electric conductivity and mobility. The sample with x = 0.03 obtained a high power
factor of 17.8 uWcm-1K-2 at 323 K. In the temperature range of 323 K to773 K, the average ZT of
0.72 was reached that is approximately 3.8 times higher than that of undoped SnSe sample. The
results indicated that Cl doping could effectively enhance thermoelectric performance of SnSe sin-
gle crystal at low temperatures.
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1. 5|8

AR AT LS I R AT B BE 2 TR A LA e, 7R IR E R HL R AR A UG )V S
BN N+ EE S ERRIEM 1] R E R ERTEN 2T HikE, HEREAA:
ZT =80T/, I SN Seebeck RE, o NHFE, « WAGE, THLKEE. N ZT REXTLLE
B S RHAE EE T B Seebeck REHE TR, MHHEME A ENINRETF(PF =570 );
[ I AR B S AT 2 (B TR SR MM ERA R R, FEd P —S B m e
PSR IE m RS ZT A5 1 R . H AT, S #A s i BE 0 32 SR A M FE 07 T8 I 3R IR AR
1h[2]. RERFIC R3] REEILIERLN[4) 55680 TR TR A A B M RE s 59— 71T, 7EM R 51 NGk
BEG L R TR AR AN A, DA 22 R FE V1 B 38 56 75— HBURT A M1 i A 3 2 2 A L Mk BB AT A 1 B B3R AR5 [ 6]
[7]o UbAh, FHRAMEMCHA TR B4R S A s B R AN B Z—[8].

SnSe MR —Fi B EIRG M IR EARE,  HERZIN SAE SR E M H B A BARAIE R FE . 2014
M, BROLZREE NHRIE LSS SnSe 7E 923 K N b AT M oK ZT {HIE 3 2.6, NI ZT {8 S A
RO BbiE, AT RSB AW 75K AT SnSe BRI TR A P AR VS 3R, S SnSe #A HL T
REfRIE— P32 (2] . Zhao ¢ NIBILAE Sn 7B F4BAICHE Na, SCHL T P A SnSe Hdi bl ZT (HAE 2R X
g m[10]. Peng ZF NJEI S JLREEA Na $5247E P AL Sngg7Nag 03SenoSo. 1 H i it SEEL 300~773 K
TEVEEFY ZT 4 S 11]. 1X 48 P 84 SnSe MBI ELPERE 42 =115 25 T SnSe A5 45 M4 H A71E 2 N BE AT
ZESENIAN AT, A AT LB 5 A2 T SR R BBl 2 AN T S S e, NI R
FESG RIS . AN SnSe FAr &5 M IEL IS THA K W] n B! SnSe M RLFEIFE AR R IERE, H
FR T ZT B nT LUEF] 3.1 [12]. 5256 1, Anh 22 A\ 35 50ilid Bi JRB UL T SnSe H4H n BB 7%,
MBI ZT{EIL 2] 2.2 [13].2018 4F, Zhao %5 N i 1T Br 52 7F SnSe 5 HH 5L T FLT-0Y a Bh (1A% 4T,
R RIG “ iR T/ =dEd i AR R A2 A ZT (A F) 2.8 [14]. HAET, B8 ZGAT n % SnSe
e A MERERI B A LR T A IR, X n 2 SnSe B 5% FELAS T iE MR R REALAL I T IR IR A R 0y, W5
BMR T EL BRI R AR E R — D% n B SnSe H I MERE . AFAEW, KGEICE KM
P Fhi454%, W Zhao 55 A1) Br #5241 In Chung %5 A1) C1 5 4<%f T 523 SnSe 1) n 845 AT AR &
BT IR BE A N[ 14] [15], {H Cl G W 500 5 4% SnSe VT A J7 ] i A B s YA A e, Rt
I Cl TC R B Akt — W70 n B SnSe A & (0 FA L Mg B HE S L
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ARG AT A SVERIE M T ClLIB2 n B SnSe i, EIEAF Cl 1354 & ERIAERML
SnSe HIFHLPERE, K I SnSegorCloos FF it 7E = il P AT VA 1 9 07 1) BB B s D & A7, ik 3] 17.8
uWem 'K %0 FLAE 300~773 K i3 BEE I A 735 ZT (EIE %1 0.72, B CLIB A4k n B SnSe 242
TRIR B A RE

