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Fig. 1. Regulatory mechanism of metal substrates on the growth of two-dimensional materials: (a), (b) Schematic diagrams of the
growth of two-dimensional materials on lattice-matched and lattice-mismatched substrates respectively; (c), (d) the growth mechan-
isms of wafer-level graphene on catalytically active Cu(111) and non-catalytically active quartz glass respectively?; (e) several equi-
valent orientations of different symmetry two-dimensional materials on substrates with different symmetries are illustrated, yellow
represents samples with six-fold rotational symmetry, green represents samples with four-fold rotational symmetry, and blue repres-
ents samples with three-fold rotational symmetry.
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2007 4F, Pan 55 29 i i $aR ki 07 Ui 7
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JEFE . R HIAHE RS 1B R A4EE (scanning tunneling
microscopy, STM) & B Ru(0001) & ¥ B 1 J&
W 2.5 Af7S ARG, 5 AR 1Y AR H Y
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7E 300 KRR 0, BB K2 1000 K i 44
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b PR A, 5 AR AR PO TR 2 800—
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BRI AN )RR i XA IR BE FL 71755 (low energy
electron diffraction, LEED) ¥ /4., 45 & J8 -+ 7 #
STM &, #E—HAEH T Ru(0001) 21 B2 1 B4
R ARA T LA S5 5 W i Te 2t A M 4 s s . 491
fiB%iE T (scanning tunneling spectroscopy, STS)
7R B AT SRR TR POK RE R T IT 2 I 4 Jm 2
FEor A (B 2(d)), IEWTT A S0 AR TR
RGBT e K. DFT IHHAZRERY, A
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0.81% FYTAIN TR AE, X1 1F & Moiré I 22 (AL

312 Ir(111)

5 Ru 4, Ir L EA AR EUE A 953 ik il
A 88 BIAE . 2008 4F, Coraux 45 B2 B 1%
FHAE =R T 2468 2 AE IR W 7 2%, 4 Tr(111)
Femi AR B A B, IR STM gk 24
W55 Tr(111) ShHE A BE S 200 Moireld ZE. 2011 4F
Busse 4 53] 3 — 20 5k F AE J&y 38 70 18 5 B %% B
1Z MR (vdW-DF) J7ik, 456 i, 118 7 A
S5 Ir(111) Z 8] 322 R i L H A B AR H,
SR L5 G REN-50 meV /BRI T, 51 88 1) B RE
(-52 meV /BRIFT) HEIT. {E7E A7 SR A JE B0 [X B
WNBR S -7 T4 7 TR A, RER 3 s i L R %
HH 55 JLA R TR .

2012 4, Meng %5 PU R 1E T 7 UHV 35T,
PR S Te(111) B s 1120 K JF 28R
TE LGS, il L0653 iR T AE R DY A 380
g it — AR TR E 1120—1500 K DR SEA
BIRLS S EREANERKERE, Ie(111) HIEAMY
VE AL R S A B0 i, AR AR S|
T BRI AR HES], RS A BRI 2 A S Y
AH AR B s RS, 175 I B T 22 FhAS [R] B )
i) Moiréi8 fiks 4544 . LEED & #7445 RO,
R14, R19, R23, R26 F1 R30 7£ N Y 6 FhAS [7] B i)
4 SRk (151 2(g), (h)); STM Pt — A=
E LI T 3 S 1) JELF-HE 1] . Moirei 2544 1) JE] 1]
PEFELIRFLBE, 640 RO A7 589 (1] 2(e)) MR i
Eb R30 7 850 58 5 35 (S AR . ok e S0 56 T B 3[R
a7 T AR B W 1Y) J LA 4544 B AR Tr(111) 6
T 1425 [A) A3 AR RFAE.

3.1.3  Pt(111)

2009 4F-, Sutter 55 B 7 Pt(111) 5 Fil il
Fihie, Fifi 5 9% 1% 1 I BK 20 A 2 T I AT, B 7E
Pt(111) R & 1820 8B4, JFd i Rae s+
B (low energy electron microscopy, LEEM)
SERT I 2] T AR AR TR 8 BB S e A K AR
(1 2(1)). Pt(111) %% 5 A S0 A0 BAE s, ff
RARAE Po(111) #1IE B2 A B IG (U
s AR AP e HE, T A LA Z IR
ma (1] 2(3)). HoeRe ry )2 A s 23 PP IR AR Rk 1)
URSLY T, AR LR T Z 285 0 IEAE
A BRI AL .
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Bl 2 A &K7E Ru(0001)BY, Ir(111)B F1 Pe(111)B390 408 AR (a) A &M /Ru(0001) 5 STM & ; (b) £1 2 /Ru(0001) 1)
R A (o) A B /Ru(0001) B T454; (d) 47 8% /Ru(0001) B STS i¥%; (e) A 884 /Ir(111) i RO BUAE 9 STM [; (f) f7 5845/
Ir(111) f) RO BLIa) (A B F 2544 ; (g), (h) A1 8845 /Tr(111) /) LEED K%, ] LF 2 6 MRS BUR ; () A 8B 7E Pr(111) 4K EA K
AR, ZEE A K S B 2, A AR K -30 s, —90 s, ~190 s; (§) A7 884 /Pe(111) FIBEHT £5 445 (k) 185 & I iR 3 AR i o S T ) 45
8BS /PH(111); (1) 1K 2% v B FOAR Ao IS R B 41 45 7 B8 045 /Pt(111); (m) A R4 IS IR F 75 2 A9 7 884 /Pt(111) B9 LEED E %, M
LA A58 713 K, 873 K, 973 K

Fig. 2. Growth of graphene on Ru(0001)P!, Ir(111)B%, and Pt(111)P3% substrates: (a) STM image of graphene/Ru(0001); (b) atom-
ic resolution image of graphene/Ru(0001); (c) atomic structure of graphene/Ru(0001); (d) STS spectrum of graphene/Ru(0001);
(e) STM image of graphene/Ir(111) with RO orientation; (f) atomic structure of graphene/Ir(111) with RO orientation; (g), (h) LEED
patterns of graphene/Ir(111), showing six different orientations; (i) growth process of graphene on Pt(111) substrate, the left pic-
ture shows the completion time, and the right pictures are 30 s, -90 s, —190 s in sequence; (j) band structure of graphene/Pt(111);
(k) graphene/Pt(111) prepared with high ethylene exposure and high substrate temperature; (1) graphene/Pt(111) prepared with
low ethylene exposure and low substrate temperature; (m) LEED patterns of graphene/Pt(111) obtained under different substrate
temperatures, from left to right are 773 K, 873 K, and 973 K.

