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Fig. 1. (a) Structure model of free silicene; (b) band structure of silicene in free state®; (c), (d) the STM images of different phases

of silicene on Ag(111)?¥; (e) STM image, simulated STM image, theoretical calculation structure of silicene on Ir(111)
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Fig. 2. (a) STM image of germanene on Pt(111); (b) and (c) are the structure and electron localization functions of germanene on
Pt(111) surface, respectively; (d) LEED pattern of germanene on Pt(111)120; (e) energy versus hexagonal lattice constant of 2D Ge
is calculated for various honeycomb structures; (f) and (g) phonon dispersion curves obtained by force-constant and linear response

theory are presented by black and dashed green curves, respectively27.
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Fig. 3. (a) Top view of both the top and bottom Sn atoms and its STM image; (b) side view of Sn atoms arrangement (layer A is
the top layer, layer B is the sub top layer)??; (c) high-resolution STM image of the stanene film; (d) schematic atomic model of the
honeycomb stanene; (e) profile along the line in ¢ showing that the adjacent Sn atoms are identical in apparent height; (f) 2D BZs
of ultraflat stanene on Cu(111); (g) and (h) ARPES spectra of 0.9 ML stanene on Cu(111) along the M-I*K-M, (g) and M-I-M'-I,

(h) directions/.
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Fig. 4. (a) and (b) are two-dimensional boron sheets structure figures*”’; (c) STM topographic image of boron structures on

Ag(111), with a substrate temperature of ~570 K during growth; (d) STM image of boron sheets after annealing the surface in
Fig.4(c) to 650 K. The two different phases are labelled “S1” and “S2”; (e) high-resolution STM image of S1 phases; (f) high-resolu-
tion STM image of S2 phases; (g) top and side views of the S1 model; (h) top and side views of the S2 modell*!].
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Fig. 5. (a) STM image and LEED image of hafnium on Ir(111); (b) atomic resolution STM images of hafnium on Ir(111); (c) the 2D

charge density in the Hf plane on Ir(111) substratel*’.
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Fig. 6. (a) High-resolution STM image of single layer phosphorus on Au(111); (b) the line profile along the red line in panel (a)!
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47].
’

(c) top and side views of few-layer phosphorene; (d) DFT-calculated band structure of phosphorene monolayer!*l.

% W%

BRI VIR A B AR T SRR, &
SNBSS M s T HAR R IV RERR (2.28 eV),
KRR T 2.0 eV 1Y T8 B 75 B0 I 7E S R0 Al A
DG 28 TS 2 AT UL R v g e,
5 BL IRl M A7 AR B ) e R A A
PEHS TEN T 2= AR A, AT T 5
BB T 1051,

Zeng B 152 F] F 00 8 75 46 B p 8 04
T L A R R A A 1D R B 4 oK
A, HA gk i R 2 R 2R
FELEIRFI | BRIRTE ARG A Ak b M A R R
MR BB A RE. BFFE A B Rl & T
BT B ARG5S, 25 R0, e[
LIRS I R T, B3 MBS SR F A PR IR BE
HEE T BRI IR N D5,

2017 4%, Wu 55 31 I FH 2 F B E A K i
Rl 4% B2 BRI . M TTHE PdTe, S AAT K L
AT T F R ER R, W 7(a) PR, B
JE BRI A 22 1) S A5 Tl 553 ) Y098 B B30 A B A
. 7(b) FE 7(c) 2B Z B B KT STM
UG B R4 3 STM EM&. S TWF9E S 280G 7E
S P RRE T, MR A ST ALERERE S 1 i

2.7

h, XEREERGRE R AT T I. 1& 7(d) A X
ZE5tH T (X-ray photoelectron spectroscopy, XPS)
M EEA5 R, a2 T2 5, Sb 4d Ryl &
I T, X RN A KA e O, 2
WER T B R BRI TE = SOh A TR A A 2R e .
PR i B | RS R AR A AN R AR Ak
St T, (A SRRy H 2 N T R e 3

2019 4F, Zhu %5 B 7E Cu(111) #HE E#I4& T
HZEE (B 7(e)—(h)), 53 T /& i iy A58
M PR . BAETOKRE R B
P —ZAEFFNAGARTS, G — IR T X SR R
V- LGS R — p FUBTRIEAE M ET A IR
TR A PSR A . ST X R B2 BRI A
— R ND GRS RS E AR, AT R TR

