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Abstract

In this paper, Pby_In,Te (0.00 < x < 0.20) thin films were epitaxially grown on BaF, (111) sub-
strate using molecular beam epitaxy (MBE). The results show that when x < 0.06, In atoms act as
substitutional doping in PbTe, forming n type cubic Pb;_InsTe structure, and their conductivity
increase with In doping increasing; When x = 0.10, In atoms are oversaturated in PbTe and In;Te;
phase were formed , resulting in the sharply decrease of the film conductivity. In atoms segregate
to film surface among the entire doping process. Comprehensive analysis of the Seebeck coeffi-
cient and conductivity test results of different In doping Pb1..In,Te films, we can obtain that elec-
trical transport properties of PbTe can be improved by trace In doping, and Pbi.In,Te (x = 0.06)
thin film is the optimum, its power factor at 440K can be up to 9.7 pW-cm-1:K-2 at 400 K, which is
1.2 times greater than that of PbTe.
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ASCE 2T R A EE(MBE) 7 72 BaF2 (111) )& LA E4 K T PbyxIn,Te (0.00 < x < 0.20)#H . B
ZRRPEx <0.068f, InfEPbTeHHATEMNIBI, FHHnB ) L5 HHPbiInTeZ5H), HEE FRE
InBREAHMMEA; Hx 20108, InBABILEMN, TEKNINFERIn Te;5&1#44H, Pbi_In,Tel#
JRESFEIRI TR, BABREES, IngHBRERRE T R 585 AEInB 2 E T PbiIn.Te
HE I Seebeck R FRIAL R, WUBHIKMES I LHPbTe BB HERENIET, In
BRERN0.ON HHEN HREN ERIEHEE, 440KE PbiInTe (x = 0.06) I Th&FFH FA[£9.7
uW-cm-1-K-2, AZATEPbTeR KRINEHFH1.214%.
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1. 3]

PbTe 148 A ) 1 [X (300~900 K)#A HL i FATRL, TEAIR it A7 # A A Ha A3 A7 75 A G 3 21 B A T e
[1] [2], 4nferfiidt. PbTe JEAMRLA)H P g DLBR = H RE 2 ek 28 R 244 18] o v 12k 0 4 A DR AR [ 3]
[4]. FHRH R B Fa bR — B B ZT #4538 ZT = S%6T/(kertian), 3 S 4 Seebeck #%, o NH
GR, SPo NIHEHT, Kars Ka 20BN REEGRRER TG K[E][6]. BT S, o MKX=ANEERF
FEAH LI CHE, — AR At s — N, S5 PhTe LML BPRIE 2T (AR 223 MM 22 (I 7 i
FERURA B T< 1 BRHI[7] [8] [9].

ARk, BERFAIEGE Cry AlL TI &8 0 & B2 8§ PbTe Ay it 51 N\ R 3L R [10] [11]
[12] [13], Bt p BB 4 E0E PhTe #iy T A A By 22 % (convergence of bands) A3 i i iy A A8 37 i 55
Jia, ff PbTe MR MERES B T RIREE T . 41 Heremans 25 \J@IS7E PbTe BN TI, AR
ZT {E7E 773K WA R 7 1.5 [12]; sQPHE TR g 20 /N i@t Ag B4 4%, 1E PbSe Hisiil 1 2K
REZL N s RS 8l , A R T PhSe MRHIThAR R F[13]; RIHF K28 Ha h Bd /N i@ 4% PbTe
PR p BB AR L K25y, 124 PbTe M THEZ A L. X AE7T 2 % (convergence of bands), 1 PbTe
M WA (81 B Ny 32 m 2 JFCR I 4 £, AR R 2T B &3 7 1.8 [6]. W, Bl &EB RN
PbTe [{IHLTRETT 4514, RITEREK PhTe AR T ZRIGFING, 45 A oCE AR L finia P RE .