FE P(111) 1 R RE R LA 2 0 1 R i VR
A MR, 2011 4F ) Gao 45 B0 e 1 i
HH PH(111) #T K2 TRl ok, 31
773—1073 K A BEYE B N T I, il S
TAasEmAMEERK. FEARKSEF, Pr(111) 4
JE— 7 THIVE AL, BEAR T B A A A W o e iy 4

£ TR SR S SRR S A HERY (B
T s 22 ) R A FRARSS, G758 KA
T3 BRI 11 RO 454, /M T R
TS AT OB, Pr(111) 573 SR
59 00 T AL 5 B7E AR 2 KB A7 SR
PH(111) Z 2RI FEFE R (0 0°, 19°
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F1 30°) (B 2(m)). S50 & B, AR -S51E T i Ok
FE G B A T 3045 i i A A0 (181 2(1)). FEiX
PR T, SRR TR BRI, S T B s,
A5 A A S50 S AR 3 AL 1Y IR R 2 (8] ot Bk
JEF BRI K, A IR TR | Bl i 5
JRHERE. [, e R R Y £ TR B 2 T B A
PR PR B B R e, B NG L 2B Y
Z 0 SRR (18] 2(k)). BeAh, DR M)
DFT #5587 T A B0 540 Z 5] 1) 2R e Al
TR, RS T AR Z S A B
PR A S0 T 5 B RS 1R

3.1.4 Rh(111)

2013 4, Liu 55 B7 R4 i T 7€ Rh(111) %
Ji& B AMA] URV-CVD 75 ik M Al 7 U DU
(ambient-pressure chemical vapor deposition, AP-
CVD) JrikE R A s R AT AL 76 UHV 36
Hirh, Rh(111) AR T 57 Ais ELFEEAE DA, 53
A7 S0 T S AR A P AR, STM BURTE
OB J B 24150 9 MoireB 2544, R 50 880
FEERAH EAEH], A 0K 238 T Rh(111) %
FERSRA J15 15, TR T & A P 44, R T
b SO S S HES RO, (K] 3(a), (b)).

XTI, 78 AP-CVD Ji#E i, Rh(111) #1iE

B 3 7 B4 TE Rh(111)87, Re(0001)B8, Nil2739 3 Jig F il 4 K&

ok ) e
R s i

-]

"' Aoy x g

L L A

. “‘ 4 - |

e & 'Q” ‘ - ‘
.. g - g‘ ¥ g # 5
Te a3 ¢ Jﬂ: |

%3 -«

F B R AR AT AR VER, 48 R mfie
PERR SRR B 20 ik, ZNRS A B0 1 D HE A 2R T
PR A28 [ 28R, DRI A K S A Ay B0 10 A8 ) M
B Lk KEA T 1A, 7F AP-CVD £
KA BRI IR R rh PR SRS R W Ay B 2 )
PrE PR R YR PR B i i 1V AT
e TR S B TR, A RLPHIE TR EF 4B
I B 1) T AR AT, MR RE S 34T 2 L2 A SR
(I 3(c), (d)); HEZ T, #5R A2 R, k)T
AT B A AR TR A BT T, 3X 45 T T
Fe R AT R 4of IS PN BB b 28 3R 1, 3R
T R HLE B 1 2 )2 40 880 (B 3(e), (). R4
RS, XA R R - AL A SRR 3k
PR 55 R B e BEATL A RE A, PRl A 2 R
JEIIY Moire 4580, S AL FMImATHLH T 2004 e
55 BRI 22 () A5 ) A A AR A

3.1.5  Re(0001)

2014 4F, Miniussi 25 B8 7 UHV 355 1, it
B IR AE R IR, BIFE Re(0001) 2 1A i 4%
R A B RE M. Re(0001) R SRR HA
RS AR, S80h S8 0 o 5 R ik (b
P B B S T AR AR 08 358 A i B A AR S 25
G, S A S AR HEHEE s, T8

(a), (b) #IH UHV-CVD J5 15 ] 4 41 8547 /Rh(111) 9 STM &l

KEEHREE; (o), (d) FH AP-CVD e B il 45 21 9 4 8544 /Rh(111) A9 STM B K &5 # 7~ B &5 (e), (f) FIH AP-CVD 12 # %
53 147 B4 /Rh(111) B9 STM B K 2547 2 K ; () £ 5845 /Re(0001) (9 LEED &% ; (h)—(j) /A 7] M I 8 & T 78 Ni e b il 4
13BN BE G 5545 2 Si0,/Si PRI JEBE L (k) A 8845 /Ni(111) = 4 B, 46 182 LEED [l %

Fig. 3. Growth of graphene on Rh(111)P Re(0001)P%, and NiP"3 substrates: (a), (b) STM images and structural diagrams of
graphene/Rh(111) obtained by UHV-CVD method; (c), (d) STM images and structural diagrams of graphene/Rh(111) obtained by
rapid cooling in AP-CVD; (e), (f) STM images and structural diagrams of graphene/Rh(111) obtained by slow cooling in AP-CVD;
(g) LEED pattern of graphene/Re(0001); (h)—(j) light microscope images of graphene prepared on Ni substrate and subsequently
transferred to SiO,/Si substrate under different cooling rates; (k) atomic resolution image of graphene/Ni(111), with LEED pattern

as the inset.
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B s A IS A TELRE RN 2 vk . TRIEE, Re(0001)
50 805 Z R AR R S W5 5 T SR
(R PR G PR R TR, X TF7E Re(0001) | 4%
AR B HE A0 80, BARTE LEED Houlge 213 i
() Moire T4 (&1 3(g)), RIVE L T KA 71055
), (HI XPS i C 1 s WEIRELL )2 DFT 3154
SERIUESE T A1 8B5S Re #HE Z M fE e 20
. xR EAER S B BRA LT AHIRET
(KB S A REAE.

