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Fig. 1. (color on line) RHEED data of 5-layer FeSe
growth at substrate temperature of 550 °C and growth
rate of 0.125 layer/min: (a) RHEED pattern of bare
STO substrate taken with a high-energy-electron graz-
ing angle angle of 2.7, the yellow dotted line denotes
Laue ring; (b) RHEED pattern of 5-layer FeSe thin
film, boxes labeled by A, B and C denote the positions
where revolution of integrated intensity was recorded
and shown in (c), the three positions are specular spot,
kikuchi line and (02) diffraction streak of FeSe. For
comparing, the intensity valus of A and B are mag-
nified by 0.84 and 1.50 times, respectively. 7 denotes
the complement time of the first-FeSe-layer growth.
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0

B2 (M%) 550 ©C AT RIERE . 0.125 & /min (A KIE R &M T 4K FeSe WA A ML FE M 1) STM R 1H K
FE % B FeSe 2 75 28 VG B VR U FIBE 2 L34 A (a) 0.03, 100 nm X 80 nm, 2.00 V, 100 pA; (b)
0.21, 100 nm x 80 nm, 2.00 V, 100 pA; (c) 0.45, 100 nm x 80 nm, 5.00 V, 100 pA; (d) 0.75, 100 nm x 80
nm, 3.00 V, 200 pA; (e) 0.94, 100 nm x 80 nm, 2.00 V, 300 pA; (f) 1.0, 400 nm x 320 nm, 1.00 V, 100 pA;
(g) 2.0, 1.0 pm x 0.8 pm, 2.00 V, 100 pA; (h) H—4kJ5 FeSe &M% & B R it 7 75 26 (1844 1 22

Fig. 2. (color online) STM images of FeSe thin films at different coverages. The growth temperature and growth

rate are 550 °C and 0.125 layer/min, respectively. The coverage, scanning scale, sample bias and tunneling
current are (a) 0.03, 100 nm x 80 nm, 2.00 V, 100 pA; (b) 0.21, 100 nm x 80 nm, 2.00 V, 100 pA; (c) 0.45,
100 nm x 80 nm, 5.00 V, 100 pA; (d) 0.75, 100 nm x 80 nm, 3.00 V, 200 pA; (e) 0.94, 100 nm X 80 nm, 2.00 V,
300 pA; (f) 1.0, 400 nm x 320 nm, 1.00 V, 100 pA; (g) 2.0, 1.0 pm x 0.8 pm, 2.00 V, 100 pA; (h) normolized

step tensities of FeSe as a function of FeSe coverage.
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e =ME, 238 0.55, 0.15 F112.05 nm. W1 3 (a)

Fior, RS PimAlt PQ &R 45t — 58 % FeSe /N 5,
HpTxt B I & B i B IR DN FeSe I & M |1, 154
0.55 nm, WK 3 (b) Prx. EHAFEH M, 0.15 nm
1E 3T /2 B 2 FeSe #1555 (0.55 nm) 5 STO #f i
K E M (0.40 nm) M ZAH, 1 2.05 nm IE& =2
FeSe ## i J& £ 5 STO 44 Ji 3R 1 & By G FIE, X B
ZHEEER G EE, iTHE S (o) R R Bk
fig. STM B BB — 2% G W, #BXT B & STO 4
JRE BRI E, (AR S G B EA KR
FeSe IR K JE A —, F & L FeSe ## JI& )5 &
tb B BB Z — 2, 84 7E FeSe 3R M
BL0.15 nm =GB, 5 T 6B E1) FeSe 15 )& i
te B & B =2 18U 5t 22 7 FeSe W%
ML 2.05 nm &SGR, tesh, R () (AT
£ B3 B IS /N B 2 52 FeSe i, 31X 15 B
TEMATE A KK T, S4Bz A KR 2 b
HEWimAK, FHESHIMEH NS LA H
ST A2 1) B P 0 3 A i (100 75 i
A5

Q P
201 v N
1.5 A
g g 0.15 nm
=] S|
@ 1.0} ] 0.55 nm
Py ™
0.5
\J (b)
0 . .
100 400
HiES /nm

