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#1 FeSe WA KAHSESTHIME Y (1 Torr = 133.3 Pa, 1 A = 0.1 nm)
Table 1. An overview of relevant literature about the growth of FeSe thin films (1 Torr = 133.3 Pa, 1 A=o01 nm).

/EEJ& R & ‘EJ{( K4/ Torr *ﬁ%ﬁgii i JEJE /am ¢/A a/A Te/K SCHR
Tk R /°C P /J.em™2 i /Hz Onset Zero
PLD 2009 MgO 320 10—° 5—6 — 100 — — 9 6 [29]
140 — 2.3 —
280 — 4 2.1
490 — 4.8 3
500 1030 — 6.3 4.3
100 — — —
140 — 10 4.5
400 — 9.2 4.2
1000 — 9.4 3.5

2009 SrTiOs3 620—630 3x107 10 2 200 — — — — [21]
LSAT (EJZAr) 200 — — —
LaAlO3 200 — 11.8 34

2009 380 106 — — 50 5.51 — — — [22]
MgO 200 — 7.5 —
SrTiO3 50 —

LaAlO3 100 5.52 7.4 —
50 5.51 10.1 —
200 — 8.1 —

2010 MgO 320 — 5—6 2 400 5514 — 3.8 2.3 [23]
LaAlO3 400 5.521 5.8 3.8
SrTiO3 400 5.529 6.5 5.1
(100)-Si 400 5.511 3.5 —

amorphous-SiOg 400 5.5 3 —

2010 Al203(0001) 610 — 1.15 48 1500 — — 10.5 8.2 [24]
SrTiO3 1600 — 114 8.3
MgO(100) 1600 — 11.7 8.1

LaAlO3(100) 1800 — 112 7.7

2010 YAIO3 350 7.5x10711 500 — — 74 6.3

2011 LaAlO3 400 108 1.3 10 80 — 3.767 6.1 — [31]

127 — — 5.8 —

165 — 3779 6.2 —

194 — 5.2 —

372 — 8.8 —

480 — 9 3.8
2012, MgO 480 — — — 1 — — — —  [27,32]
2015

2 _

10 —

19 —

20 - 4.1 —

29 — 6.1 —

64 — 6 —

80 — 5.1 —

95 — 7.2 —

263 — 8.1 —

800 — 9.2 6.2

1300 — 104 7.4
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F1(8E)  FeSe MiHA KA X CHMEYE (1 Torr = 133.3 Pa, 1 A = 0.1 nm)
Table 1 (continued). An overview of relevant literature about the growth of FeSe thin films (1 Torr = 133.3 Pa, 1 A = 0.1 nm).

GRS Rk , GRS o WothE R WS
. IR . [ /Torr -
Jrik R mEE/°C R /J.cm™2 iR /Hz
PLD 2013 CaFq 280 10—6 — 10 60 5.537 3.761 6.43 — [33]
75 5.549 3.747 8.6 6.11
85 5.56 3.72 11.67 8.41
92 5.567 3.73 11.53 9.33
120 5.578 3.715 11.71 10.82
150 5.584 3.714 12.35 11.38
205 5.582 3.722 11.74 10.38
235 5.579 3.73 11.24 10.47
2014 CaFs 280 10-6 — 10 60 5535 376 61  — [25]
75 5.545 3.745 8.3 6.3
85 556 3.72 114 8.2
92 5.565 3.73 11 9.1
120 5.575 3.715 12 10.9
150 558 3.72 12,5 11.5

T./K

Onset Zero

JEJE /nm  ¢/A  a/A ik

2015 SrTiO3 300 — - — 13.2 — — 53 — [26]
31.3 - — 38 —
51.5 - = 12 —
2015 CaF 280 — — — 92 — — 115 94 [34]
120 -  — 117 1
150 — — 123 115
180 — — 116 104
2015 CaF 300  3.75x1076 — 10 40 5476 — — — 37
120 5531 — 10.7 88
240 5558 — 152 135
360 5564 — 13.2 118
2016 CaF 280 1077 — 20 60 — — 153 141 [36]
2017 CaFs 300 5x1076 — 10 8 5.634 3.722 — — 28