3.1.6 Ni

FIFH B Be A 4 2% T A AL R4, ] TR
KA 8804, 2009 4F, Reina &5 27 | X — L7
Z it Ni f IR B AR KRR A 3B xR 4
T T R R e v 5 98 A R A AR R B Ak
(I 3(h)—(j)), & IARH b vk B 5 18 % K] fift
/SR A BRI S FRIA 9%, HE /XUZ A1 84T
DABS AN Ni kL, e T7EZ 00 Ni A KA
Jis 300 o U B AN Y 5 XA

2010 4F, Gao 5 BIAE UHV &g, B L1
T Ni(111) #HER N E 970 K, JF8 A K
ST IR, TR IS R T E )2 A =0
(&1 3(k)). Ni(111) #f RE7E M B2 AR AL 1
H& DT FC A A AR, 38 PR HC 55 4 B0 =2 [ () i A
YEH, ST — X — MR PR, 0 SR B
FAE TG Moiré &80 58 3 ik 4544 . LEED B %
TR T A RIS Ni(111) HF 5 5 K8 s DT
Bic; AES WIHfIA T SR ERIC R AL, HEBR T 3 AL
Z&Jit; BT DFT Wit —in T ARG S
Ni(111) Z [ Ry A a2 8 2.01 A, I & B H ¥
M Ni W 1) A S 5 7%, P ECA B R n BlE
Ze, IR T HA s PR RE, R BR 1 A0 #hoi #
ARSI 5B AS R ILRIUER, Ni(111) 8 o 54N
GAEFSEEL T A s i B P AR A, O
il T 5 A AR

3.1.7 Cu

2009 4F, Li 25 1O il 7 A B G4 0 B DR
TE Cu §A_F il 48 Y HUOK 200 v o ek B2 A0 0. S5
BA T Cu RHIARIA R EE RS, S T A BRI
AR, BRATE 5 R 95% M35 B A BRI .
4545 WX 0 Raman SGil% ok 3 45 4 £ 47 3%
fik, Bl T Cu §H R AR 2200 BR A1 8806, X
A i UZ R =2 DI T R A 1 L

WHA R iR, FEZE W TSR FiER R EA
4050 em? V-ts ) I AL B A S50 1 OKE . X
BRI Hao 45 W FE 2013 4E 43 HIHE KRR & 4 Cu
HIA Cu BilsA 5 (B 4(a)—(c)), S5k
TE IR AU b 1) A% 2% B LA AU AR 3 B0
KU, HEFRIK EARKERE T PR
TR T AR B, H Sk Cu
FMEMEAL S, B A A By, R
AT AT DASE B JEOR 9 B0 i A K Ak, DFT 353
INE M AETERG R I I B RE 22\ 1.76 eV FEAR
3 0.92 eV, i 5 72 M Zrh 5 s il i A8 A i
P, XA A SRR TR R IR & A B AR
257 A, AR BB NE.

Xu % 9 7F 2016 4438 T4 Cu i E T4k
Prteh IS L, R BEAE i, 78 Cu $i 2R 1 &
WA SRR (K 4(d)—(F)). M T LLA: 7R 5 2 i 1
s 0 s, Xu 45 )l s iR AR i, il
AR AT 2 Cu {1, R RfETEdE— DR
16T W B 24 0 TG AL R, T R AR AR Ak R e S
[ S 384 R F B SR I I, A A 1 2 K R A
G 0.4 pm/s 22 60 pm/s.

2025 4, Zhang 55 42 F) i A4 Bh CVD
Jiik, A Cu b A s oA 0. SR A
R SETE Cu fH R SE A S8 AR K, TR KO R
Y SR RS T IR E B R b B T A, SRR
PR IE 2 N UUF SRR Cu 71454,
AR B S I A SR AE R RE ). B
JEAEF G I A A AT . AR T 2R b
e >R 7% 58 VG 2 i A T B, il i 40 B A SR o
S, PR R SR I SR o A e 5 B, AT
55 TP G DO 20, I 3 AR R S DT 8 R 25 4 S I T g
22 (M 2.84 eV [ 2 0.36 eV), LNk ka2
(K 4(g)). e E AL, HEFE TS0 Raman
W LTRSS, IR A SR B 2% AR AR, 25
A TEM/STEM EI 7] LIA 2] (K] 4(h)—(j)), ¥
FEE BT YL T LLZRS AN T, BTG A& B, i
— AR T KR I A B AR R & Cu
Ao TR DA LAV Rl 5 Fifk 32 | 48 A 3% A R oy 1 A5
R SR T B KRR B A 2 1) ) 5
3.1.8  Au(111)

TE CVD A K AT S0 AT o, Au R SEAE
HAMRAR BB e E AL S A=A 1, R BT
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2 mm
R ——

20 pm

Etch

A
[

500" iy

0.2 mm

Repair
—_—

Bl 4 fSBEE Cul 8RR AR (a)—(c) ABMEESE Cu (a). TR Cu (b). Ll HA L TEA Cu (c) B LA K
SEM &, H:rf (a) 1 (c) A= KB 150 min, (b) 2E B8] 50 min; (d)—(f) LLEAY L1 Cu 1 A Hd IS I0 SR 40 R O AR D B 1R
(g) WSS B CVD Jr ikl & | it A B BR B A (h), (1) RZad (h) M2 (i) flct SR A S TEM & (5) A 885/

Cu JR ¥4 ¥ STEM

Fig. 4. Growth of graphene on Cul®':43 substrates: (a)-(c) SEM images of graphene growth on oxygen-containing Cu (a), oxygen-

free Cu (b), and oxygen-treated oxygen-free Cu (c) substrates, where (a) and (c) have a growth time of 150 minutes, and (b) has a

growth time of 50 minutes; (d)—(f) light microscope images of graphene growth process on Cu foils on oxide substrates; (g) schemat-
ic diagram of the process for preparing high-quality graphene using a trace oxygen-assisted CVD method; (h), (i) TEM images of
graphene without (h) and with (i) trace oxygen treatment; (j) STEM image of graphene/Cu atomic resolution.

gyt P mAEIE. AHELT Ni AT, Au iR
TS S A MU AR AT LR, BE SR B il £
SR B S BR AR  MALT Cu MR, Au /5%
B LEE I T BAE m AP AL, RO
A A BT, LG 7 S 22 ) (s O 72 L H 3B
RO BEAT R B A SR RO/ I i T2,

A JEAL P FERAE BT 6. RS A R IR
BUARHE 7 AMEATE PEAR X B S e R i R A2 2 A Bk
A8, AE AR i 4 o A | AR LA S HAT R o B )
1) A0 5 AR A AT AN .