3 (MFIEA) (a) 550 °C [F4 KRB 0.125 )2 /min FAEKERZIE T AKN 5 2 FeSe #IFEMN STM R, H
FEFEN 1 pm x 1 pm, Vijag = 2.2V, Iy = 100 pA; (b) ¥t (a) F PQ HEMFED AL (c) 5 (b) X B 7R & 18]

Fig. 3. (color online) (a) STM images of 5-layer FeSe thin films grown at substrte temperture of 550 °C and growth
rate of 0.125 layer/min, 1 pm X lum, Vhias = 2.2 V, Iy = 100 pA; (b) line profile along the PQ line shown in (a);

(c) schematic illustration of cross-section structure beneath the PQ line.

% & 31| FeSe 1A A1 Bl 1) 43 fif 6 55 S 457 °C 4
Iz 22K UL 1) FeSe 245 A ANE %, BT b ESA
550 °C [ iR & Xt )2 FeSe 1 i (1) 4E K AR & &, 12
8 JF B () A B8 45 5 32 38 FeSe 1 53 i S HH I
W EAE SR B L. Ak, RATEAL T A K
T, RILEZ) 420 °C I IX A K FeSe i 2501 R
EURT LA 2850 b 3 G B i 1R 4 A, T ELSE 4 PRI T
R E T/ FHIE R R, 2 BirthiE &
Ak HIREHE ORAE, 2LBIRE, HEUEAN
400430 °C. #WEERAE, WLEA K SR 75 5 5=

TS AR AR AR, A, R AR A IR Y 2R AT A
R TH W B 57 70 43 B TRD S 8 21 & B it 2% T
PR Y S

Bl 4 (a) A1 B4 () 73 9] 2 12 #F R IR A
420 °C. JEE KN0.152/min %4 T, EK2
JZ FeSe i I 7 J5 M RHEED AT 8 K. S5 1+
RHEED S5 (1945 6] 2 72 = A o 50 58 A A P 3
n, 45 STO(02) A7 5 #5 H BLAE M EAL T 4, 4
4 (a) Fion. (HBR TS50 2640, ta 2 T0i2:4k 823
T 1 AV 22 51 FeSe(02) 75 5, [RIIE, FRATTE R
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TR, RS T BRI AR R B R A A ) FeSe Y
Bz AR, SEELRYE R S B4 K.

Kl 4 (d) /2 2 )= FeSe # I 4= K 58 B 5 19 STM
B, B IRATTE A ) STO 3t R 1 1 & B % B2
1R, HAEK R IM 2 |2 FeSe A A3 AR 19 20,
R H B A1 ) L E FeSe /M . B 4 (e) FTn i
e B O A BRI L, BT B 6 B e B A 2 0.40 nm,
HSTORMM G & E—5, #t—PEsL 71X 2 )2
FeSe Wl 7E STO R [Hl & K IHIAR 56 8 1) H.35 5) 78 55
(), FFE AR T 2K,
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o~ ]

1 1
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L
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If1H] /s
N
1)ZFeSe
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B4 (MTIRE) 420 °C K4 REE. 0.15 2 /min B K E R FMF N KR 2 2 FeSe M (a) A K AT 4 STO 41K
7 REHHD #i74t B, w&fg i 745t Ao 3.5°, &t 2k 57 Je3k; (b) ALK 58 i fE i) FeSe WEREMATIH I, WMAE D, E Al

F 735 B TS M H . FeSe(01) T4 MM FeSe(02) ATHT 2 8UAL; () WALk rh AT AERE S LA HIAL, M Zibn il — )2
FeSe LK 5E jidt, ¥y (o i Shbi iR A KA HAL; (d) ZE KA S 0.6 pm x 0.6 pum & [ N ¥ FeSe #E 1K) STM K HTE 5,
Viias = 1.50 V, Iy = 100 pA; () ¥ (d) " M N ELLE )5 B 5347 B K oA 2 PR AR T 405 # s ik )

Fig. 4. (color on line) 2-layer FeSe thin film grown on STO at substrate temprature of 420 °C and growth rate of

