Chinese Physical Society

%fg%"—*&Acta Physica Sinica

Institute of Physics, CAS

ERES R SR R RR R
8 WE B
Novel two—dimensional materials and their heterostructures constructed in ultra—high vacuum

LiGeng GuoHui Gao Hong-Jun

5 Fi{# B Citation: Acta Physica Sinica, 71, 106801 (2022) DOI: 10.7498/aps.71.20212407
TEZE [T View online: https:/doi.org/10.7498/aps.71.20212407
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FETT ARG K A S

Articles you may be interested in

o i LS A O T RN A A ) B2 Ty AR R AT i
Research progress of monolayer two—dimensional atomic crystal materials grown by molecular beam epitaxy in ultra—high vacuum

conditions

PyFEEEAR. 2020, 69(11): 118101  https:/doi.ore/10.7498/aps.69.20200174

RAEIS T/ 731 A AR AT ARG L R 4 A s R 1

Construction, physical properties and applications of low—dimensional atomic/molecular crystals

YIBR2A4R. 2018, 67(12): 126801  hitps:/doi.org/10.7498/aps.67.20180846

USRS M SRR R T R ORI
Scanning tunneling microscopy study on two—dimensional topological insulators

YIBR2A4R. 2019, 68(22): 226801  hitps://doi.org/10.7498/aps.68.20191631

MR EE R TT 1
Methods of transferring two—dimensional materials

PIFEAEAR. 2021, 70(2): 028201  https://doi.org/10.7498/aps.70.20201425

THE TR T AR AR
Valleytronic properties and devices based on two—dimensional atomic layer materials

YA 2021, 70(2): 027302  https:/doi.org/10.7498/aps.70.20201415

BB AR IURL S AR S ST A5 A4 14 J T R R B
Interface modulation and physical properties of heterostructure of metal nanoparticles and two—dimensional materials

Y2, 2022, 71(6): 066801 https://doi.org/10.7498/aps.71.20211902



#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 10 (2022) 106801

Tl ZHEMERERE &

BEETHARE _EMBRERREW

2 F 1)2)3)

2 DY

% it 4 V291

1) ((PEBEABRE BT, JUORYB S 88, JbT 100190)
2) (P ERREBE R IRREABE, dba 100049)
3) (PALIAPRL LS 2, AR5E  523808)
(2021 4F 12 A 28 HYE]; 2022 4F 1 H 22 HUEIE M)

T T2 BRAKNE, —HERDRER BN AR Z = 4R A B AR5 f o | e A DL 2R RE, o
NGB S AR 9 D0 S5 00 A 8 AR T s S A e o, R e L BRI LA D % S 20 1 B 9S Be  R 4
TR HEA R B S PR RE . AR SO G S TR Ry s PR B4 T A DT e AR R DU D ik, LA ]
O3 AN AL SRR Y AR LR A B B R SRR B T R RRDRE S A LR T A R
PRI AR B4 A =R SO [l U] A i = 205 I M A — 4E AR SO BEAL 2 PR 5, b =
P74 F R OCE S SR BRAE Rk — 4E R Rk & e —RE iR 51

KEEIR: AT AR ARORL BRI, 2T AROME, SRR, FIERIE B

PACS: 68.37.-d, 68.37.Ef, 81.15.Hi, 61.48.Gh

1 3

2004 4, B [F S W R E A RE K Andre
Geim Fl1 Kostya Novoselov 4 JZ IR B & 44 8l A
S UL AR B L T B E 0 A 5, IR
mWOT T AR SR R T B2 Aok JE
2B LZ IR, XA 25 FRE (AT —
AEAPRH A BT AR I AR R ) 4R RR Bl AT
JEIR H— R AN PR = HE R A B4 1 i 3k
PR, GIE TAFFEN LR 2 2%, et i+ 2
AER], HEA RIS 28 D T ) R Bl F)
HRmIE, 4R 2l 7 — K #F},

il

HW B U E 28 B2l i 4 LR R 2 ) B

Pz AR R REIRBLSE R ARl Tl A AR
ATLATUIL, FEAARRESR, —HEm R T fig 2 LAAS ]
fTE HAEABAATHY H A

DOI: 10.7498/aps.71.20212407

XA R R AT RN, FA17E
P HA S A Py A~ AP RE R TR, BNy 2206
EERHEIE. BB S B2R 0 R aExT
TUAME B A USRI B A, AT A
JoHE: (4 AR ST AR RL R XA T K R P AR
PTAE. &5 T+ 2R R, MR ZITE 2%
T AR 2 AE B, AR LU B fL
SRR RO S L B e 25 0 1 RSN
S5 P, R R E SIS R T AEMORL R
W ORI @R A — R AL, 28 TS
UNZUVERI