2011 4%, Oznuluer 4§ 43 F R HIE T M AP-
CVD JyiEfE 4 THR M 55 A0 88 df . BAR &
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BN A TE AR, EAE D 5 40 K J0kE m] RE H
A —EMEALRE J1, FTRE 5 BRTE 4 A0 Tl VA A AT
X Au AR R (2.88 A) 508 (246 A) R
VERE, 3k R R A S i A N T, hrgs
RN D W (4] 5(b)). 2012 4F, Nie % 144
FIFH TR 78 &R (electron beam evaporator) Il
PR BRI, BCEIFE Au(111) FRIAHI 5 1A
sl Au(111) RIS A 5806 A BAE AR T4
A5 A BEHEERESS, KR Au(111) R
M)A SR A LA, HoA S a s T Y
Au(111) AP B A By B SCE A (B 5(h)), &
B S5 Au RIZ AR/, HAh, T Au iy
BT A BEATR, A A0 F R A= KA, B 5 2
ISC YIRS ST

3.2 &

REM AT SRR IR, e 25 LAE |
TR R . B 1994 45, BFEENTHE
22 WBEIE F PRI T A B A RE 2R v B A
FIREME. (B 2009 47, 85— A IE
SEEAT A S5 0 i s e A 2 R AR i 19,
S HAT IR LT 54, REMRAT HLAT V- TH A7 88045
AR Z 25 S TRt (B Ak B e i | o 2ok
FERMBRFIRR). 580, R LA
BENH 1) ATEPEGERS TR, Xl i g1
FIHE FE R RU 7F 52 56 T K A TR R A DL S B
2) 7t B A AT IR P T A T IR R AN AR
% (FET) MHRAEZLEN; 3) AL LAk,
IS A LT AT

—
=3
=

Intensity/arb. units

1500 2000 2500 3000
Wavenumber /cm~1!

5 A BIRIE Au P BRI (a) 77 BRI /4 T 1Y SEM [, 36 8] 7] — XS i 2% B OB 1% (b) £1 8B4 /4 fE i
BT (o)—(f) 451 A B S Au(111) # R A FE M1 STM B, 4353124 (a) 1.5% (b) 11°% (c) 14°% (d) 26°; (g), (h) Au(111) F i

i BUE 1 (1 Moire# & #% (19 STM &

Fig. 5. Growth of graphene on an Au substratel®#): (a) SEM image of graphene on gold foil, with an inset of the optical micro-
scope image of the same area; (b) Raman spectrum of graphene on gold foil; (¢)—(f) STM images of graphene on Au(111) substrate
at different twist angles, namely (a) 1.5% (b) 11°; (c) 14°% (d) 26°%; (g), (h) STM images of Moiré superlattices on Au(111) surface

after herringbone pattern modification.
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SR RO R HEA T T BRI IR, {H S
B EL R 2012 4EA 52, Y3 Le Lay M
eH 4] Takagi #1 Kawai A2 17 32 v #E IR @
ZH T4 Aufray B8 ZH 491 Oughaddou #7844 PV
ENPZ AR LT [FRHGE 77 Ag(111) Fif
R R R ARG AR S A 492, Lalmi
S50 FLTE 2010 4RI — IR SCTH LB FRTE Ag(111)
RO F A T R (A AT A K RE R
fATRZE IR, T ELAA TITRGE Y Si—Si [HEE (1.9 +
0.1) A) Al it he. 7E Tl & HakIG 2 e, 3R
RV, JCTREM I BIFFE 59K 22 I L 43 e A
K. FEARTT ) A TR ITEA R 4 8 4 K Lkl
(Y SZ 505 1 B RAE 2 e

32.1  Ag(111)

A FHRAME (molecular beam epitaxy, MBE)
VI UHV P55 H RENS LIV 50 2K RS i 45 11 T
U Y R, BUATE & B Al Bl & hEIm iy £ 207
. Feng &5 M43 A 40 £k 1 7 25 1 ARG IR B 1RO
6], REGEMITE TREMGTE Ag(111) R IAIEHY Z M
SEF: MR R T 400 K B, DUBUEE Ag(111)
FETH A RE B AT 208 A R BT E 254 4t
JRE IR RE 1= T 400 KR, fr A R il i SR B 5 A4
A7 AH: A5 Ao RS IR B ) T = ek N T A2 4x 4,
V13 x V13 R+13.9°(l #1C/E V13 x V13), 2v/3x
2v3, A H| V3 x V3, W 6 R, BrT LR
PEENAAHZ A1, ks 1) HADAT P S5 P /R 2 et
. 5TEMNA G, fEmRI0 itk
22 11 AL IR R AR AR AR i DX 7E TR0 v g5 il AL
IRV 33X R v 8 e A 1) B R R A T A IS AR AR
FEARAS ) AH AR A X S A v & A T E BT HES
S EIT2IH B B E STM EHZ.

Ag(111) B JEEAE A HI E A A kM e 5 A 4
S, TEREA AR R T AR, 1545 T Si Y 33
MBS Ag 1Y 4x4 8 i i [a] 42200 50 S 1 i
WRNSEEITHL, Si 5 Ag #HK Z B R T AR A8
LT, MRS E HAA A x4 2544, [RIB, —E /)
ST g SCTR] s 5 S R e S A 1 T )
TN, i — PR R I R i A 7R e 20
BT 5 FIOAREIAGRE SASAH. BEAh, REIRF7E Ag(111)
R AR, UM 0.031 eV, XHHS) Fif
BREM NG, BHas5E mebtnt A R
KA, PTLASK BN 5 I Ry it S