&8 In BA 5 Pb EHBEE IR 714%, W1E PbTe hsclliA B4, Jit, A RS TR AMNE
(MBE)B A4 T AN In 5248 N PbyyIn,Te (0.00 < x < 0.20)7# i, I RGHT T T In 5245 PhTe JHifii
S5, WIS RRIE B R e L

][l
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2. Rk

PbTe 511 ] £ 42 7E B A YR 7> T A AMNE(SSMBE)#E M 25 RAH SN, RAMETET 15 x
107" Torr, %A G BRI WCHR[14]. Ine Te. PbTe [EAJRAIEEI )y 99.999%, )&% H K< N
fERERM BaF(L11L)MERR I AMEAKHT, BaF,(111) 4 JRAEHEFEZE DL 200°C (iR BERLRE 40 3 8h A7 LA 23 Bk
W B 7K 237+, A 350°CHt JE IR BE AP ZE A K Py yIn,Te FE, AK#EE N 1.0 pnvh, EEZN 1.0 pm. i
BRI AN ZE Bruker Multimode 8 J& T /7 BB (AFM) R Gt b 5e il 8 I ot A o i i
Empyrean X-J £6 A7 A (XRD) WM ;S 2H 0y A plit 7 Uil ik PHI5000VersaProbe X S 26t B T g it
(XPS)¥Eill, XPS 1 F i) /& Mg i) Ka (1253.6 eV); 80-340K 1] i iz P4 Ml i /£ Ecopia HMS-5000 4= 4
BhAR IR IR RS AR AN P 58 i iR (300~520 K) Seebeck £ HUFIAH N B -5 2R (iR E MRS-3 i IE# i 2
BR R G 5 i

3. BRE5VE

1(a)~(c)#2 In 54484374 0.04. 0.14 F10.20 I} Pb,_,In,Te FE ¥ AFM [&(1000 nm x 1000 nm).
BT DLE R In 842500 0.04 B, PbyIn Te VR P4 45 B0 BIAKR RN, T 7 ARRLRE AL
N 0.757 nm. B In 54280, R T g R B0 R SE AW, 5 SEEE x = 0.04. 0.14 1 0.20 B,
PbyIn,Te {8 [ 9 K BURL 735 )SF 43 3104 87.30 nm. 56.15 nm A1 31.63 nm (WL 1(d)H2RGE i)
UbAh, AR THORDRE B In 3522 S hiduE 8 n, 4 x = 0.14 A1 0.20 B, 5 2 11 25 75 ARORELAE 52 3 Jil)
iKF) T 2.91 nm 1 14.6 nm. K 2 AAR[E In$B 448 F Py In Te HE A XRD MR 45 5 . 11 (a) & 7] %1 Pby In,Te
(x = 0.04) A1 Pby_In,Te (x = 0.06) K] XRD & AEHHeir, 55 M N BRI I 15 PhTe(111).
BaF,(111). PbTe(200). PbTe(222) ks [fiAHX L FRIFT S e, HL &A1 S 0 1] PR AF XS 6 8 LU A VAT R A 38
KR In PEB A (x < 0.1)FFR L PhTe M7 7 M iR gE ), HIGHEH AR 483800 In 5
J&EI, PhTe(200)7T S g AN 1 3 H.3% B i F 46 B I Teg A1 In,05 T804 . ] 2(b) P45t T PhyyIncTe
VL SRR B In B2 BRI R, W LUK B x < 0.10 I, 8B i 4 5 % th A iE PbTe B 0.6460 nm
TR d kN 2] PbyInTe (x = 0.10)K ) 0.6434 nm, 44kEEHINN In 45 % B I 6 A A% o 250 L8 T 1 AE
0.6432 nm. LRG0 BT X SR ATHN G AN SR A% H 200 In B E AL R, PTG HERME In B4 F(x<
0.10), In&m T E ¥ PbTe dibtg 1 Pb JEF A BT A PbyIngTe, FFICEE AHARL, BT In i+
MBS F2AR L Ph JEFRIBS T4/, In X Pb J5 7 AW HUR B PbyIngTe I ks 5 HOA W)
M In B4+ x> 0.10 i, In 7€ PbTe F B WAL, & In LA In,Tes #HI 5 2RAFLE