60 5.662 3.738 10.7 8.1
127 5.686 3.727 15.1 134
160 5.6656 3.734 13.3 11.2

2017 LaAlO3 300 — — — 45 — — 3.7 3.2 [5]
67 — — 5.3 3.5
250 — — 6.8 5
MOCVD 2011 GaAs 330 1.5x10=6 200 548 — 6.1 —  [37]
Si 330 — — — 200 549 — 10.5 24
lectro- .
Cehemical 2011 o o - - - - - - - 3.5 [38]
2013 — — — — — — — — — 8.1 [39]
sputtering 2009 LaAlOg, SrTiOg3 — — — — — — — 8 —  [40]
2012 MgO 480 — — — 1—1622 — — — —  [27]
MBE 2010 LaAlO3 10—9 200 — — 13 —  [20]
2010 — —  7.5x1071!
2011 SiC — — — — — — — — — 471
2011 SiC 180 1010 5.518 — — —  [42]

il MR R e T 56 A R A AR A s 3 b OO R S 0 L5 R A, i B
W, TER G4 S0k, BIRESE ARG T FeSe B A EMIPEIT L TAE 1 — BN, 15
7 T DA IR S 0 8 R, (LR T, W HORPAR L, T ) 6 R LA R 40 0 T
Fe AR U019 DL, AR FeSe  DRLILEAT R 91 ik FeSe 48 5 MBS £ O FeSe
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PIPERNHIE T I R 1. AR S 8 BLEE X FeSe 78 5
FE il & 24T RE I FT.

SrTiO3 41 JiE b 1) 5 — Ji }fd /= FeSe # i B A
65 K UL I [ 5 i A0 i g U120 i gk B 35
5 o P 5 A VT 3K FeSe A BT AT 1, X
B JIH i BE T I AE FeSe #) 1 BF 7T FR A B B M
f7, BRI T 20 F SR AME (molecular beam epitaxy,
MBE) £ [f] FeSe i i# I/ ] 1 5L A FeSe W
BIF 70 AT ) F L (H 2 B )= FeSe B0 25 AU L
UK, AR T#AT R4 A AR R ERAE. 5
T Ve AN [ 05 1 FeSe I (228 100 nm)
FEZ AN AR E, X+ AR TV 5T R
TERE. AN, B FT FeSe M B JZ U8 1 S B bt T, K
FEE A 1) i R A Bl T AT 3 A ki v R S H
PR RDR, TTT KU FEE R o A A e PR A
A B BERAS, TRIEAS [RIRE FE (R 4E 2 RRE T FeSe
5 FL I ) St B A B SRR, BT DAA
SCHI AT S R FE Y FeSe 1 IR AE S 34T
JEIE.

i S PR B (%) ] % 7 v 2 B MBE A ik
MG TR (pulsed laser deposition, PLD), PLD
FH T JFG ST 0 P s A5 AR R T 3E A T E FeSe 18I
HF ) b B A 20250 FeSe 88 JI5S 1 AT 70 M 150
F 1) (HH LSAT 7R Lag 3Sr0.7Aly 65 Tag 3503),
BTl % T 2R EZ A A0, HArkET PLD
AR 1) FeSe 78 i M 38 1775 55 7™ 2 (1) « 45 ik 227 1240
“FRJE 122,201 TR kb T <Rk v 2 28] R
“CH TR R T AR 121,22,29,90) S5 ) 3 AN R F
FeSe i EI I L IR AT E. 5 FeSe M 5 1
W FEAH EL, AR B FeSe 18 1 1 AH DS 95 TAE H
AR H IR KM= E. ik, A X FeSe i
PLD il % B % L2 S HOHAT T RSB R
R, IR 2 b, AR SCE A SRR GE 1) SL IR 2
FX] FeSe Wi () PLD AE K H AR BEAT S 45, DU
PLD i IR0 ] S 56 T8 B — AN S N4 T T .

2.1 ¥MER

7E PLD {8 JE A i), $E A4 4 BB T AR 4 I
FISRIR, HE S U 1 R 5 ] 2% 10 %
K, $RA5 5 5 & 1) FeSe #E A4 1 51 il A FeSe 7 i
1] PLD JURR S 56 O S B R 4.