FEF FYREME A A
2.8 &b B

UTAESR, 4R EARA R DR R B0 S5 A AR fiE
TEFANDT WA B BRI IR ). o, — 4k =
RAPRHEIR R BE B A REATRL 7 T A A %
R i, Bk T AR R R Dy — Rl B
T Ot RERFHAI AR, BT RERE 2.
SR — P e R OCR, ek RS R A
L. B A AR IR E B AR R S 8 Jm 1P

118101-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 118101

15t Sb layer

Sb island
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Binding energy/eV

7 (a) ZFRALAE (PdTey) A b BEE AE K BOR EEIE; (b) KRB 5 7E PdTe, FAY STM EIHME; (o) B2 860 14 S5+ 43 B
STM P4 (d) B &b 2 55 25 SRR (19 XPS TR EHE 30 () Cu(111) RS - 1 38 ply BA 2 86 065 A B A8 0 K 15 (R 45 MR R () PRI (e) 114
MR (g) Cu(111) | 52864 I K AL STM EHR 1 LEED &5 (h) 55— J2 Mk J2 A 8 19 55 B STM R 50

Fig. 7. (a) Schematic of monolayer antimonene formed on PdTe, substrate; (b) STM image of large antimonene island on PdTes;
(c) atomic resolution STM image of monolayer antimonene; (d) XPS results before and after sample exposure to air®; (e) the struc-
tural model of buck antimonene monolayer and antimonene nanoisland on Cu(111) substrate; (f) side view of panel (e); (g) large-
scale STM image and LEED pattern of the antimonene monolayer on Cu(111); (h) atomic resolution STM image of the first

buckled layer and island(4.
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Fig. 8. (a) STM image of bismuthene on SiC (0001); (b) high resolution STM image for occupied states; (c) bismuthene on
SiC(0001) structural model; (d) theoretical band structure and ARPES measurementsts(®!l.

E—FEp/eV

(b)

¢ d) — 10!
“ @ ‘M Epoxy/Nanosheets
i
|- - 8 PMMA /Nanosheets
...... 3 \
= PVB, PMMA, 5
= PEVA, PS/ ; *
% Nanotubes —p#¢ 2
-
) i :
g
o
o
- 3
\ E
]
’ . ﬁ L L L 1 1
| 0 10 20 30 40

91 eV 87 eV

BN filling fraction of composites/wt.%

El 9 (a) h-BN 49K AR5 AT (b) Cu (111) 82 h-BN B9 STM K% (c) & F#JZ h-BN/Cu (111) §%t e LEED [ (7
(d) FIJH BN KL T 9K & FIGIK I 4 R G W 52 E AR G 6 17

Fig. 9. (a) Structural model of h-BN nanomaterials; (b) STM image of single layer h-BN on Cu (111); (c) contrast-inverted LEED
pattern of a single layer h-BN/Cu (111) recorded at room temperaturel™; (d) thermal conductivity of polymeric composites using
BN particles, nanotubes and nanosheets!™.
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Fig. 10. (a) Large-scale STM image of MoS, single-layer islands on the Au(111) surface; (b) STM image of a single MoS, island with
a hexagon shape crossing a single Au(111) stepl™; (c) bandgap transition of MoS,™ from bulk to monolayer; (d) schematic of

monolayer MoS,, photodetector!.

(b)
(f)
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Bl 11 (a) #A)2 MoSe, MI&5 /R B B (b) DFT 46459 3 1) Au(111) 22 1 51)2 MoSe, JEEF 4514 ; (c) #JZ MoSe, [ )5 4> FE 1K
1&; (d) #TF (b) P ILALE R ST M*;Ul’ﬁl (e) Au(111) F 5 JZ MoSe, & () STM B B3 (f) B (e) ¥ £ HE Zebn /s 1) MoSe, £
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Fig. 11. (a) Structural model of monolayer MoSe,*; (b) DFT optimized monolayer MoSe, atomic model on Au(111) surface;
(c) atomic resolution STM image of monolayer MoSe,; (d) theoretical simulated STM image based on the calculated structure in
(b); (e) STM image of singlelayer MoSe, islands on Au(111) substrate®; (f) height profile of MoSe, islands marked by a dashed