322 Ir(111)

R TR Y Ag(111) AR, S RER A Zh
TE—LEH AR AT F il %, Meng 45 P2 F| ] MBE
JrEAE In(111) RHER IR & T k. BIARSRR:
£ UHV MR DU =R Ie(111) #% L,
B e A R KR 670 K AR 30 min, T AL
BIPE5H. Tr(111) B R FHAE T A K
-, Wil SRR AR, BT RE
TRE R A AL, AT HIE R T V7 x VT S
(E 7(a), (b)). YEEFIH LEED, STM XA A 7
FAE, 454 DFT 115, #2800k T 5 Fo# il
1 Si(V3 x V3)/Ir(VT x V7 ) &5 (B 7(c)), I
AT FE R EL (electron localization func-
tion, ELF) & ¥, i 5 Ir #HE MM AR A (ELF
fH4 0.38) EEEFHAEN, HoR /N T/E R+
X} Z 18] (ELF {8 fiz i 7] 35 0.82) Y FL A4/ £ A B4
FH. X 55 (0 ST & DRIE T Rk 2 R AT g
TV A [ Si—Si B, DT 2 s T R 2 10 2k

3.2.3  Ru(0001)

2017 4F, Huang %5 53 L Ru(0001) NHFIE, 18
=RV SiJEFJEIR A E 770 K 5=,
B FRR T RCE P25, fEME ST, kT
e 5 PR AT IR B HCP 7 45, 8 i — ARy . 2
A 60T B L gs i (B 7(e)), XIEHA R
RE B IO RS A . it ok 7 o5 P B4 K, 141
Tk D B S5 R 1) <R A IR 7S FE
BT AR k37 K ) B SR AT . X e AR S
SUAL[FE R T g S-S R e s (B 7(1)).
M AR T, R A A A,
AT B A5 4 TR A DE BE Y /7 x /7 R R A
(F7(g)).

JUEREDFAE Ru(0001) FmAL 1 1
IR A, (A FRER TS5 Ru #1IKRIA AR & 1E
M, B E AR BT BAT KL S EAFIETE Ru(0001)
FIAIHK, KRR TIN50 48 ALRHE. X —4
KM P48 7R S ARk FIFH 2% T D e A SR 2 RE LS 1
PRFE TSN FHZEE T 550

3.2.4  Au(111)

Stpniak-Dybala %5 P4 F| F AT A= K 19 7 X7E
Au(111) 21 il & il & /N T 0.05 AR i
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2 af — LHe
3 bP
<= 2r
<
~|>
TiT 0FfF
—1 0 1

Bias voltage/V

6 GEMTE Ag(111) P RIIR ERYAE K (a) TS 4x4 M A BE 4 /Ag(111) Y STM &5 (b) T AR GEM /Ag(111) & 43 BE
STM ; () T MIRERS /Ag(111) JE T458; (d) 4x4 FARER /Ag(111) B9 STM [; (e) 4x4 MIRER /Ag(111) JE 74544 S &4 STM 4
() VI3 x VI3 HIEEM /Ag(111) JRFE5H; (g) VI3 x VIS AHEEMM STM &l; (h) 2v/3 x 2v/3 FIEMS /Ag(111) 19 STM &; (1) 2v/3x
2V3 MM JAg(111) & 439 STM [l ; () 2v/3 x 2v3 MM /Ag(111) JR 450 ; (k) V3 x V3 HHEEM /Ag(111) 543 ¥ STM A ;
(1) V3 x V3R /Ag(111) JRFE5H; (m) AR AIRE T, V3 x V3 MM /Ag(111) 1 STS %

Fig. 6. Growth of silicene on Ag(111)"*8 substrates: (a) STM image of T phase and 4x4 phase coexisting silicene/Ag(111);
(b) atomic resolution STM image of T phase silicene/Ag(111); (c) atomic structure of T phase silicene/Ag(111); (d) STM image of
4x4 phase silicene/Ag(111); (e) atomic structure and simulated STM image of 4x4 phase silicene/Ag(111); (f) atomic structure of
V13 x /13 phase silicene/Ag(111); (g) STM image of /13 x v/13 phase silicene; (h) STM image of 2v/3 x 2¢/3 phase
silicene/Ag(111); (i) atomic resolution STM image of 2v/3 x 2v/3 phase silicene/Ag(111); (j) atomic structure of 2v/3 x 2v/3
phase silicene/Ag(111); (k) atomic resolution STM image of /3 x /3 phase silicene/Ag(111); (1) atomic structure of /3 x /3
phase silicene; (m) STS spectra of /3 x /3 phase silicene/Ag(111) at liquid nitrogen and liquid helium temperatures.
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PSS R R T O E AR i R A (I 7(k)), AASHERL R 4.1 A, HHJFE T A
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z/nm

7 REMFE Tr(111)P2) Ru(0001)53, Au(111)P9 4 s A A K

(a), (b) PR A R B AR /Tr(111) B9 STM &; () fEM /Ir(111)

i LEED BIZE; (d) BEHM /Ir(111) B R F4544 ;5 (e)—(g) Ru(0001) R Si b7 B 7 SUE5 4 () . fai SC- 3 SIRB A5 4 (f) B
RAEH (2) B9 STM &5 (h)—(j) 23517 Ru(0001) K I A [ Si J55 3 Fh&h # i J5U 585 MR IR (k) AR /Au(111) B9 STM 4], £ 81
AR B AR B IR AR (1) STM B FFT; (m) B (k) ERER BE I (n) Au(111) FHJE b A4 9 14544

Fig. 7. Growth of silicene on Ir(111)P2, Ru(0001)%, and Au(111)P! substrates: (a), (b) STM images of two different orientations of
silicene/Ir(111); (c) LEED pattern of silicene/Ir(111); (d) atomic structure of silicene/Ir(111); (e)—(g) STM images of Si atoms form-
ing fishbone structure (e), fishbone-beehive superstructure (f), and honeycomb silicene (g) on Ru(0001) surface; (h)—(j) atomic struc-
ture diagrams of three different Si atom structures on Ru(0001) surface; (k) STM image of silicene/Au(111), presenting a deformed
and flat honeycomb lattice; (1) FFT of the STM image; (m) height map of the green line in (k); (n) atomic structure of silicene on

Au(111) substrate.
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TIfe Po(111) 2 18 il 25 5 )2 e 3 R A8 0 FF
Pt(111) #f IS EA 7S EXTFRME, rIVE N IR E A
KRR, FL5 A4 A b, S R i) — e e
SR (W BB ) 22 [B) Y 5 TR AR 55
AR FIGEERIE LS.