2. LR

SnSe,.Cl(x =0, 0.02, 0.025, 0.03, 0.04) 5. i A i 730 A7 B A7 = v AR K DL 4l E Sn #32K(99.99%)
Se ¥ £ (99.99%) 11 SnCl, ¥ 4 (99.99%) & AL 2+ B L AR BB E 10 g Bk, BEFEANERN 12 mm
AT, AT S 5 x 107 Pa i, FIASEKIER A TS % E . NP 1E A e s G Rl L,
FEAEIHEZNEREN 20 mm A58, FRELSEME 5 < 107 Pa 5% . BEK A S THE
2 1223 K FFAEIGIR AL N ORIE 10 h, FFEL 2 K/min PR FE 2] 873 K PRI 4 h, BJ57E 5 K/min A H13)=
433 SnSe £ dh. ¥4 SnSe 2 AR P BE BSOM 2R LA [RIAE R 77 2 F R 2 A0 0 o I 1B BN AT FL 47 2 o
s E K, BAEAE 10 h PURBHRE N S IRZAS T E) 1223 K, FEAE IR N R4F 2 h, BEJE A9 L 1 mm/h
HEE R, HBENWN EEXE FRXSE S0K. 4K 100 h 455 LA, PL1K/A M 1223 K FFiRE 873 K,
FEH 10 h BFE2I=ERE, A2RSN 012 mm x 20 mm [ SnSe ., Cl, (x = 0, 0.02, 0.025, 0.03, 0.04) 54k . K45
FIH) SnSe fn AU ARFL I U7 171 U1, FRATEE AU F A 10 mm x 3 mm x 3 mm B4 F] T A AR AT R <
4 © 10 mm x 0.8 mm {5 v T #E RIS, Wil 1 s

(a) (b) (©
| R
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Figure 1. (a) SnSe single crystal grown by Bridgman method; (b) Samples for thermoelectric properties measurement; (c)
Schematic diagram shows how the sample is cut for in-plane measurements

E 1. (a) RABHEFEEEKH SnSe BEIF; (b) REMEEMNLIHR; (o BERTWMEERTS ELIE

FH X FHEATHMY(XRD, Cu Kal, Rigaku MiniFlex/600)7: #1#3 A AN HAAR KPR G544 {8 F 37 % 5 e
T # WA 8L (FESEM, Hitachi, S-4800) 73 T 4% it IR T SR AIE AN TG 25 730 AT s R H #4 B ik 256 L (Cryoall,
CTA-3)EZ /TR PR 323~773 K V0 FE NI Seebeck REAH S% (0 ); H HMS-3000 2 /R
RGUNIEE TR TR () S HOE R 2 () s IO T #83 HT A (LINSEIS LFA-500)3l S 5 343 B R 50(D);
FE % BE () FH BT BORABHEVE IS s A 5] F SOk AR 9] NI VI RIHL(STX-202A) K4 it )
E11)5'ES R N

3. ZR51HR

] 2(a)#& SnSe;CL( x =0, 0.02, 0.025, 0.03, 0.0H)FF f [Pk R XRD EIUE, B, A7 506 5 hRiE
SnSe ff) Pnma Z5 4 AH(PDF#48-1224)—%, HF#E Cl S ERMZ R WA 4, ] WA KR fb kgl B
 HLAE SRR AT ] 2(b)N SnSe SR U AL N TSI & A XRD K, FEF Al B2 £](200) (400).
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(600). (SOOYATHTIE, RN TIMMEE T a fhiym, UESE TAKK SnSe fb R B H A
K 2(b)H 4 SnSe HLAR AR FIWT 11 SEM JESRIE, I SEM E A B 2 1T WL SnSe db A ZAR 5, Stk
KM L BTN, BEEBCEE S, Wi ET.
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Figure 2. XRD patterns of (a) SnSe;.,Cl, (x =0, 0.02, 0.025, 0.03, 0.04) powder; (b) SnSe on the cleavage surface. The inset
shows SEM image of the morphology of surface

2. (a) SnSe;.Cl(x = 0, 0.02, 0.025, 0.03, 0.04)# 5K XRD Ei&; (b) SnSe ;AFRIEMEAY XRD Elif. #HEE A SnSe HY
SEM [Elf&

AT DRSS LR AR RTINS R, ST SnSeq07Cloos FEMBHAT X 38 X HHELREE B
ZHT(EDS), Wi 3 fran, dmfk Sn, Se Ml Cl =Mt REMINE R4, R ClL T EHBAE
SnSe fhfEH .