FRATTH FH [ AH [ R G B 7 1213847 FeSe SEA 1)
fil g, BB AT B L 7 B PR & Fe, Se
Sz, JRA A I IR A Y SR AR TR A PRE A
£450 °C H ket 24 h, DL R Z Bk 1 &
B R JE R P B 22 S A EAT 22 IR RV 2 A L
TR (450 °C, 48 h), BLORIEZ SRR 0 ke 22
5] B a2 R S el i 2 S A AT
A, FRAE 450 °C FiEAT 48 h I B heds. £ i
FE it 1) L2 el i B DAL A B8 TR U e B, 31
HZE RN 1077 Torr B, BREELE RS, HoA R AE
WEFEMNIEAT. 1878 Fe, Se HJi AR E L
i, W R £ AL T B EEAS [R] 1) FeSe $E47.
Horb Fe, Se JFR} 2 i1 Alfa Aesar 2 &) HE AL 40 15
4199.99% TR K.

2.2 FREIT

TR MR F i 5 AN A B AT SR8 T %R
Bl Kk, FAE 7 R R SR Al b 2h & SRR =
(1) 52 B 2% A% FeSe B PLD il 25 i 7 0 R (1)
21

Z UAE £ 2R PLD BRI £ FeSe . 18
JEERE it ) 45 R RAE T A 6T Ge FLER (220) x 2
BA£8 221 Rigaku Smart Lab (9 kW) X-5f 28 A7 5
X (XRD) F#EAT.  fhris I & ) 75 90 3R 1 i 28 &
W& RE BT, R0 & 0 3= E4E H oL -
SU5000 494 FL T~ 58 (scanning electron micro-
scope, SEM) Fif47.

T 5, NIRE FeSe i IR 1) 5 LEUTAR G L (sub-
strate temperature, Ty), Wit 1 A FUIAREE 1)
B 1] £ 165

HIR, NIRFAF S ERXS FeSe v I 15200,
T T A E R FeSe i JE ST S50, % TAERH
[F— ML EBCEE N Fe @ Se = 1 : 0.97 HI#E#E.
AN[E A SR ) SR AR S 5 56 2 P 471,

I FEAS [R5 JE X FeSe 18 iR 3 H PR 1 5200
SR TN RN EE R, s oy T fE
X, #515K H CaFg 4o J& A R — Mb 22 S AL o
Fe:Se=1:0.9 4544

AT AT 5 52 1 8 1 £ ¢ Fe, Se L (1) 45 T
IR AT T RGBSk, A LI T FeSe
LT, B SRR .

i A2 S Ak I B R R R, RATIE AT T
FeSe 1 5 (1) R 111 52 FEALAY, i BRI 5 7% 45 50 5

207416-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 207416

PLD ¥T A4 S 56 b 3 At AH 5% 2 o in F: 42
B T BE 29 2850 mm; WO RE R AN
10* mJ/cm? (A5 I8 RE B 1 FE); WOk rh A&
N2 Hz; DT A Z)79 1.33 nm/min.

#2  AFRFEEISNER RS (ERE Bk e A4 E
il TAE) 49

Table 2. Related parameters of different substrates

(The data come from the previous work) [43],

AR HNE G ?I\ﬁ%ﬁ AR
g /A BLEE /%
ag X \/5/2
CaFq (001) = 5470 xv2/2 260
= 3.8679

LiF (001) ao = by = 4.0270  6.82
SrTiOs3 (001) ap = bp = 3.9050 3.58
LaAlO3 (001) ap =bo =3.7920  0.58

02 (100) i _ ;12?28 ;ii (FE4)

MgO (001) ap = by =4.2110  11.70

Nb:SrTiO3 (001) ap = bo = 3.9050  3.58

LSAT (001) ag =bp =3.8680  2.60

LaSr(AlOy4) (001) ap = bo = 3.7560  0.37 (JE4H)

MgAl; 04 (001) ap =bo =8.0830  7.20

3 BERERMN

B RN ZEMERIRE, e
HuAR AL FeSe M ] % L2, IATHEAT T R A4
BURIRZ. $5 TR0 B0 LU JUAN 7 HEAT PR A
2, AARVIRIRLE AR B R (Fe 55 Se HIAL 22 4H 73
P T 350 R i R A B AT A 7S