ARSOH [ 58 4 BT AR R e B S
Ao &, U DG BT TAT, [ i A 2L A 454
AR R e . K DN =R T i L s SR R — A e
W FUT TR, AR 2T RS NEAG FUR
T HYERRRE R SRR A2 R SRR A
FAORE S B4 F LR 0 B R 4R A 57—

* [ S SRS R BRI G S 2019YFA0308500, 2018YFA0305700). [E%E A ARl -4 (S 61888102, 51991340,

52072401) Fih AR B (HEHES: YSBR-003) %% B iLsL.

t BIE1E#H . E-mail: hjgao@iphy.ac.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

106801-1


http://doi.org/10.7498/aps.71.20212407
mailto:hjgao@iphy.ac.cn
mailto:hjgao@iphy.ac.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 10 (2022) 106801

AR S A .l e =207 508 A IS
JRIBR, X AR TR ORI TAE RN SR 0
I -VIR

2 AR T RO FEAM A Z 4 MR

2.1 AHBUMIFFR Z 4B TR TR
s
2.1.1 AT RIMEAK

TETCR MR, ik S5 0kJE TR — £, Pt
FA I T 2540 . Y S0 E o bRk
Wl 25, AR B AR AR 2] T 275 ] LA
PRER) ZHEA L, R “REMG” (silicene). ¢ T REM A
FR#F5T 2 Takeda Fil hiraishil® 78 1994 4F fit)— i
HE TAF, Guzman-Verri #1 Voon!” 7£ 2007 4F 7]
B3 I T A I AR D M R FEFLR TS
i e A (buckled) 544 . AH L T4 250
M, R B SR, e B A
TSR A EFLIE RS A (spin-orbit coupling, SOC),
5T & H €2 /R AN (quantum spin Hall
effect) 1) R AFARZR B,

SR, SCHr I, BRI P H 2 I AR A
N RS . b R B, BEAE BB SR RO AR H
SRS BAT DG S5 250 1) JZ R BEAD R, BT
&, AR BRE R T TR AL sp® 28k 4RI
ATEEH, A E I B sp? 2L I A1 85254 . X —
S L S AR R TE A SR A A% rh T B AT U AL
BRIB R TR R 2 T I, i AT iR H
JCHE 1 T o5 — PPl 8 05 ik -00 T ARAME . 2010 4F,
Lalmi &5 10 B AL Ag(111) il IME A K it
a5, IF B AR 8 B 7458 (scanning tunneling
microscope, STM) MR 2| i e IR (R 2544 . SR, 1t
AT 00 281 P e o R 235 A D it A BSORE L B AR
B Si—Si /N T 17%, BHR T [FATR 4L
2012 4F, Vogt % 1 R o FHAMETE Ag(111) %
mihl & Tk, 45 G STM., M Ft et
(angle-resolved ~ photoemission  spectroscopy,
ARPES) UK S5 —ME BB 1 IR 45 T AMERE
IR SRS, AnTE 1(a) Fs. AR, Ag(111)
FMAMELE KA I 45 Rk 2 A PR 4 &g (1209,
It HEER] TR AR, (EAA—H A, i TAME
ARG R 254, STM B HAE /0 HF

FEZSTCIR Y = ANEJET. Onoda 25 1 78 2017 4F
IR R BAEE (atomic force microscope,
AFM) FAHWINE] TS TCER, HESE T REMH) —4E
S IREEHA.

%

AV WAV VAV ¥ ¥
VAV V¥V ¥ ¥ ¥

)A
.
b
A
b‘
’I
%
, .

