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# 1 Bip,Sb,Se JK RS04
Table 1.  Experimental conditions of Bi; ,Sb,Se thin films.
FES (Bi+BiySey) ZE K IR/ C Shz& & P / °C PRERRAER /em  WRIREE/C Z8PERA] /min
BiSe 500 — 10 475 10
Bij 555by.155¢ 500 300 10 475 10
Bi 7Sby.24Se 500 350 10 475 10
Bij 655by.335€ 500 375 10 475 10
O3AT. BEAE, WEREATRL A S A% R S A A AR @ (005) Bi,_,Sb,Se
FrEEE (LabRAM HR Evolution, Horiba Jobin } (0012)
Yvon) FEATIE T, WA BN 532 nm. WFEAE 5 g {(007%104)
] Seebeck FFUFIH T % 1 CTA-3S(Cryoall Co., e (108) v
Ltd) 30753 21, B 0K HRS 4 5 mmx 20 mm, gﬁJ
5L B L 300485 K. TR o 1 2 UL 2k g::ﬁj:*
W E S5 R g R R S8 (Nanomagne-

tics, ezHEMS500) A5, GRS S 15 mmx
15 mm, IR f T SEM 3045 3.
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HSRZU (000) £EAER, IEBH 12238 15 5 2 ) Oy
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(c) mbAs H BBH Sb 15 22 vk BE 19 A2 4L

Fig. 1. (a) XRD patterns of Bi; ,Sb,Se films (z = 0, 0.15,
0.24, 0.35); (b) enlarged pattern of (005) peak in (a); (c) the

lattice constant varies with the concentrations of Sb .
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JEE, BRJR2474 500 nm. @it RETESE (5 2(al)—
(d1)) T LA i, Bl 28 & I Sb i 19 T, Hi
Sb #8344 & B, IX LK FORL I P 3 R

500 nm

Va4 TS a

& 2 Bi, ,Sb,Se 4K (z =0, 0.15, 0.24, 0.35) F 1 MH
MY SEM EHg  (a) BiSe; (b) Bigs58bo.155e; (¢) Big.r6Sbg.24Se;
(d) BiggsSho.s55¢
Fig. 2. SEM images of surface and cross section of Bi; ,
Sh,Se films (a) BiSe; (b) BijgsSbg159¢; (¢) Bij76SbgasSe;
(d) Big 65Sby 355€.

/I, 5 XRD S52R—80 WERIIESL (14 2(a2)—(d2))
AL, BiE Sb B4 i3 K, 9K doki R
PR/ INK S 5T P2 R MR T I %%, 50K T A ]
THERSEA: it P 280 - 1 B 2.

¥ EDS i€ 5 %Ak Bi, ,Sb,Se WAL
1 Bi, Sb, Se =“FiItRMITRIE T, 55403k 2
Jf7, (Bi+Sb) 5 Se BYFFHA%E 1:1. i 2= 0.35
Y Big 65Sbg 355 HERRAE S ACER, LR HAI A
45 TCE AT A G DL 3 iR, &l 3(a) AT (b)
AT 21 2, Bi, Sb, Se = Fh 0 & 7E M IEAL b
HOR S R, S BB 2RI 51 A AR 4 43
AT

%2 Bi, ,Sb,Se HEFHITRE T

Table 2. Atomic ratio of Bi;_,Sb,Se thin films.
R Bi/% Sb/% Se/%
BiSe 49.97 — 50.03
Big.g55bg.155¢ 42.37 7.53 50.10
Bi 765bg.245¢ 38.01 11.91 50.08
Big 655bg 355¢ 32.49 17.45 50.05

KM Raman EOEIEXT Biy ,Sb,Se Wil (z =
0, 0.15, 0.24, 0.35) 1Y & IR SR HEATHR ST, B
VERUR IR 532 nm. ME 4 FTLAE H, A S
R R 4 A O I, AL ATE 68 cm Y,
94 cm ™, 120 cm ! F1156 cm* &b, FH435 %0 T BiSe
1) Al,, E,, EZF1AT, TOFP4E S 1. Hop A,
E2F1 AT, 103K BiySes )5+ 2 45 14 i 4k gl B =L,
1M E, XN Biy BUZ SRS, o] DIE 3,
Bl o RGN, SRRk A Wik, AR 3