Figure 3. (a) SEM images of polished surface of SnSeq7Cl3: (b-d)distribution of Cl, Sn and Se elements in SnSeq 97Clg 3
crystal

@ 3. SnSey.97Cly 03 *$I5:IIJEI‘](3) %E#@.j‘éﬂ%%ﬂ&g (b) Cl; (c) Sn; (d) Se E"]iiﬁ*ﬁ

K 4 4 SnSe;Cl, (x = 0, 0.02, 0.025, 0.03, 0.04) FL 55 A i LA VEREREIRE ARG R, BTl B35
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S B R AA T A 7 TR B . Pl 4(a) A SnSeyCly (x =0, 0.02, 0.025, 0.03, 0.04) FL 5 A 5 1) HEL 53R (o Bl IR AR
2Kl 1E ClBAERC x < 0.025 B, HSHFERET &M, RICVESEEE. S4B E
—HER, R SRR R R & R IR R CLB AT BN, BERLENG
WK, HhiBdea x = 0.03 B, 7£323 KiRE FHESE RN 3369 S em ™. XEEEARMFE ClLBANHSFES
PRI TR R AR K. % 1 AR T SnSeCl, (x =0, 0.02, 0.025, 0.03, 0.04)FF 5 1) Hall ] & 44
o RIBIFER SnSe ' Sn LG I, RIN p BRI, B TFIRELN 5.5 % 107 em™, 53R
FIEEBEIL[13] [16]o 2 x=0.02 i, CLJET 5 Se fir, $RALHET, 515328 B TR E RN
%, FinSERB/N, [EE ClBAEH—EHIN x=0.025, A TRM p HEHEA N n B, HH TR
FER 4.3 x 10" em ™, HH KRR 5 SCIRIGE Bi 4544 R30I TR n 2 SnSe HL S HHSTE R — 3 [13]. 4
Cl LR BN 0.03 I, HLFIRERER N, BH 5.1 x 10" em”, AR SR FRE 1.2 x 107
cm Br B 4% 5 n B SnSe FEAAHIL[14]. 5 Br mRBAME, Cl RSB ACEBK, HBEE Cl
TR PN = 0.04), WFES AR N7 F K E SnCL Wi, {EF5HE 5 ER T IR ERIK. Cl
5 Se BEOR MRS T2 42 22 DA R A3 T 0T RE 2 S M5 22 R I JE R [17] [18]6
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Figure 4. Temperature dependence of (a) electrical conductivity; (b) Seebeck coefficient; (c) Power factor; (d) Total thermal
conductivity for SnSe; (Cl, (x =0,0.02, 0.025, 0.03, 0.04) samples

[ 4. SnSe,,Cl, (x =0, 0.02, 0.025, 0.03, 0.04) 4 FBH (2) BFH; (b) Seebeck RE; () WERET; (d) BRAFRMER
R
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Table 1. Hall carrier concentrations, mobility and density of the SnSe.,Cl, samples at room temperature

% 1. #£E58 SnSe CLAEETHERFRE., IBEMNZE

P IR TR /(x10"8 cm™) EBER/(cm* Vs B E/(gem )
SnSe +0.55 55.63 5.81
SnSe.9sClo.02 +0.01 7.12 6.02
SnSe.975Clo 025 —0.04 5.39 6.02
SnSe.97Clo.o3 =5.11 253.98 5.98
SnSe.96Clo.o4 —0.69 167.88 6.03

4(b)fE7~ SnSe;Cl, (x =0, 0.02, 0.025, 0.03, 0.04)FF i Seebeck FREL(S)Fiifh Z AL M1 ZE . /£ SnSe
SnSeg osCloor FEdh H, Seebeck REUCNIEE, KIN p BU4EME, 2B E x> 0.025 I Seebeck RECNMAH,
AN n BESR, X5 Hall REOMELE BAH 5 MNEFRTLLESR], £ x=0.025 FEfbF, Seebeck &
HBER B IR, 7E 323K R, |S|=809 uVK™'; 7E 773 K i, |S| =540 uVK "o MR FIKE T,
TR SR AR TR A3 B IR I N, Seebeck RAUFAAK, Bi 524 SnSe A b F B HAH [F 434 [13]
[19]. WIEATZN, 7E SnSego7Clo o3 F1 SnSeqo6Cloos FEMH 1, Seebeck FREFHIR E R F =M K, 7N &iRE
JuE A Seebeck RELTE 200~400 uVK ' Ju . IX 5 SCHRIRIE R Br 522K S #2IL[14]. 7F n & SnSe # 5
BT IREEBNT S REWFEma AR/, X —ILRAE n B! SnSe AN [FIFE it #AE M G H[20]. X AT e 5 SnSe
REIR IR RE Y 2546 R % ) e PR R RO 2 R