blue line in (e).
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Fig. 12. (a) Schematic of the fabrication of PtSe, thin films
by a single step of direct selenization of a Pt(111) substrate;
(b) LEED pattern of a PtSe, film formed on the Pt(111)
substrate; (c) large-scale STM image shows the Moire pat-
tern of PtSe, thin film on Pt(111); (d) atomic resolution
STM image of single layer PtSe,/ss..
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il £ NiSe, WM, >R FHE M A6 204k | I FRR %
% X AT (Xoray diffraction, XRD) ., ¥1$#
F B 8% (scanning electron microscope, SEM)
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e P SR L 25 e IR RE T, S A SR AT 7 H A i 3t
AYBEAR A L —.
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SERIAETE, PTREELA 1T 5 1H 4549, JF HEA KRR
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15 nm

TR 02 ] 13(b) AT LB I 1T 45 S
TH Z5f et AH 2% 0.5 eV 2247, FF L SE hnfa 2
It BB ARG AL 0%, 2017 4F, Shao 45 193
FI A K L2 PtSe, A1 8FEALL) “dof IS ELH2 0 1L
27, g T R AL TR A NiSe, —4EHt
B & 13(a) BF R, A RS B4 A AL k7
Ni(111) B A UE SRR PRTES, [RIEE $2
HET Ni -, 8 A — 25 ROV B AT 58 B NiSe, M E
A B 13(c) R RE AL LA ) R BT AL STM B, 7T
DL HRE R T 19 NiSe, WA AR By
W ARAR /L. & 13(d) S22 13(c) A X 1k
K, AT LA 2035 B EL R A 0 7S A 0 R g
IREIZ.

TR Y A g A L A M Bk Y E K
NiSe, £ 4 FVE Gk Ak Ik BH A8 H 3t ) JC A X
e 194, NiSey #BHE B —FP Mk ARBE . it i 5 11
PEARF, AE KA VR T ELAT AR R i 19597,
I JLAE &I, NiSe, 40K FURL B H A =5 1) L i AL
FOCHEILRCR, AF5E 3 R IR AFRER NiSe, HI#SFIL
SEVERE, i 4k NiSe, AR FH AT SEH N .

(b)

DOS/arb. units

3 nm

Bl 13 (a) NiSe, Wil A9 AL KIS B RTEIE; (b) JZAR NiSe, BOELEA T A1 H P A H B 02, (c) JCIH NiSe, B9 STM FIE AN (d) EE/R

Sy STM &I 1% 19

Fig. 13. (a) Schematic of the fabrication process of NiSe, thin films; (b) NiSe, layer has two configurations of T and HI*?; large-scale

STM image (c) and Moire pattern (d) of the 2D NiSe, film[®3l.
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3.6 HA{LEs
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A SR AR 1) 5 G B RN AT R8s A P T B Y e
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B A E A p B o B S s R RS TMDC
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) 28007 %, AR PR B | b 853 | fha
SAHUTAR I AU FE v A P R B vk R A
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KA. 2015 47, Liu 5 100) 2 7 3 i 4 7 A A
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S AR S O, R 4 3G AT 2 AL
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2 fl 4 R 1 d BLEE AT R T 5 512 WSe, T8 UK
M4l A S BRI H A SR8 . B2
WSe, 42 FLHE B AR (K 14(c)), HIMTFE A
BORAR T, K 14(d) & WSe,y/f1 S48 EUR T
RE A LAY A FIFE 754 nm BT TR 5E 19 KOG
%{@ [101]

2018 4F, Chen 4§ 102 5y M 7E X2 A7 25465 1
AR B 1T Z5H ML B2 WSe,y, JE 1T/ 45
¥ (18] 14(e)) RAFAET WSe, AR MIZER . AT
FIFH ARPES il STM/STS, W25 1T' ZHH
129 meV BYFEM (K] 14(g)) FIEENT 2 1 B REAT
NGASEEH. MG S T 3=+ B iEHE /R
SN P AICRRE A i FL F2# 2R I BRSO 5 (B
F14) S I BH 3 Pl A 2 IR AR T R BRAA 2R 114 1
FHRAZ TR, SRV BN R], 3850 A4
FEAEA Y 1T WSe,y LN IZARZS 25 T R
R U B AN IE /TR 4\ 70 G VA 1K 2= g o) I - ¢
1T WSe, HREY 58 T KAFBR L+ F BERE /RN A1
R, FFRE T X H AL A e RSO 1A R 1
HE—HRER.
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754 nm