PEAE XRD R EE R —DHBAE In B2 T PbyInTe M ALy, AT &
Pb;InTe (0.00 < x < 0.20)# AL i k4T 1 XPS WA, 1 3(a)~(d) 7 A NANE In B4 &~ PhiIn,Te (0.00
< X <0.20)7# [ Pb 4f. Te 3d+ In 3d F1 O 1s 03451 XPS # [, AFELLEE, FRATH S5 Art il fa 1
WL R, 7R & 3 A R R A S 2R KR . Ar SRR, 8] 3 R TR AT & Py In Te (0.00
<X <0.20)7# 5, H: Te 3ds, S A TE m 45 & AL 576.3 eV AL FIL 755 TeO, A B (S A5 14 [15], H: Pb 4f),
AL 137.3 eV A1138.6 eV 473 L T 5 PbO, # PbO AR R E A5 [16] [17] [18], F: In 3dgy, o5
AIFE 44476 eV A HIL T 5 1n,05 AHXT B RIS AR IE[19], 456 ] 3(d) R O 1s 515 T,
A LAHERT Pby_In, Te wE R St BB 88 T K0S, KA I UL 5B 1) 7 2U7E Py InyTe SRTHIE % 1 PO,
PbO,. TeO, Fl In,03 Ao HHT XPS [HRMIVRBE— L8 10~20 nm, 4RI PbyIn Te #EfE LR K
MZAE R, FRATN S FEMIEEAT 1 2 KV Arfegisdi 3 48 b B DL L BR R i A=, i 3(d)
(St B UE B Ar S, T PbyyInTe (x = 0.20)FE 8, HARE R ARIFEME] O 1s BB E
S, B Pb;yIn,Te (0.00 < x < 0.14)# LR M A Z I O B XFF PhiyIn,Te (x = 0.20)Ff &, &

DOI: 10.12677/mp.2017.76029 251 A


https://doi.org/10.12677/mp.2017.76029

TR 2%

(c) x=0.20 200nm

x=0.04

x=0.14 350
80+

300
60 - 250 +
200+
G § 150
20l 100 -
50

o]

20 40 60 80 100
Partical diameter / nm
(d)

Figure 1. Atomic force microscope (AFM) patterns of (a) x = 0.04, (b) x = 0.14, (c) x = 0.20 Pb,_,In,Te films, (d) columnar
statistical figures of Pb,_,In,Te (x = 0.04, 0.14 and 0.20) film surface nanoparticles

E 1. InBZE 5 F)5() x =0.04.(b) x = 0.14.(c) x = 0.20 Bt Pb,_,In, Te SEREAY R F 1 B #4585 (AFM)E] (1000 nm x 1000
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Figure 2. (a) X ray diffraction patterns (XRD) of Pb,_,In,Te (0.04 < x < 0.20) films; (b) the lattice constant
of Pby_In,Te (0.00 < x <0.20) films

2. (a) PbyIn,Te (0.04 < x < 0.20)5# %Ay X 514175 (XRD)IEE; (b) PbyIn,Te (0.00 < x < 0.20)5#
HREEY

MI4kSEH 2 KV A RRSe e 1 6 vkl e il 3(d)fs, IHATHRME] O 1s &g, RIIRSH
1A C T B PbyyIneTe (x = 0.20) LA E . AFAHXT L In 3d AL 5 B K E S, WUURIME
Art i MG (S24R), PbyyIn Te (0.04 < x < 0.20)% 5 ) In 3d oA sm E H Bl T KR R %, JUHETE
B2 & x = 0.04 71 0.06 iFf, JLFCIRMAE] In 3d H55EES, W In 7€ PbTe SA& IR 518 44,
A R T R A2 T WA S5 R1E PbTe (x = 0.00)#HLL, PbyyIn,Te (x = 0.04. 0.06)7 (1) Te 3ds, 545
e [F1) T 425 5 RS WA 1 0.29 eV, Pb 4y A IE IS A BEIR RS T 0.11 eV, Te3dsp. Pb 4fy, taSIEAr
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Figure 3. X-ray electron spectroscopy (XPS) spectra of (a) Pb 4f, (b) Te 3d, (c) In 3d and (d) O 1s core-levels as a function
of different In doping quantities Pb;_In,Te films before (dash line) and after (solid line) Ar* sputtering

E 3. ArSRTaT(ELk). B(EEL)ARE In B2 E T Pby,In,Te 5EREF(a) Pb 4f, (b) Te 3dy (c) In 3d. (d) O 1s 57#SHY X
S FEEE(XPS)E

FmAZ IR T In 78 PhTe ik dT B4 R N BUfE PbTe fhdk 1 Pb 5 Te MIAL AR K A A8 sk, X ik —
HAESE T XRD IR EE o 24 x = 0.10 I, In 3ds;, DS ISR BITTURTE 444.53 eV b HH L IEIE, BEE
In AR AI4REEIG N, LR WG I, WA RFek MR G Rt e, HULERS, Pb 4f, A1 Te 3ds, &
AU KL G Rt KA T e, XEE—PHUESE T x> 0.10 B In,Teg Z5 A4 AH 1 4E Ao