3.1 JIFREE

1E Fe-Se — Jt 14 & W) 4k 2= & W AH B A,
B 1A, KN B-FeSe (R HR X 38 0% L 8k 45 HL %t
AR FE BRI T, i AR 28 Ve S R AH 1) e £
DURRR B B SR B Rt 1) 1 AT 55

%, PACaFo 4 & 96 EAT BB, ANFUT
FURE T I FeSe/CaF, R XRD £diE Wik 2 fir
IR, HUTRRE ELE 50450 °C I, 8 ARFE i 45 AT R
[ (001) LA ) B-FeSe A, H:rp 350 °C ¥ B-FeSe 1]

B AEUURRIE B, B 5 B T 1) 45 o 1 AN A e )
T.. MyIRUE R 550 °C I, 8 BARE S IT 45 H B
(101) BRI i) B-FeSe LA J 6-FeSe Z:AH, BEAE TTARIR
FE 33— i, 6-FeSe 4% Y EL S5 A 3 K B &8
HELK RSB I, AN, IATRIL FeSe 7EA
[ 0 PSRRI ) LT AN B2 A T R S 5 5

. .
=
5 158 o Li+L.
1520
L~y
Rit 1400
12004
o ¢
o 10004 960
5 o2 942
- 885
< E
= 800 770
9]
o,
QE) 600
= 457,
i
400 ]
D
ic = & o 221
2009 5 [ (7] 221 N3
I %] 2 (%)
L ® 23
w
10 20 30 40 % 60 70 80 % 100
Fe Content/at.% Se

1 Fe-Se —yuib& i [44]

Fig. 1. Chemical synthesis phase diagram of Fe-Se two

element compounds [44]

CaF,(004)

Intensity (logip counts)/arb. units

15 30 45 60 75
20/(%)

2 AREVIFIEE FeSe/CaF2 i XRD 6-20 scan £
Fig. 2. XRD 6-260 scan data of FeSe/CaF5 thin films

at different temperatures.
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AN TR URRGR BE T FeSe T (1 RS AH IR 7E L 3%
B3 LA BRI, nl 3 pros. SRR
fiF 300 °C B 2 i 2 30 VD BRAR R T 30,
X W R i IR A AR BT ) B R A, 0 1R 3 (a)
A (b) Fras; SUTRER BEAE 300400 °C B, HRR
TP BB, (I 5 A /N ER BT 4,
T A A A OGP P B < R0 BTG it
PR KT 450 °CHY, 1T B-FeSe ) (101) M Je)
Ay 0-FeSe AL BE 55 2% UM IR KB H B0, R
T 0 HE LB 2 PR V) DR A S5 R R THT T 300

2 L BTiR, 350 °C & FeSe i JIE () fe HE VTR G
JE, bR FRAE il EL AT R B I 45 o B BT R
(R T TSR e = 6 T

E 3 ARV E FeSe # IE i) SEM B4 ($Hk 6 B
Tsukada BT 941 T4 B1])
Fig. 3. SEM images of FeSe thin films at different

temperatures (317,

3.2 W JE

AN TR B A A 0 B R S o L P A A 5 AR R 2
i RE AT IR _E 1 % FeSe FBL, 10 AN [H] B4 it 2
XTSI PE RGO AR 7 2R — S R P A
Bt IR TEA AT RS T R ORI LA S 1

(1) 22 52 A7 Bl T~ FeSe WA 78 A1 S bR B FH (T 2.
mFE 1A, OF 2 R 2 PR -
SEIL T B-FeSe MM AN EAE A H A (B 45 R 1Y)
TAEEHE: 1) Imai B 78 24 PO 7E CaFy 41K _E i
% i 5 % WP % A8 5 B (superconducting zero
resistivity transition temperature, Tyo) N 14.1 K
1] FeSe; _,Te, (x = 0) #EFE &, N H AT [EZEFF
b 1 e 7 40 % (25,28,38,34,36] 9) Kang BF 50 41 24 75
SrTiO3, MgO Al LaAlOs #+ J&& L fill 25 Hy JF 5 — Hi e
FeSe HEFEN, Too 70 AI 714 8.3, 8.1 A7.7 K.