T 0 s R S5 A Y B R TE Pe(111) IR AR
TRBEATFH V19 x V19 E5H, HEIIZN 12 A,

B 8 #HIAE PH(111)0) A1(111)559, Sb(111)b7 4K _E Ay A=
Jii /Pt(111) (4 LEED &1 %; (d) $64 /Pt(111) (I T 4544 ; (e) #  /AL(11L) (9 STM &l (f) 8 4% /AL(111) 1985 4> BF STM &l (g) #
% /A1(111) 9 LEED B %5 (h) 85 4 /AL(111) (IR F 45485 (i), (§) 23904 Sb(111) 4 i AR 55 J3 A0 v 7 35 B 40 0 STM I (k) 3%
I /Sb(111) B9 JFF- 251

HAE R T A A [ g BE X e it (7 8(a),
(b)). #54 DFT THAAS R0 SR8, RS T BTl
£ IO 0 S L R T 45 4 o B T A 1Y
3x3 45895 Pt(111) W 19 V19 x V19 4544 (1 IT
Be. #—00 ELF 2087 o, 85 Z e e )
AL, TR T — S AR, TS
Pt A JEG 22 [1] 14 AF EL AR 0 = 8 5T i AR O, 3
FlRE S A58 1) S A B A B TR SR R I AR E
FRPE.

332  Al(111)

Derivaz 55 0% 7£ 2015 4F 438 T DL Al(111) 1
el S ) £ B R AT SR A SR SRR ] 360 K HY

(a) #H5 /Pt(111) () STM F; (b) % /Pt(111) =409 STM ; (c) 44

Fig. 8. Growth of germanene on Pt(111)[", Al(111)P), and Sb(111)P7 substrates: (a) STM image of germanene/Pt(111); (b) atomic
resolution STM image of germanene/Pt(111); (¢) LEED pattern of germanene/Pt(111); (d) atomic structure of germanene/Pt(111);
() STM image of germanene/Al(111); (f) atomic resolution STM image of germanene/Al(111); (g) LEED pattern of
germanene/Al(111); (h) atomic structure of germanene/Al(111); (i), (j) STM images of germanene on Sb(111) with low (i) and high

(j) coverage, respectively; (k) atomic structure of germanene/Sb(111).
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3.3.3  Sb(111)

2016 4, Gou % b7 i R ¥ b 42 )8 Sb
(111) YEAATE, R EIRUTBTFR ki 7=, m
il T . AT A A JE A, Sb(111)
HA BRI R TR, 5882 A EAEH
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ﬁZIQﬁT%E%m TR T P AR 175 S A R R I
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3.3.4  Au(111)
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(c) #f /Au(111) A9 LEED B % ; (d) %M /Au(111) JF 2540 ; (e) 480 54 B th AL A7 085 0% /Ag(111) 19 STM [l (f) &80
AT BN IK; (g) SR BUMEE I /Ag(111) BURE 4544 ; (h) #E A B AHEE I AT BLIHIX; (g) #E A B AHEE S /Ag(111) B RBAR 4515 (5) 2R
JEEIE /Cu(111)STM ;5 (k) B2 449 /Cu(111) B F 4540 (1) B0 )2 FMBUZ 0 19 STS %, K Cu(111) 44K STS i%; (m) )2
B /Cu(111)STM I&l; (n) Cu(111) =553 BF STM FE; (o) WU M =5 43 B STM & (p) XUZ 84K /Cu(111) JFF 4544

Fig. 9. Growth of germanene on Au(111)!3 Ag(111)P, and Cu(111)6! substrates: (a) STM image of germanene/Au(111);
(b) atomic resolution STM image of germanene/Au(111); (¢) LEED pattern of germanene/Au(111); (d) atomic structure of ger-
manene/Au(111); (e) STM image of germanene/Ag(111) where stripe phase and quasi-free phase coexist; (f) Brillouin zone of stripe
phase germanene; (g) band structure of stripe phase germanene/Ag(111); (h) Brillouin zone of quasi-free phase germanene; (i) STM
image of monolayer germanene/Cu(111); (j) atomic structure of monolayer germanene/Cu(111); (k) STS spectra of single-layer and
double-layer germanene, with the illustration of STS spectra on Cu(111) substrate; (1) STS spectra of single-layer and double-layer
germanene, inset shows STS spectra on Cu(111) substrate; (m) STM image of double-layer germanene/Cu(111); (n) STM image of
Cu(111) with high resolution; (o) atomic resolution STM image of double-layer germanene; (p) atomic structure of double-layer ger-

manene/Cu(111).

T B35 21 ) — 4 B R, A KA T 7
Ag(111) AR,

2T e BRI BN /T = /7 FH T B T B
(4 . - e RS54, R TERH{CR 0.1 A,
RN EERRAIG. XPS 45 R R Ge 3d FLif 2 I N H
— FLRAE (R, UERH T 48R F4b T 5 — ik
W HBA & JRFeE. R DFT 1145 ez 4
P R AT BB AEAE /Do (1) 4 SR 4, (H ALY
STM [ 5 52 5 ¢ BE W &, TESE 1 X iz ~F-F
THIR) L LT B 1) 4R B0 B R A

3.3.5 Ag(111)
2018 4%, AN AL HIE 1l AN R 7 207

Ag(111) & 1 il £ B8 95 BE b 1 250 45 2. Lin
S PSR MBE Jyi:, 38 2k el ISl TR TR 4 I
45 SR B0, 454 LEED, STM 5 ARPES 4
FAEFB, BT AR 5T AR A A . 7
BEIRGIER 0.74 20, $#M 2IARS0M, LI 36 5
o IS BAT #RAE A, AME Dirac B T45 F 8RR ;
M T T — R, B S I A, R
at S Z AR A BE SR 58 T — & AR5

BTRAMBEENBTE, B 9(e) BAR T REH
Sk A AR AE 0 X 5. Zhuang 25 59 1] MBE
Jiik, SIS AE Ag(111) REVIBUT R, H ok
e, Ge(111) i, ZJS7E Ge(111) JE 4 H