— Pristine WSe, (f)
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2 25 XP NR

= - >
2 20}t °
g Te Y E
o 1.5} 80
- 3]
8 1.0k =}
oo 5]
&~ 05
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Wavelength/nm

ky /A1

14 (a) H0JZ WSe, V45 4575 J5 161 09; (b) WSe, WM JELT- 43 HF STM FE{Z (75 nm x 75 nm); (c) 2LJ2 WSe, ) B A 45
Fig 01001 () WSe,/ 41 58 5 S5 Jo 45 K D6 2 % G B 101, (e) BAJZ WSe, TH AHAN 1T/ A TS5 445 (£) XL A BAT 5 X AR s AR IC A9 —

A LK (g) W 'Y J7 a1 H) ARPES &4 (102

Fig. 14. (a) Schematic of the crystal structure of monolayer WSey; (b) atomic resolution STM image(75 nm x 75 nm) of WSe,

film; (c) theoretical band structures of monolayer WSe,!'"l; (d) photoluminescence of WSe,/Graphene heterostructurel'’!; (e) atom-

ic structure of single layer 1H and 1T’ WSey; (f) corresponding 2D Brillouin zones with high symmetry points labeled; (g) ARPES

map along Y102,
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Sample bias/V

B 15 (a) 76 HOPC #}JE LB WY B2 VSey; (b) HOPG E VSe, WSS HIMEL (¢) 7E VSe, B b 5K _EMREERIMK dI/dV %,
(d), (e) &l (c) HrFRIT Y P4~ 14 o 30 20 A, WEAEL 57 843 31 0,28 'V A 0.23 VIOTL: (f) — 4k [/ 2 ) 81 )2 VSe, 19 AFM B4 T4

P STM 15 . AL, STM 4 15 5 g A2 108

Fig. 15. (a) Monolayer VSe, formed on HOPG substrate; (b) schematic of the fabrication process; (¢) dI/dV spectra measured on

the VSe, island and the substrate; (d), (e) Gaussian-fitting of the two peaks marked in (c), the peak positions are —0.28 V and

0.23 V, respectively'7; (f) AFM attractive-force image, atomic resolution STM image, simulated STM image, and structural model

of 1D-patterned ML VSe, match each other!'%,

118101-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 11 (2020) 118101

3.8 LA

Y UE AR AR DU S RE AR
AL, | BT BE VR R A% [ A5 AU R 3 KRy v
8. H2RESM ML 48 i AR, 1 E S
J& B AR AR 2R AR G5 F . TR, A5
TV 4 R R AL R RN, Se T AR
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SRR S, AR AR R T AR AL 0T L E
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I Uiy s s VN (R 5 e S 2 1
JEF- AR R T SE I 2, s I —Fh 4
JE T b AR R B SR 25 F 2. CuSe R THIAF1EYN
KR AR A = MAIB LI S5, R XA R
SRAFAE RSN, BFFT EATSE80 T bRl R T (1 2
etk AT ERIET (Fe) MIBEKHE k0 (FePc) 4
ST E] BZE CuSe £, AP Fe J& XK [ 7E
S ALIA IR FeysSe; B1#%, FePe 411
SVRPEEM B R AR FLIR DA, anf&l 16(d) FIE 16(e)
IR, PRI, TR )2 CuSe
YR )F T AR RN AT RE AL A R
FHETFEA = MAIEALIFZSFY) CuSe, Gao 55 19)
W Se IR F MU, I A T HA —
Ak BE IR 4B B R CuSe 465 T A KR, fn
[ 17(a) Ff7x. STM Il LEED 45 % R, 1% 520
A 2 IR A ) e S bR 2, TR ) e bR
SR Cu(111) EXFRT b, SHHRIESR T
— YRR IRAREL. VEANIN SR RAE L B, CuSe 3 1~
XFFR T 10 1) A% SECR B AR, Foh e AT —4
JEE IR 45 8007 1) CuSe 1 dis BH i R F AL A 7
], PRI B T — 4R RS IR S 8024 . Ak, DFT it
TR R B T W R S5 A Y 2 CuSe 1T AR UE A7
1E (B 17(b)), I HAE DK BT HAT 32 85 0 PR
PRI BBl BE 8 TS 0 AN & 19 2K B 58 Nodal-
line 2% K F. #4 503X A~ A & A9 2K H7 7€ Nodal-line