1 AN ) 3 I 3R RE A ) 4y T ORAME AR K RE G TE

Ag(11D)1 (a) ZrB,(0001)07 (b) Ir(111)1 (¢) F1 Ru(0001)1)

(d) RHEAKAH STM K%

Fig. 1. Molecular beam epitaxial growth of silicene mono-

layers on different substrates: STM images of silicene mono-

layer on Ag(111)[" (a) ZrB,(0001)!' (b) Ir(111)1 (c) and

Ru(0001)!* (d), respectively.
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Fig. 2. (a), (b) STM image (a) and atomic model (b) of ger-
manene monolayer on Pt(111)?4; (c), (d) STM image (c)

and atomic model (d) of germanene bilayer on Cu(111)P.
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Fig. 3. Molecular beam epitaxial growth of stanene monolayers on different substrates: (a) STM image of buckled stanene on

Bi,yTes(111)B2; (b) band structure of as-grown and K doped stanene on InSb(111)B3]; (¢), (d) large-scale (c) and atomically-resolved
(d) STM images of flat stanene on Cu(111)F7; (e) STM image of stanene on BN/Ir(111)H.
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Fig. 4. Molecular beam epitaxial growth of plumbene monolayers on different substrates: (a), (b) Large-scale (a) and atomically-re-

solved (b) STM image of planar plumbene on Pd(111)*;(c), (d) atomically-resolved STM image (c) and atomic model of plumbene

on monolayer Fe on Ir(111)%; (e) large-scale STM image of planar plumbene on monolayer Fe on Ir(111)P.
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Fig. 5. Molecular beam epitaxial growth of borophene monolayers and bilayers: (a)—(d) STM images of monolayer borophene on
Ag(111)B354; (e), (f) STM images of bilayer borophene on Cu(111)P%; (g), (h) STM images of bilayer borophene on Ag(111).
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K6 (a), (b) B2 HEBELE Au(111) FKIESMELE K1 STM EME (a) FIE FHUR B E (0)0; (c), (d) BB MTE PdTe, K HiFME
A KA STM B (o) AR FHEELR B &L (4)159; (e) B2 B 7E Cu(111) FRIMSME ALK (Y STM EIMR; () 2533 8545 502 15 i 1
BEIE TS 9% (g), (h) BAJZBMRTE SIC R IEAMEA: K 1Y STM EIE (g) AR THAUR A ()6

Fig. 6. (a), (b) STM image (a) and atomic model (b) of monolayer blue phosphorus on Au(111)%); (c), (d) STM image (c) and
atomic model (d) of monolayer antimonene on PdTe,/; (e) STM image of monolayer antimonene on Cu(111); (f) Waterfall-like

dI/dV spectra along the arrow in Fig. (e)l%’); (g), (h) STM image (g) and atomic model (h) of monolayer bismuthene on SiCI%.
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1 nm LA LA L L L L L L L]

Bl 7 (a) Ir(111) 2% 0 A AL 244 19 STM K4 (b)
T HHI IR 5 STM BHR; (c) S g STM % . STM 4
TLRIR LI B i 45 ) 7% 3 ] 00

Fig. 7. (a) Large-scale STM image of monolayer Hf on
Ir(111); (b) Atomically-resolved STM image of monolayer
Hf on Ir(111); (¢) The STM image, simulated STM image,
and atomic model of a Hafnene monolayer on Ir(111), show-
ing honeycomb Hf latticel5.

S AL AT IG5 4 bRk 2 18] B Y 18 B H- 55
A A F T IRA TR BB AAE A BT AT 5. IF
H., AT Dl b = il ase fb ik Ay 880 0 2 B0k ST
TR R R, TR R
P, M p-n 4.

bR T o FORAMER AR LIS, —4E 0TI T ik ik

ARk W] LA 3 3R T 27 SN A 4 T Bt 2R T L
1] £ 118591 Wang 45 ) F1] 1] 43 J& 2R 10 ifG 16 11
JiRAE Pt(111) R EFIH T B2 PtSe,. A 151
Fl ARPES {IE52 T )2 PtSe, 2 SRERIE, JFIE
ST HOBMAL IR, Lin 45 57— H X A R
ST WD “H AR R AL MR B8 = MAIE
PIEIEIZE 1H/1T BURE AL (1H/1T-PtSe,)
(K1 10(a) F1E 10(b)) LA EAT EHAHES — LR
BEAEE (CuSe)(F 10(c)—(g)). 1M A —
HERTT I S AR A BB D) BE AL AR,
AT AR BENE W A DL T e R IR . Ak, &
e A TR AR E I, HA AR RN TR 5L

FIH & TR A w4k | Ak LA S A i 5 EEAa Y
T RUTT R T R A EHE AL CuySell, AgTel®,
IrTe ) FI AgAsI™ 4. X F i ¥E A L T4 F AN E
TR, (H R AZ BR T 48 AR 4@ T R ik #E.