130709-16


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130709

BEAGFEAL . XFAE R DT R T 4 E A X B I
TZER AR S AR, TG R B T AR AR S
£ STM KIHhE 2 T #5714 V3 x /3 4, Ifii
i STS B H B9 HERLF T 25 80 (quasi-particle
interference, QPI) WLEE AR A 2Pk (A HIUOC &R
PEUNBEE STV NSS! € VAN & e sl s 5 AU
FhRa. A, Yuhara 45 60 F] R BT 2%, [RRETE
Ag(111) FIEI T 4 T8 RFE . B JSTE Ge(111)
FHR AR DR Ag(111) WA, B S il o, fiff
HIRT T Z Ge(111) ffT 2 Ag(111) K, H-LA
Ag(111) 1Y AbAEZ5 A AR SMELE K. AES 73T
INTRECNE TR, JF45H LEED 5 STM K1k,
UESE T R M5 R AR A o DL S e i 2 o

3.3.6 Cu(111)

2017 4F, Qin %5 60 4E Cu(111) Fm kil & H T
FZFOSUZERRES (K 9(j), (m)). Cu(111) HA
FNE AR M HAT R ER, GRS R T 1 U
FHES R ALDTRC Y A% 4544, Cu(111) Sz [h]
(R AH AR AR 55, X6 TR FF 34 1 Dirac HL
FAZEXELE. XFRURTIZEE, IR0
R w2, AR THZ2450 5 Cu(111)
Ao JFC L A, XIS T2 B A e s R I
T Dirac FHLF25.

X T2 A, R TE STM Bl Hh 8% 51| e 5
AREERE, (I STS 3548 25 T2k P s A B RFAE, P
B0 SR AR RO AR ELVE . SR, T RUR T
JZ46 0, STS HETE 9% K BE M3 2 B0 B Y V
TG 3, $RAIE T RUR 2 800 2 2D 2k v
R E Y BAEEYE, WiE 9(1).

34 %5 %

YE M A S0 56 10 £ % (Group IV) -4,
Bt R T 2013 4F i Xu 0 RS LS. 5
Tk R A8 B 58 2 F- T A SR AN ], B )i T
ABERIPEFEE, H rn JUESL ST 5SS, Y
IR0 Y sp? 24 7. PRk, B e JLA
I i 2 AR R AR A TR e e IR S5 4.
IXFRFIR SR X PRI SR, NSRS RS T B 1Y) i
&, TR T HiE 2 a1 7 iR i A

Bl s | N B BRI AR T ILARE iR
SOC #hi. 1345 TH R FHE AT IFEL, BhisN
#BIY SOC 1E I # A 5504 S ik, e DAFEZK R

JAEFTIF—A~ 0.1—0.3 eV B3R R FNAERR . X
— B R A REBR B K B i AT A BE BN B B AE
FIRF TAEM BT A e /R A2 AR

SR, A SNSRI % L TR,
HA S B E Ak, FIH MBE J5 8 - B 538 ) IS
A il % v O e M TR LR AR REE AR
WIS, ANLFEHE A8 s 0 A K BB 0h B ) (R A AR
S S HAR T A HL T A A 23 ik A A ELAE
FHRE B 0 f T-45 4. SR A TR B 1E & B AR
AR AL B B A O, S S S
PRI S 254 AR FH B g T .

3.4.1 Sb(111)

2017 4F, Gou % 631 FI| ] MBE J5 5 (3N 7E Sb
(111) T il 2% H g o e ) BB I (11 10(a))
KA (] 10(e)). Sb(111) & —Fh 24k
&)@, HAUE 2 S5 F DL T8 05 1) 3 it e o o
s, FLIZBIAH AR PSS, 8 i A KA it T 2
AR IS, SCRAIESE, BH7E Sb(111) Ffm T2k H
ERA KB (layer-by-layer), #6177 HAD 4 )8
RME T I A SR, 7R E L, B
P HE R4 1 e 3 R, AR H AR (20 4.3 A) i/
FH RS T BB (4.68 A), X B P R 45 1
AR (24-8%) RREM S5 HE AL T A .

BT HE STM UGS R T8 e g
S544 (110(c)), 454 DFT HE#EHAE Sh(111)
ST SO RE A R AAHERE. TER AT
[fil, STS 254 (K1 10(d)) SIHEARRINAEE (DOS)
FEEW) A, IESE T SR A A SR R

GO T, TR GE T S50 EAE
FHEUANTA], MAD L 2% 3 A7 AR I AR BE . 3 i
AR 53 A T BB I 1) FL T REAT S AR B AR T SR
Ak (K 10(g)). X — & BRAESLH FUERA 1T AR T
PRI B IR RET 25 A BT B, AR B TE
FL -2 T i L2 A i o R T3 B
3.4.2  Pd(111)

2021 4, Yuhara %64 FJH MBE )51, 78 UHV
IREE R INAE PA(111) 4 s 2 i il 4 HE 480 0 A
(1 10(h)). S5ta e EARKEmAEL, ¥ 0.4
ZE R R U PA(111) i, 7 700 KB
KkZJE, PA(111) REIE MEA V3 x 3 LR
Pd,Sn £ 44 (K 10(1)). FfJG 9k S 7E % ke 2

130709-17


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026)

130709

T = R U 0.5 J2 B8 I IR o, Pl S IE sl
Pd,Sn 3@ _ERVATE s (1 10())). Hordr,
Pd(111) fERRIAGR I, HAE M 2@ 2 i PdySn
A SRR —AEA 5 A H B & VS s
BB, %A & misHECh 4.7 A, 5HH8
Y 1) ke i BOSE SR VLS, P JS See He AR K B0
RN AR, 2, EER N, W& EA
55 At B IR DL 4 A% B B R k) TRk
IS B HAAS R 12 2 G2, KR ] DLk
L E e A AR (ks A

AL, ARPES 45 RUESE T i 8 Mt AT BLIH X
L B A RS R (B —ZEREAY (] 10(n)).
SRS S0 I A5 1) 8 A e it v B U 0.2 AZE A
(1 10(k)), ImARF H BB TTHME (0.85 A), (A
A OBEYOEHE T HEIE (core-level photoemis-
sion spectroscopy, CLS) 73 #7 LA &2 DFT 4584153k
M55 PdoSn R A 4 Z MIFETEIEZ AH BAE
H. X P& RALAT ST HUUER] T 7E PdySn R &
S b SIE BT B RN TS TP RS 1Y R
i k.
3.4.3 Au(111)/Ag(111)/Cu(111)

TEH WL 52 & @A I _ LU I+, 1 Aul®,

(100x100) nm?