fif % ER BT AR, 24 E IR E
M350 °CHIE BL T, AT 5l £8 CaFy, LiF,
SrTiOs, MgO, BaF5,, TiO2(100), LaAlO3, MgFs,
Nb-SrTiO3, LSAT, LaSr(AlO4) 1 MgAl,O4 55 12
Tt ded JES L D ) 4%t v BB ) B-FeSe K. DUk
BRAT IS E B T (R R2 00, 12 58 51 S8 H 1 LA o
JELFE )9 160 nm.

AN A 4 i B-FeSe # i 1] XRD 6-20 scan £ 4
WA FT7R. BR MgAlpOy 478 JEAF il th I Aol 55 2% o
FHAL, oA 38 JE A 35 2 (001) B2 — H 9] 1) B-FeSe
HH, XY T A i B A AT ) A S ) 1 AT 5
mm .

A7 3k B CaFo, LiF 1 SrTiO; #1 & F 19 6-
FeSe ## E 147 XRD ¢ scan i, 45 K&l 5 (a),
(b) #1 (c) 7. XRD ¢ scan 48 ¥ 5 3 i B
0 DU B B, R B R i B AR RO A A .
H CaFy 4 JiK | 1¥] B-FeSe w5 5 15 4 S o 4% X £ 2%
AMIEAEK, G 5 (d) 1 (e) BT, 1] B-FeSe/LiF
B-FeSe/SrTiOg 1 b BIW 4t i€ o il (b 5h) 77 171 £ KK,
WK 5 (d) () Frow.

AN TR A JES B-FeSe 1 1 ) T 2 4K it e, BEL % 4
(R-T, the temperature dependence of resistance)
3 B0 6 B . B LaSr(AlO4) At MgAl,Oy # JEE
BB i A, FLARARE ol S8 R B AR A 8
TR Rl CaFy, LiF F SrTiOs 41
TR S 1K Teo 4308 14,01, 12,17 F111.46 K,
Be T p-FeSe BeAi 1) To., [FI I & F 8004 2 H 67
JIT AR TE O [R] R RE B f i 2 k. e SrTi0s A
JiK | B-FeSe FHER &L =+ 5-FeSe HLAf [ 3
LM, R 0 5 P R 1 5 I AN R R iR
R A B BT A . AN R A RS R S
PESHOL R AR 3 Frow, Hoh ) 4 s EE (residual
resistance resistivity) F} RRR 7.
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L5 AN [E) A R TR 5 Too 5 B B B A W 2
c VL K Ao T 3 10T IR - 18] B d 1) 9% & 43 o) o B 7
N HE Too 5B S BB cAFE—DIER
IEM KB R, —RIGHT, AEEENSE
Fe (B2 AL B AN AN IE B D) 35 42 5 SO IR Y &
() dr AR AR B A AR ) S A e, IR, T 5
o SR TH JE 1) BE d H0 9% A B 0 B AR G
R, KR BN TR A I 1 A0 AE B ) 0] % 5 FE S A
i R 5 MR O A R R . TR, FRATTHE W
AN 5] i 3 H P R RE A B AN [F] ) Fe, Se 44y
EO A 5 B, T T 5 A AR SE Ny IR AT W R
FHOGHE.

gty Bad, AT BIAE 12 Fhoded i b Th i 4%
H 7 5B ) B-FeSe #8 5 9L W (2929 160 nm),
ANF A 43 3N CaFg, LiF, SrTiOs, MgO, BaFs,
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Table 3. Detailed physical parameters of 5-FeSe thin

films on different substrates (Data come from the pre-

vious work [43]),
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MgO 3.14 5.5347 9.23 7.24 1.99
BaF; 3.48 5.5039 9.24 6.12 3.12
TiO2(100) 3.02 55382 7.86 5.62 224
LaAlO3 4.03 55312 6.41 5.17 1.24
MgF, 2.88 55278 551 4.00 1.51
Nb:SrTiO3 — 5.5210 5.20 3.92 1.28
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(La, Sr) AlO3 1.70 55106 6.93 <2 —
MgAls Oy 1.72 55210 596 <2 —
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Fig. 4. XRD 0-20 scan data of FeSe thin films on different substrates (Part of the data come from the previous