K16 (a) 512 CuSe ZZEARAY RN | &5 Bitm STM IEI4E; (b) TR0 IR A 2 B = 5 JE L IR 3 5 4 AT DU OB LI (c)
A=A TE LI R 2 BEEUR (d) A (e) CuSe K ifi Fe JR T BP0k B A9 STM [&] {5 10
Fig. 16. (a) Large area and high quality STM image of single layer CuSe; (b) two kinds of triangle holes with opposite orientation

and parallelogram holes at boundary; (c) a high resolution STM image of single triangle hole; (d) and (e) STM image of Fe atoms

selective adsorption on CuSe surfacel!%.
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) 3 ZBET R, 2 AT Ol FAYREHE AN 1 2% FF 11 )
- RE A 4 i i Al Ak R R ST TS BEE (Se
/Dy F Cu dgy/dya_y2 ) FISETHI SN HLIE (Se p, Al
Cu d,./d,.) STER, WA 17(c) FE 17(d). FZERTF
L CuSe 5 Cu WK [H] AR A K, (1544 5Lk
$7 52 Nodal-line # | V- T AM 8 BTk i o 1 1) |
MIHEHIEREAT I 25, iX 5 ARPES 45 2454, %
AN, A3 B — R R A S T S A AT R A
SR I BTG Ak ) LT . 2 SRR S, 55
B AR A B2 AT AR A M IR T DA AR G Y
TREET R, 2R 4k 47 5E Nodal-line #HFM) 1
PSRN

Energy/eV

17 (a) AA — 4B R SR 8UE5 M 5L )2 CuSe 1 i 7 BE
STM FEl 1% ; (b) H i 5 )2 CuSe I JE F 45 # 5 B ; (),
(d) B2 CuSe HYREHF 4544 17

Fig. 17. (a) High resolution STM image of monolayer CuSe
with 1 D moiré pattern; (b) atomic structure model of free

monolayer CuSe; (c¢), (d) band structure of monolayer
CuSel'13],
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FRHFBRA 0.31 eV A ELHEEHF B A, T R A
(B-AgyTe) J& 784 MY 21 TR, 45 B 98 R 0.04—
0.17 eV, BA SRR AL AR I TR, Ok
Tz R FHOE  LOAMEI | 2040 D R %
%%&,ﬁ: [114,115]_

2019 4F 1 H Dong &5 M0 438 T 3 F 40 F 3

ANEFE ARTFE Ag(111) #1IK Ll 2 52 AgTe 5
F3CEE. K 18(a) s T Ag(111) 1 _E A R
PR, T LA 3 AN [R] Y 2 1 X 5
TR RN R 2 B0 R 8 A S B HES B AR AIE, R
UM R PE R IRERAE . LEED ERnI& 18(b) Fr
R, AR 6 A R Ag(111) RFIE Sk, I Y
s AgTe 56 )2, 2 AT A AL R IS [R] 45 44 1)
AgTe HUZILAF . Y Te 76 Ag(111) 41K LAY 55
Z 0, AT AR E] AgTe RS AILEEH, I 18(c)
FE 18(d) 43 51 A HAT 85 = Te 48 15 19 K 1 R
STM EMGFEF4r HE ) STM KM%, 2Bk— &
) Ag Ml Te JFF Al 8250952 € T ok, e iE
BCALIR . ZE ] 18(d) BSR4 B G bt mT LAY
HiF I BIR AR S5 . FLAY H BRI SR R A B
B FE T AgTe MIE AR, [RIHIL AT LA H A%
IRRAR , TR T — 2 = I X3 LI TR B A%
F M AR 55 AgTe T %) 07 A8 2% VA G STM Al
LEED 55K, T g R0 . A2 | i+
AHEAE LA R P i AR ) S5 R 22, R ) D 45
MgA7 4 b, E—BFFE AgTe AR X80 H T~ 454
AKX, P AgTe FEAERT MIPE Pl 117,