SnSe;Cl, (x =0, 0.02, 0.025, 0.03, 0.04)#f i D)2 K1 (PF)BEIREE WX RWE 4(0)fim. ZR T,
SnSe 97Clo 3 £ it 7o T L T A BRI Seebeck REUHH I A TiAH] 17.8 uWem 'K, il K, H
SRR, HEIRE T N, £ 773 K208 5uWem 'K 2. 5 Br B4R AL, ClL B2 =R
A T R T E T iR TR R, R CLIB2 AR T n 2 SnSe LR KIR B A HL M BRI 243

K] 4(d)24 SnSe;Cly (x = 0, 0.02, 0.025, 0.03, 0.04)FF i ¥ IHI 9 77 7] #4 5 32 (o BHIREE AL . 7E 323 K
BER, SnSe MIF#FH N 0.98 Wm 'K, B iR E T R BN, 7E 773 K BN 0.39 Wm 'K B8
% ClJuE I x > 0.025, SnSe,Cl S &L p Y SnSe K, £ 323 KIEE R, SnSeyo/Cly s FE NG
FJ 136 Wm 'K, #£ 773 K I, 50y 0.47 Wm 'K ' 5CHRPAFETTRKIB 2400 n 7Y SnSe L AR
AT RS S R, ClBRM Bi BN, HEI Br BERBAK[13] [14].

L] T T T T T
1.2 | —©—Bi-doped(-)5.7x10"cm™®, in-plane[13] .
Br—doped (=) 1. 2X10"%cm 3, in—plane[14]
—B—X =0

LOF o x—o0 )
—v—X =0.025 _
0.8 —<«—x=0.03 4/4"/‘ N .
X=004
E 0.6 < J
. /4/
04f < ZE
A 4
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0.2 o/ ) é;CA T

——— ’-‘Q: —_—
= = ]

300 400 500 600 700 800
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Figure 5. Temperature dependence of ZT for SnSe,_,Cl, (x =0, 0.02, 0.025, 0.03, 0.04) samples
5. SnSe;Cl, (x =0, 0.02, 0.025, 0.03, 0.04)¥ 5 ZT {EFERE LI X B
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5 /& SnSe; Cly (x = 0, 0.02, 0.025, 0.03, 0.04) R FIFE G P HARAE(ZD IR FE R W R . HE R
W, Cl B8 x = 0.03 FIFES VT A J7 ) 0 # s A 7E PRI e FlPg m %%, 7E 323 K IRET,
SnSeo7Clo o3 Hhfin ZT 9 0.42, £ 723 KT, SnSeqo7Cly o3 Ffin ZT HWUAG i KAE N 0.87. BIR ZT f KA
Lt Br B85 5(ZT = 0.98)/), {HFESATE 323~773 K IR Bl N A THT A (in-plane)F-¥ ZT (X 2] 0.72, thad
SnSe V¥ ZT 18(0.19) 3.8 1.

4. g

KA B A 234K T n A SnSei,Cly (x =0, 0.02, 0.025, 0.03, 0.04) R AFES, WEF T 323~773 KI5
FESGE P 9 CLAS [R5 24 &% SnSe B & [T Y 77 18] AL PR RE W B2 A o R BILTE 323 K IJE N SnSeg97Clo 03 £ i
YT N 7 1) BB R R FiK 3 17.8 uWem 'K 72, IXEURFAE S TEiZ B 20K E PR B SR E. /£ 723 K
MR, SnSeqo,Cloos FEf BN ZT N 0.87. 323~773 KEEVEE NI ZT HIAF) 0.72. FH Cl1 B
455 n B SnSe AR R T RILEB K A LM RE

E&WE

WL HARR AR 4T H LY19E020009.
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