FR 4 ST AR RN, S RSN ER R
P25 i B HAT AR TS B B S SRR AT Y
522 T RHAR R 07 T BAT SRR AR . Li 45 12
FIH 4> F AR AMER AR AE SrTiO5(111) 2 1 il £
TIEEZ R 18 nm HIRETEINR A48 CosSn,S, 1
i Gong 593 AR K BiyTey HH)ZH MnTe
WUZ, IR T AMEREER N 25K MnBiyTey,
JEFAH ARPES #f —25IE S T HAF £ 19 Dirac %
IS Wang 5504 FIFH A MERALE SrTi04(001)

a |(e)

g

3

)

-

<

% VBM CBM

~ ! ]

] 4= ~Eg =186 ¢V = -»!
—2.0-1.5-1.0-0.5 0 0.5 1.0 1.5

Sample bias/V

w2

b=

g

3

)

~

<

=

o

~

~

kS,

o

[

]

I

g A ) ;

5—2.0 —1.0 0 1.0 2.0

Z

Sample bias/V

Kl 8  (a) Au(111) F i H)Z MoSe, & 1Y STM El{&; (b) MoSe, & ) 5 F 43 B¥ STM E1E; (c), (d) K (c) FEEF 433 (d) 1
Mo i1 5 STM &% ; (e) MoSe, AKX R dI/d ViELL; (f) MoSe, & 31 5 1 AN B 19 dI/d Vi [T

Fig. 8. (a) STM image of monolayer MoSe, islands on Au(111) substrate; (b) atomic-resolved STM image of single-layer MoSe, with

hexagonal lattice; (c), (d) large-scale (c) and atomically resolved (d) STM image of Mo edge; (e) normalized dI/dV curves obtained

on the three different domains of MoSe, on Au(111); (f) Six normalized dI/d V curves taken on the six edges of one MoSe, island(™".
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B9 (a) BUZ A8 /WAL RERN IR LA K A KL )2 PdTe,™; (b) BUZ A 8845 /B Ak ik A IS LA K I B2 MoSe,BU; () £ 8
I AL AL A L I L A2 K 1K) PdSey; () 78 B3 802 FIOBUZ 7 88065 /00 A6 i b I L T8 22 A K XU PdSe, 1 W0 45 14 43 i b5 18 315 B2
(e) A BRITALBRAL FERT IR 1 A=K 09 PdySes™; () #4510 B2 HIXUZ PdySey 1 BillIAS (¥ 1131 5% 1 1% &1

Fig. 9. (a) Multi-layer PdTe, on bilayer graphene on SiC substrate®; (b) monolayer MoSe, on bhilayer graphene on SiC substratel®!);
(c) bilayer PdSe, on bilayer graphene on SiC substrate; (d) dI/dV spectra taken on bilayer PdSe, on top of mono- and bi- layer
graphene substratel®?; (e) Pd,Se; on bilayer graphene on SiC substratel®; (d) dI/d V spectra taken across mono- and bi- layer Pd,Se;*".

©)

R I R e R B AL S

£ g A d e
e n e i
ot 0 4 BB

¢3)
L I L N L ER R I

LA A 2 2 2 2 2 2 2 2 2 2 2 ot

sssssssssssslbadil

10 (a), (b) 1T/1H F Y PtSe, = A &R 1454 7% 2 5 STM R 67; (), (d) Cu(111) FE 1 CuSe 4 5 L14E = #1 7L IR 45 1 &7,
(e)—(g) CuSe Wy BHT AL BRI . Ha BIBTU R LI K I T 25 1) 7 7 1 1)

Fig. 10. (a), (b) The schematic and STM image of the triangular pattern of 1T/1H phase PtSe, on Pt(111)F7; (c), (d) large-scale
and zoom-in STM images of the periodic triangle holes in CuSe monolayer®”; (e)—(g) scanning transmission electron microscopy im-

age, the simulated image and atomic model of monolayer CuSe on Cu(111)F.