work [43], the data of different samples are sorted by T, in descending order).
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Fig. 5. XRD ¢ scan data of FeSe thin films (Part of the data come from the previous work [45])‘
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Fig. 6. R-T data of 8-FeSe thin films on different substrates (Part of the data come from the previous work [43]).
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Fig. 7. Relationship between FeSe thin films’ T. and its ¢ (a), and substrates’ surface atomic distance d (b)

(Data come from the previous work [43]).
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Fig. 8. R-T data of 3-FeSe thin films (Part of the data come from the previous work [43]).
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Fig. 9. R-T data of FeSe/LiF thin film with thickness
of 20 nm.
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Fig. 10. R-T data of 5-FeSe thin films of different
lasesr energy density(Data come from the previous

work [47),
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Fig. 11. R-T data of B-FeSe thin films (Part of the data come from the previous work [43]).
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Fig. 12. (a) XRD rocking curve and (b) XRD ¢ scan data of S-FeSe thin film (C12K, T.= 12 K) (Part of

the data come from the previous work [43:45]),
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Fig. 15. The first-principle calculation results of how

lattice constants ¢ varies with charge doping (Data

come from the previous work [49]).
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Abstract

Of all iron-based superconductors, FeSe possesses the simplest structure whereas its superconducting critical tem-
perature can be remarkably enhanced. Compared with bulk sample fabrication, the film preparation process is very
precise and controllable. Although FeSe monolayer films exhibit a high T, they are unstable in air, and ez-situ measure-
ments are very difficult. Therefore, the stable films with ~100 nm in thickness can serve as good candidates to explore
the mechanisms of iron-based superconductors. There is no doubt that the fabrication of high-quality FeSe thin films is
of significance. The pulsed laser deposition (PLD) technique has more advantages in the growth of FeSe thick films than
any other film fabrication technology, because of its high efficiency and wide adaptability.

In this work, we systematically optimize the growth conditions of FeSe thin film fabricated by PLD. The main
results are as follows. 1) The optimal growth temperature is 350 °C, where the film has the best crystallinity and the
highest T. 2) High-quality 3-FeSe epitaxial thin films with the thickness ranging from 10 to 320 nm have been success-
fully prepared on twelve types of substrates: CaFa, LiF, SrTiOs, MgO, BaFz, TiO2, LaAlO3, MgF2, Nb-SrTiOs, LSAT,
LaSr(AlO4) and MgAl,O4. The T; for the films on CaF2 with the same thickness of 160 nm can be tuned from < 2 K
to 14 K. 3) The Tt of the FeSe thick films may be precisely tuned by the Fe/Se ratio which is affected by the proportion
of the nominal components of the target, the laser energy density and the ablation off-stoichiometry of target. 4) The
surface morphology measurement, cleavability and transferability experiments of films are performed. In addition, it is
worth of mentioning that there is a significant positive correlation between T, lattice constant ¢ and residual resistivity
ratio (RRR), as evidenced through a detailed statistical analysis of the data from more than 1500 samples. Since ¢ and
RRR are usually associated with the vacancies or defects, we conclude that the superconductivity of 8-FeSe thin films is
closely related to the ratio of Fe to Se. Moreover, the first principle simulation shows that 0.5% increase of Fe content
does lead to a change of 0.05 A of ¢. However, according to the angle-resolved photoelectron spectroscopy experiment,
there is no obvious change near the I" point in the hole energy band, but the energy band changes significantly at the
M point. This variation of electronic structures cannot be explained by electron filling which lifts up the Fermi energy.
Therefore, the specific relationship among the superconductivity, lattice structure and electronic structure of FeSe thin
films remains to be clarified. Such a series of high-quality 8-FeSe films offers a chance to further explore the nature of
FeSe-based superconductors.

Keywords: superconductivity, tunable T, 8-FeSe thin film, pulsed laser deposition
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