1EF7IE PhyyIn,Te LS4 03 19 3ERE b, FRAT 24 Py yIn,Te (0.00 < x < 0.20) 7 JEFE 5 34T 1A%
TS ERE AR, 14 4 45 H T {KIR X (80~340 K) Pby ,In,Te (0.00 < x < 0.20) 7 I (1 4 it TR E A L 5
IR AL R . K 4() AT LU H 300 K I, Z4E PbTe M4 7.51 x 1077 cm™® (U HLFIRBEE, X
JeHI T PbTe WAL & Pb FREE T AKFTE[20]. B In 1452, W ik BE R 0 BT, 2 x = 0.14
i 5 Phy_InTe FEAE B T3 FE A ik 7.15 x 107° cm >, 85 In 78 PbTe Wl n L4544 A2 FHEILFE 1, PbyIn Te
(X > 0.10)FF it Y FELF IR BE X B IR E I FH i A8 K, 48042 PbyyIn,Te (x = 0.14)FF i, i 7k i1 80 K
P 1.03 x 108 em 2 #2755 7 340 K A9 1.07 x 10 % em™®, #2573 1 MRS, XEH In 78 PbTe
F1 [ 5 L P s T AR K, RS R P SO RE 2 1 In [l g5 AR . BRI A(0)FTRAE B x <
0.06 I, PbyIn,Te R B G585 K FAE PbTe, PbyIn,Te (x = 0.06) 7 E7E AR X 7] ¥ B A &% ok
H5%, 80 K I H A 53 )y 4300 Scm™t, ZINAE PbTe L 5%/ 6.6 f5; 24 x > 0.10 I}, Pby In,Te i
JELFA FEL S e ) T /N T AAE PhTe, FLBE In B 0% 203G i v 3 20 B/ NE S, X2 HT x> 0.10 B,
A FFAETE A8 In,Teg A, BlE In 45 2% 5 3G 0 S8 IS w11 ooz () SRR S8 A, S5t b1 PR BT R 4 18 i T 3
JIT A VRS i 14 PR SR B i T R 1 T v A . Pl 5 45 T R X (300~700 K) PhyIn,Te A5 ) Seebeck
F2H. SRR ETREEERR X R 51T PbydnTe (x > 0.10)7H B (1) By 5 K 1R /N (400 K I e
SERPPNT 10 Sem Y, R IRATHREH T PbyInTe (x < 0.06) W it 25 5. f 18] 5(a) A 401 &7 i
SRLE IR X A SR X I FE A — 3, Seebeck R AT E A TH I K, 4IEE T > 440 K
B, Pby,In,Te (x = 0.06)FF i 1 Seebeck REAK T A1E PbTe, T =520 KK, PbyIn,Te (x = 0.06)FIAAE
PbTe f#] Seebeck Z %73 %) 4 303.5 pV-K* #1 263.3 pV-K™*. 1% 5(c) I %14 Phy yIn,Te (0.00 < x < 0.06)3#
T2 PR 1 () e RAB S5 IR AE L) 440 KR BES, ZEBENIRJZIX[R] PhyyIn, Te (x = 0.06) D K0t T
Pby xInTe (x = 0.04)FIAAE PbTe 5, i KRR TH 9.7 uW-cm K 2%,
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Figure 4. Temperature dependence of (a) carrier concentration; (b) carrier conductivity of Pb,_,In,Te
(0.00 < x<0.20) films
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Figure 5. Temperature dependence of (a) carrier conductivity; (b) Seebeck coefficinent; (c) Power fac-
tor of Pb;_4In,Te (x = 0.00, 0.04 and 0.06) films
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4, 4Eip
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ST Phydn Te 2544, 573 Wl ) RS SR T & 2 T i, 24 x > 0.10 B, In £ PbTe &5 44 Bl Al B
%, SR In FUEIER In,Teg Ml ARR AR R MR IR 45 R 0 5 Ph JE 7R 28 B ¥ B In VB it £
BRI PR T, 2 x < 0.06 I, PbyInTe MR SRR T ALE PoTe, HE In B8 1)1
IR e R A, H2 x > 0.10 B, PbyIn,Te FE R SR /N AL PoTe, HBE In B4
B8 n v R S R BN . EAR IR AR, Phy I Te (0.00 < x < 0.20) 7 5 2 4 5 35 2 1 T s
M A%, Seebeck FREIMAIR S (1 FF =i Fh i, 7EHENREEX (A LA PbyyIncTe (x = 0.06) 5 fr) H 4 iz P g
B, HEKIIRE T4 440 K 4 9.7 pW-em K2,

EHEWH
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