10 nm

B 18  (a) Ag(111) #1JE LR HIAL L2 AgTe (1) STM E%;
(b) Ag(111) % Ji§ |- #1)2 AgTe ) LEED [®; AT #%5 Te
EH () KA STM FHE A (d) J& T2 B STM B4,
RT AgTe BI7S ML 15 22 45 g 110l

Fig. 18. (a) STM image of large-scale AgTe monolayer on
Ag(111) substrate; (b) LEED pattern of monolayer AgTe
on Ag(111); (c) large-scale and (d) atomic resolution STM
images of the AgTe on Ag(111) with higher Te coverage,
showing the patterned hexagonal structure of AgTel!16],
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", ‘*\
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WMFER R, JB TR & . $1)2 PdSe, B4
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T45H0). 2017 4F 9 A Oyedele %5 121 3§58 T MHUIR
AR TR B 9 0 2 PdSe,. RO TE 7 A5 — 1
SRR R TR AR 0 (AR ) B 1.3 eV
(B2 1 FE 7 B AR Ak AT AR i B 2 ikt
PdSe, B SRS HAT T I, NS EEH
MR T B A v e BT A 1) )2 (R AR ELAE
1 PdSe, il B8N i A48 S 7S RT3 ) XA
PR TR TS, BA 158 em2V Ls L iR LT
GRS T4, 2018 4F, Li 55 122 F| ] 41 R AP Sk
AR A B -SiC(0001) #F I A KX F 2
PdSe,, 41l 19(c), #EL A (1.15 £ 0.07) eV. fEH
24 8B4 EAE K PdSe, S5XUZ A8 EAK K
PdSe, ML, HBALFE N 0.2 eV, X H R Ll
1A LE PdSe, HA TR KA TE R .

3) AL SRR =R 5. PHFNMEZRAR (topo-
logical insulators, TT) J2&#&E R AW HE e - e 24T
FEPERIA R Z —, T = Al 5 (BiySey) F1 =i

B 19 (a) Au(111) K _ 4k TiTe, 219 STM EI%; (b) B STM KR, B T (\/3 x 5) (LLasETE) Fn (\/5 x ﬁ) (P17
PULIE ) BB A5 HA 120 () LAAT 8 M A vh ]2, 36T SiC(0001) 46} Ji A PdSe, 5 A STM &4 122, (d) BiyTes WA STM & (500 nm x

500 nm); () ¥iFM4E L5 1A BiyTey [ 45 #4451 127)

Fig. 19. (a) STM image of 2D TiTe, layer on Au(11l) substrate; (b) simulated STM image, showing both (\/§>< 5) and

(\/g x 7 ) (black parallelogram) superstructures'?’); (¢) STM image of PdSe, islands on graphene on SiC(0001)1?%; (d) STM image

127)

(500 nm x 500 nm) of Bi,Tes thin film; (e) structure model of the Bi,Te; topological insulator(!?7).
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Table 1.

cations of monatomic two-dimensional materials grown by MBE.

Summary of growth substrate, characterization methods, configurations, physical properties, and potential appli-