(b) Big.55bg.355€

B 3 BiggShyssSe Wi AY mapping IR (a) 1A ; (b) #k
Fig. 3. Mapping images of (a) surface and (b) cross section of Bijg5Sby 35Se thin film.
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Fi. aTLUE AR AL IR SR 1L 2 6 07 i
68.1 cm ! (BiSe) ¥4 K& 71.4 cm ! (Big 5Sbg 355€),
RE B, & 2 81 2009 S & 0% 7 4L i 155.4 em?
(BiSe) 1 K & 161.5 cm (B 65Sbg 355¢), 72 Sb
BZ3t Bi,Sey IR )2 A Biy, MR )2 #BA %0,
55 Ag B4 BiSe 5 FANR] 17 52 WG 06 ) 55
BiRs s, EEE Sb kA BiSe ik P HUR T BiySe,
HIETFZE TR Biy SUZH Bi &, BN JRT
et FEOH R AR Sh K 4, PRShIR T, [l
Sb U Bi 551 T mds AR s, 5 ey
XRD $iffe S et 30 52— 3L

# 3 Bi,Sh,Se (z=0,0.15, 0.24, 0.35) WML
P8R (cm™)
Table 3. Raman vibration peaks (cm!) of Bi; ,

Sb,Se (z =0, 0.15, 0.24, 0.35) films.

BiSe Bigg;SbgisSe  BigrsSbpasSe  BigsSby 355e
A:g 68.1 70.5 70.9 71.4
E, 937 95.4 95.9 96.7
Eé 120.6 121.4 122.1 122.9
A%g 155.4 157.9 160.5 161.5

(a)
Bi 4f
" Sb 3d
g
=}
a8
£
= = Cls
2 @
g

0 200 400 600 800

Binding energy/eV
(c) Big.e5Sbo.s55e —— Sb-3d-exp
Sb-3d —— Total fit
—— Sb(0)-3d
wn
g 3ds/2 —— Sb(3+)-3d
El
8 3ds/2
-
&
~
>
h=1
wn
4
2
5
525 530 535 540 545

Binding energy/eV

&l 5

1000 1200

Big g55bg.355¢ IR AR & 19 XPS i

Intensity/arb. units

50 100 150 200 250 300
Raman shift/cm~!

K 4 Bi, ,Sb,Se M (z =0, 0.15, 0.24, 0.35) 7E 34 & W K
N 532 nm T Y HCH 7 g R
Fig. 4. Raman scattering spectra of Bi; ,Sb,Se films (z = 0,

0.15, 0.24, 0.35) with an excitation laser wavelength of
532 nm.

J T 0 Bi, Sb,Se MEAES T Bi, Sb,
Se =FICRMALAIRA, SR XPS X ISAT: it ik
FFMRRFEAE. & 5 SR 4T Big 659bg.555e FEff AL
SE0L. NI 5(a) tha] DL Iz R S R B2
Bi, Sb #l Se = e R A M. ¥ 5(b) @78 T Bi 4f
78 3 I 45 28, Ho 157.6 eV S Bi-4f;/, 4%
A, 162.7 eV & Bi-df; /, IS5 S REBY. %) Bi 4f i

(b) Big.e55bo.355€ —— Bi-4f -exp
Bi-4f —— Total fit
—— Bi(0)-4f
R i(3+)-.
T Bi(3+)-4f
4f5/2

Intensity/arb. units

156 158 160 162 164 166
Binding energy/eV

(d) Big.e55bg.355¢
Se-3d

—— Sb-3d-exp
—— Total fit

3d5/2
3d3/2

Intensity/arb. units

52 53 54 55 56 57
Binding energy/eV

(a) J3%; (b) Bi 4f; (c) Sb 3d; (d) Se 3d

Fig. 5. XPS spectrum of Bij g5Sby 355e films: (a) Total spectrum; (b) Bi 4f; (c) Sb 3d; (d) Se 3d.
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A I &8 Bi £74E Bi(0) 1 Bi(3+) PAFIAS[H] Y
FAEAS, X5 Samanta %5 19 7E BiSe 45 14 Hh 75 3|
() XPS # 4l AWy 4, B Ak F BiySes FLJH T2
Bi N+3 #t, 4T Bi BUZH Y Bi 4 0 4. [AlIAEHE,
FEH T Sb(0) A1 Sb (3*) MR AR HIL (K 5(c)),
AFLAHEIN A Sb 8 4= 7 F-E A2 BiSe futgH,
T BiySe; TR T2 Biy SUZH Bi Bz &, Bifh
P2 R BRI A A K 2200, R Sb i+
7 S A P ANCR IR ) Bi 47 B AR BENL & 3, JopE e
Pk, X5 Wu 4 B2 3 i B TR Brds e i 28—
. 5(d) B8 T Se 3d HIZETELER, BIA )5 49
53 53.9 eV Fll 54.8 eV FINIE, X 5 SCHRR IE T
[ Se(2") RER N AR LS B W 4 8334, XPS MK 2%
SR Raman HC 45 SRABARAT.
SRR IRBN M R 4 | 28 D1 vl R BRI 3%
DR GERTAN [V 20 43 R FBEARE S AR Tk, A i
W EET M N7 ). % 4 42 Biy ,Sb,Se METE % IR
TRV ROV INREE AL, WA BT TR it 1)
LT (n) BEHBIYTE 100 cm 3, 5IEHT K
T BiSe 4 4 PR A i — B 0617 AR 20
TR Sb 453 B3GR/, X —Ig 5
ik [10, 32] B A —F. B XPS EiE (E 5) FfiL
S EE (& 4) 15 BT Sb Rl #k A B A bt
BT Bi BUALE, 11 Sb R 75 Bi 122 6] 4
J M 2% S BB A 5 0 RE 2O T Tk B SR R
1%, B RN MR 4 SR EPE T X — A8 fh. Horpr ) 38
DU vd R85, MR 5 400 TR Z RIAEAE DL T K