R A 1 MR E A il A R FeSe, LiFeAs Wi, HeAb, 15 HA7 S22 40 il 5 0007,
HEFHARRE 77 K. Chang 45 19 Hi3 1 I HI 4 AR AOS99 J SR AL 00010 Sl 5 T T, 231
T ARMETT AR B | AR TR A R HONER AR R A5 3 AR
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Fig. 11. (a) STM image of the intercalated silicene nano
flakes['7; (b) STM image of the intercalated silicene mono-
layer(17; (c) electron localization function calculation of the
graphene/silicene heterostructurel'”; (d) rectifying effect of
the graphene/silicene heterostructure!!7).
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Fig. 12. (a), (b) Schematic of the fabrication process of BLG/silicene heterostructure on Ru(0001)1%); (c), (d) LEED patterns of
BLG/Ru and BLG /silicene/Ru, respectively!3; (e), (f) corresponding STM images for BLG /Ru and BLG /silicene/Ru, respectively!!3s];
(g) comparison of Raman spectra of SLG/Ru (black), SLG/silicene/Ru (green), BLG/Ru (red) and BLG/silicene/Ru (blue) [

(h) 2D band of BLG/silicene/Ru well fitted with four narrow Lorentzian components!
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Fig. 13. (a) ARPES intensity map of the BLG after silicene intercalation[’®; (b) an optimized structure model of rippled BLG on
Ru(0001) after silicene intercalation'®l; (c) calculated band structure based on the structure model in (b). The red dots are the
band projected on the BLG3; (d) a structure model of flat BLG on silicene/Ru and the corresponding calculated band structurel's!
; (e) a structure model of rippled BLG and the corresponding calculated band structurel'¥); (f) a structure model of Li-doped rippled
BLG and the calculated band structurel'ss.
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Fig. 14. Synthesis of insulating SiO, between graphene and a Ru(0001) substrate enabling electronic-device fabrication: (a)—(d)
Schematic of the SiO, intercalation and finally device fabrication processes!'®; (e)—(g) LEED patterns and corresponding structure
models for sample in preparation stages (a)—(c), respectively[!”; (h) graphene G-peak intensity mapping, showing the skeleton of
the graphene Hall-bar device in Fig. (d)!18.
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Fig. 15. (a) Large-scale aberration-corrected bright-field STEM image of the bilayer-silica intercalated samplel'®); (b) high resolu-
tion STEM image taken at the red box in Fig. (a) clearly shows the atomic structure of the interfacial silica'®l; (c) EELS of Si-L, 4

edge taken at the intercalation layer!!%); (d) atomic-resolution STM image of the graphene overlayer(!”; (e¢) Raman spectra of the
graphene after intercalation of the crystalline SiO,[1%)
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Fig. 16. (a) STEM image showing an amorphous SiO, film with thickness of 1.8 nm between graphene and Ru substratel!%);
(b) XPS of the Si 2p and O 1s core levels; (c) vertical transport measurements at small bias (< 10 mV) for Gr/Ru, Gr/1.1 nm-
silica/Ru and Gr/1.8 nm-silica/Ru samples!'”; (d) SdH oscillations at different temperatures!®l; (e) magnetoresistance R,, and Hall

resistance R,, measured at 2 KI%) (f) corrections of low field conductivity (Ao,,) at different temperatures, showing good agree-
ment with the weak antilocalization theory of graphene(!s,
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Fig. 17. Schematic and STM images of the graphene origamil'*?

I. The graphene nanoislands can be folded by STM tip!

142]

|. By taking

advantage of the natural 1D domain boundaries in the nanoislands, heterostructure of 1D carbon nanotubes with different chirality

can be constructed42),
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Fig. 18. Comparison among the three construction methods
of 2D materials.
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Novel two-dimensional materials and their heterostructures
constructed in ultra-high vacuum’
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Abstract

Compared with the three-dimensional bulk materials, two-dimensional (2D) materials exhibit superior
electronic, optical, thermal, and mechanical properties due to the reduced dimensionality. The quantum
confinement effect of 2D materials gives rise to exotic physical properties, and receives extensive attention of
the scientists. Lots of routes to fabricate the 2D materials have been proposed by the material scientists,
including the traditional mechanical exfoliation, chemical vapor deposition, molecular beam epitaxy under ultra-
high vacuum (UHV), and so on. Among them, fabricating materials under ultra-high vacuum has the
advantages of constructing large-scale and high-quality samples, and is therefore widely adopted in the 2D
material growth. In this paper, we review three different strategies of growing 2D materials under UHV
conditions, including molecular beam epitaxy, graphene intercalation and manual manipulation by nano probes.
We compare the advantages and drawbacks among those methods in creating 2D materials, and try to provide

some guidance to the community, especially those who are new to the field.

Keywords: two-dimensional atomic crystal materials, ultra-high vacuum, molecular beam epitaxy,

intercalation, scanning tunneling microscopy/spectroscopy
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