0.15 layer/min: (a) RHEED pattern of bare STO surface taken with high-energy-elecron grazing angle of 3.5, yellow
dotted line denotes Laue ring; (b) RHEED pattern of the 2-layer FeSe thin film, D, E and F boxes are superimposed
on the positions of specular spot, (01) diffraction spot and (02) diffraction streak of FeSe, respectively; (c) evolution
of integrated RHEED intensities within the D, E and F boxes in (b), the dotted line denotes the ending point of
the first-layer growth, and the pink arrow denotes the ending of the whole growth; (d) STM image of the 2-layer

FeSe surface taken in a region of 0.6 pm x 0.6 pm, Viias = 1.50 V, It = 100 pA; (e) line profile along the M N line

in (d), and schematic illustration of cross-section structure beneath the M N line.
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Fig. 5. (color on line) 80-layer FeSe thin film grown on STO at substrate temprature of 420 °C and growth rate
of 2.30 layer/min: (a) and (b) RHEED patterns before and after the growth, taken at high-energy-electron grazing
angle of 2.7, yellow dotted lines denote Laue rings, G, H and I boxes are superimposed on the positions of specular
spot, (00) and (02) diffraction streaks of FeSe, respectively; (¢) RHEED intensty evolution in the early stage of FeSe
growth, inset shows the intensity evolution of the FeSe(02) diffraction streak in the whole growth process; (d) and
(e) STM topography images of nominally 80-layer FeSe thin film, both taken at Viins = 2.00 V and Ity = 100 pA,

the scan regions are 1.0 um x 1.0 pm and 1.5 um x 1.5 um, respectively.
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Abstract

Single-layer FeSe film grown on SrTiO3(001) surface (STO surface) by molecular beam epitaxy has aroused a
great research boom ever since the discovery of its huge superconductive energy gap which indicates a possible critical
temperature (7c) higher than the liquid nitrogen temperature. The interface enhanced superconductivity with a T
above 100 K is revealed in an in situ electrical transport measurement by using a four-point probe installed in a
scanning tunneling microscope (STM). Consequent research interest in multi-layer FeSe films grown on STO surface is
also increasing. The quality of thick FeSe film, however, has not been well studied yet in previous studies, although it is
related to the sample properties including superconductivity. Here, reflection high-energy electron diffraction (RHEED)
is used to monitor the growths of multi-layer FeSe thin films on STO surface under different growth conditions. Combing
the RHEED results with STM observations taken at various FeSe coverages, we find that the intensity evolution of the
RHEED pattern in the early growth stage can be well explained by the step density model but not by the widely known
facet model. The intensity evolution of the FeSe(02) diffraction streak exhibits a single-peak oscillation in the growing
of the first layer of FeSe. As the oscillation does not depend on the grazing angle of the high-energy electron beam,
the FeSe(02) diffraction streak is very suitable for calibrating the FeSe growth rate. In contrast, the intensity of the
specular spot exhibits different evolution pattern when the grazing angle of electron beam is changed. It is found in STM
observations that only at an appropriate substrate temperature and a growth rate can the high-quality multi-layer FeSe
films be grown on STO substrates. If the growth temperature is too high, the FeSe molecules nucleate into islands so
that FeSe films with various thickness values eventually come into being on the STO surface. If the growth temperature
is too low, a different phase of FeSe film is formed. The optimal growth temperature is in a range from 400 °C to 430 °C,
within which a two-layer FeSe film grown at a low rate (0.15 layer/min) coveres the whole STO surface with a negligible
number of small FeSe islands. In contrast, a larger growth rate is necessary for growing thicker FeSe film. This is because
FeSe islands tend to come into form at steps when the growth rate is too low, which is more distinct in a thicker FeSe
film. An STM image of 80-layer FeSe film grown under an optimal condition, i.e., the substrate temperature of 420 °C
and the growth rate of 2.3 layer/min, shows that it is in a perfect layer-by-layer growth mode. These experimental results
are useful for growing high-quality multi-layer FeSe films on STO substrates, which could be critical for studying their

physical properties and relevant physical phenomena.

Keywords: FeSe, reflection high-energy electron diffraction, molecular beam epitaxy, step-density
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