Z (13,1835,

o = pen, (2)
8m*n’kp? T\ 2/3
5= T(?Tn) : 3)

K S, kg, by, m', n, 1, o, u, e HULRIEN TR

#4  Bi SbSe(z =0, 0.15, 0.24, 0.35) W7
IR T HRERAN A S5 R

Table 4. The electrical transport properties of
Bi; ,Sb,Se (z =0, 0.15, 0.24, 0.35) thin films at room

temperature.

PR TWE HRTERE BER

TR A n/(10% cm®) u/(cm>V1lst) o/(S-em™)
BiSe 2.5 13.6 544.2
Bij 5Sbg 155¢ 1.9 16.7 502.3
Bij 6Sbg 04S¢ 1.6 18.4 468.8
Bigg55bg.355¢ 1.3 19.3 416.8

B BER 252 R I O i BT A AU
R BT SR EBRU &It
far. f(2) 2 AT U R ) R ORE 5 3
FITRE, B (3) T ATEHAB SR A A Z RGO T
BRI BE BT 5 RS A ) 28 D1 vt RIS K.
MR T BN, KBS BiSe M PAT T
PP ) A HERR LR A (18] 1(a2)), 20T
iz ] BEAZ B AR Z A, FEERNIER A (u) 2.
M Sh B ARURE x 1R, HEREAE S A oRn RS s
AN (B 1(b1)—(d1)), [RIAS 45 e 22 1) 3 AR i %
% (B 1(b2)—(d2)), — 7 /N b R 27
R Z YA, T 1 s i R v 32 3
SIS 3G I OS5y — O T, 4B AR b s 0
5 1) bR R AR R T 300 7R AR b i A% e O,
LA RO B AR S R TR R LI
W 4 PR, B Sb B 290k 14 T, AR
i FU AR T R R B B 13.6 cm?/(Ves) 27+ &
19.3 cm?/(V-s), X 1Y IR R 1Y
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Abstract

BiSe is found to be a promising near-room-temperature thermoelectric material with higher performance
than traditional Bi,Se; due to its ultra-low intrinsic lattice thermal conductivity. In this work, N-type BiSe
nanocrystalline thin films with (00l) preferred orientation are first prepared via vacuum thermal evaporation
method, and Bi; ,Sb,Se nanocrystalline films with different doping concentrations are obtained by Sb co-
evaporation. The phases, morphologies, chemical compositions and valences, lattical vibrations, and electrical
properties of these films are characterized. It is found that the Sb dopant successfully enters into the crystal
lattice and replaces the Bi site of Bi,Ses quintuple layers and Bi, bilayers without selectivity, and the difference
of gold properties between Sb atom and Bi atoms leads the carrier concentration to sharply decrease and the
Seebeck coefficient in doped BiSe to increase. Meanwhile,

the sizes of nanocrystals in the films decrease and the denser layered structure is formed due to the Sb
doping, which is conducive to the carrier transport in the samples, and the in-plane carrier mobility of the films
effectively increases from 13.6 cm?V !ts?t (BiSe) to 19.3 cm?V s (BijgSbyssSe). The maximum room-
temperature power factor of 2.18 uW-cm 'K 2 is obtained in Bij 74Sb 24Se, which is higher than that in undoped
BiSe. The results of this work indicate that the BiSe-based thin films have potential applications in room

temperature thermoelectric thin film devices.

Keywords: N-type, Bi; ,Sb,Se, thermoelectric nanocrystalline films, layered structure, power factor
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