=t g

e ARSI AT PG R B RE RV A R SCHk
Tl Ir(111) STM, LEED A H HURAE T REBIN1.55 meV; [24]
Ag(111) STM el Ag(111) LEEEE FibRA)y (25125152
Ag(110) STM A 100 cm® Vst [131]
Ru(0001) STM, LEED i T A BERE RN SR I [132]
ZrB, STM, ARUPS i BT [133]
Ph(111) STM i Rk [134]
I Pt(111) STM, LEED i 63@????\%%:1 (26]
Au(111) STM, LEED it fiefi23.9 meV; [135]
Al(111) STM, LEED, XPD et T F R IR AN [136]
Ag(111) STM, LEED, ARPES it = A B AL S [137]
Cu(111) STM SF4H TR R B Pk [138]
B Bi,yTey STM, RHEED, ARPES bNi| FRI1.6 Wom LK Y FRERHASU ; [32]
Cu(111) STM, ARPES SF4H A BERER A5 S BR290.3 eV; [33]
Sh(111) STM i FRENE R I E R R RN [139]
il Ag(111) STM, XPS il ﬁgﬁﬁ%&;ﬁl@f@fﬁﬁ i [41,140]
B Ir(111) STM, LEED F4H SR H BEPUERE SRR BEAEN1.46 up [43]
ik Au(111) STM, XPS ki RERR2.0 eV; JEIRINE; IBHAE M [45,47]
Cu,0 STM, XPS F4H AL TR IA1000 cm2V s L, [141]
B PdTe, STM, LEED, XPS Ak RERRT]152.28 eV; Yo Tt [53]
Cu(111) STM, LEED, XPS sl B PN ﬁ}zﬁ%%#:?rwﬁi@ i54]
e SiC STM, ARPES 38 PR LB k2.4 [61]
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Table 2.  Summary of growth substrate, characterization methods, configurations, physical properties and potential applica-
tions of binary two-dimensional materials grown by MBE.
= — Q T
Ve T ke HIEIE T PR R i
IR Ir(111) STM, LEED, XPS SPTEIE BIR A REBR N6 e VYLLK, [67]
Ni(111) STM, XPD . [68]
= DR A AR R
Rh(111) STM, LEED [69,142]
, Yunr sS4 25 DRSS )
Cu(111) STM, LEED, AFM G bR [70,143]
IS Au(111) STM, XPS oH %ﬁ/ﬁfﬂrjzﬁgf 3} [75,144]
200 cm?V 1.s 1LY
SrTiO;  STM, SEM, Raman PL 2H éétkj?lnx 10; ﬁlé];)/fﬁjgg éV [145]
LA Au(111)  STM, LEED, ARPES 2H HHAALS oV T oalife (82,83
WUZF B STM, LEED, Raman 2H 0.55 eV, JEHL T [80]
— {4 Pt(111) , 1T RERR2 eV BRIEIR A et HE [88]
ST Dy X SRBUE; B TR Uk
e [146,147]
Ui Ni(111) STM, LEED, XPS 1T NiSe,/ Limﬂaﬁﬁﬁeﬁiﬁ [91,93]
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AR N S g L
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crystal materials grown by molecular beam epitaxy
in ultra-high vacuum conditions’
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Abstract

Two-dimensional atomic crystal materials have similar lattice structures and physical properties to
graphene, providing a broad platform for the scientific research of nanoscaled devices. The emergence of two-
dimensional materials presents the new hope of science and industry. As is well known, graphene is the most
widely studied two-dimensional (2D) material in recent ten years. Its unique atomic structure and electronic
band structure make it have novel physical and chemical properties and broad applications in electronic devices,
optical devices, biosensors, solar cell, and lithium ion battery. In recent years, graphene-like single-layered 2D
materials have attracted much attention. Researches of these 2D atomic crystal materials and their physical
properties, on the one hand, are expected to make up for the lack of band gap in graphene, and on the other
hand, continue to explore their unique properties, expand the application of 2D atomic crystal materials.
Among all the preparation methods of single-layered 2D atomic crystal materials, the molecular beam epitaxy
(MBE) is considered to be the most competitive method. The manufacturing process of MBE is usually carried
out under ultra-high vacuum condition, which ensures the cleanness of the 2D material surface. At the same
time, the solid growth substrate needed for epitaxial growth can be used as a carrier to support and stabilize
the growth of 2D materials. In this review, we summarize many single-layered 2D materials prepared by MBE
under ultra-high vacuum conditions in recent years, including monatomic 2D atomic crystal materials (silicene,
germanene, stanene, hafnene, borophene, phosphorene, bismuthene, antimonene) and binary atomic crystal
materials (hexagonal boron nitride, transition metal dichalcogenides, copper selenide, silver telluride). In
addition, by scanning tunneling microscopy (STM), low-energy electron diffraction (LEED) and first-principles
calculations, we investigate the atomic structures, energy gap modulations, and electrical properties of 2D
materials. These 2D atomic crystal materials exhibit the excellent physical properties, which will make them
have broad application prospects in future electronic devices. Finally, we summarize the problems faced by the

further development of 2D materials and suggest several potential development directions.

Keywords: two-dimensional atomic crystal materials, scanning tunneling microscope, molecular beam

epitaxy, lattice structure
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