P e

@ Upper bucked Sn

(43x43) nm?

| ™ Second layer Sb

i
b 222

S

,”\2

b

e

% 85.‘
(._ *,f;g

® Lower bucked Sn & & & & & & &
™ First layer Sb «

\\\\\\\\\\\

Agll Culd™ & — I AN EEIE I, T8
J - 5 4] IS 4 Ja S 2 (I R B i) AH B AN
HEYE, BRSO AR R R Z 5 48 5
TIREG, BN —FAFHROSGSE, ZRAOGEE
V3 x 3EBEER, HALS A XoSn (X = Au,
Ag, Cu), ZEEENFEBEHERK ML T —1
BN Y L A A% E LRI TER T & &P S,
GREL TR BB R K AR ARG, TR TER T &
&2 FIE )28 0.

Liu 55 O gL E] 7F Au(111) 3 0m, B 525
P14 SR T AH B FH 8 0 1) A= T SO P 7 R s B 5k
i, ForbR o T W R, T RN [112) 154
B AP L M S 458 (K] 11(D)). X Fss LAY EE AL
MGG 23 B IR BRI T RE 4548, TTRE
SFHECHANME R ME BT 55, B A 75 —Fh
T, Yuhara 55 69 7 Ag(111) K1, Il & 1
By das ) AgoSn/Ag(111) A& (K] 11(e)). Sn JiF 1
MI7E AgoSn & 4 289250147 (hollow sites), #iH
FREEARXTHSS, 78 STM K] LUA B 218
g AR A (&1 11(6)).

£ Cu(111) RHAAKBIEET, AR IR T
HAMNFRE RS EEIRTARKE, 5 Ag(111)
A Au(111) iy AR KA L, SBIE ik m

/arb. units

dr
dVv

1.2

0.8 [

m

&

& 0.4
&

B e i i i

130709-18


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130709

| Max

T
<
~
=
3
— 1.0 -
Ll Min
(n)
Max
>
©
~
>
2
T 3]
i g
I
@ el
g £
A Mm

Min

—-1.0 -05 0 0.5 1.0
/A1

B 10 SREAE Sh(111) A1 PA(111)0) REE FAIZE K (a) FURBI /Sb(111) B9 STM [, 3L A 1 B Y AR Sb(111) £ 1 |- 92
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Fig. 10. Growth of stanene on Sb(111)1% and Pd(111)[ substrates: (a) STM image of single-layer stanene/Sb(111), where A and B
represent single-layer stanene on different Sb(111) surfaces; (b) atomic resolution STM image of stanene/Sb(111), red represents
stanene, green represents Sb(111) substrate; (c) atomic structure of stanene/Sb(111); (d) STS spectrum of stanene and Sb(111);
(e) STM image of stanene nanoribbon/Sb(111); (f) atomic structure of stanene nanoribbon; (g) STS spectra at different positions of
stanene nanoribbon, red represents the outer edge of the nanoribbon, green represents the inner part, and blue represents the inner
edge; (h) STM image of stanene/PdySn/Pd(111); (i) atomic resolution STM image of PdySn; (j) atomic resolution STM image of
stanene; (k) atomic structure of stanene/Pd,Sn/Pd(111); (1) simulated STM image; (m), (n) band structure of stanene/
Pd,Sn/Pd(111).
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Fig. 11. Growth of stanene on Au(111)%] Ag(111)9 and Cu(111)7 substrates: (a) STM image of high coverage stanene/
AuySn/Au(111); (b) atomic resolution STM image of stanene; (c¢) atomic structure of stanene/Au,Sn/Au(111); (d) Raman spectra
of Au(111) substrate and different phases of germanene; (e¢) STM image of stanene/Ag,Sn/Ag(111); (f) atomic resolution STM im-
age of stanene; (g) atomic resolution STM image of Ag,Sn; (h) LEED pattern of stanene/Ag,Sn/Ag(111); (i) atomic structure of
stanene/Ag,Sn/Ag(111); (j) band structure of stanene/Ag,Sn/Ag(111); (k) STM image of stanene/Cu(111);
STM image of stanene; (m) height graph of the blue line in (1); (n) atomic structure of stanene/Cu(111);
stanene/Cu(111); (p) band structure of stanene/Cu(111).
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A4 BE STM A () S2 A 43 STM Al (d) S1AHBNIG FRF4544; (e) S2 MBI IR TF4549; (f) BUZBIM /Ag(111) 9 STM F; (g) #
J2 B0 4 B T 43 B STM B (h) A2 8 4% 9 CO-STM 815 (i) BUZ 81 4 /Ag(111) & F 4544 5 (j) I 5 24 K 3 /Ag(110) #Y STM [ ;
(k)—(n) P1—P4 FIRIAS 29 K45 0055 43 B STM 815 (0)—(r) P1—P4 MITIKE 9 K4 B9 IR T-4544; (s), (t) TS /Ag(100) BA 3 FhA [
HERZAH; (w)—(w) A, B, C =FhBIMAH I &5 53 3 STM Bl; (x)—(2) A, B, C =Fh Bl AH 19 I F 2514

Fig. 12. Growth of borophene on Ag(111)"%% Ag(110)™ and Ag(100)/" substrates: (a) STM image of monolayer borophene/
Ag(111) with coexisting S1 and S2 phases; (b) atomic resolution STM image of S1 phase; (c) atomic resolution STM image of
S2 phase; (d) atomic structure of S1 phase borophene; (e) atomic structure of S2 phase borophene; (f) STM image of bilayer
borophene/Ag(111); (g) atomic resolution STM image of bilayer borophene; (h) CO-STM image of bilayer borophene; (i) atomic
structure of bilayer borophene/Ag(111); (j) STM image of borophene nanoribbons/Ag(110); (k)—(n) atomic resolution STM images
of P1-P4 phase borophene nanoribbons; (0)—(r) atomic structures of P1-P4 phase borophene nanoribbons; (s), (t) three different
chain structures of borophene on Ag(100); (u)-(w) atomic resolution STM images of A, B, C three borophene phases; (x)-(z) atom-
ic structures of A, B, C three borophene phases.
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(a) Borophene
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A7 STM ;5 (e) BUZ M /Cu(111) B STM 185 (£) SUZ W 18 AR B s K B BE; () BUZ I B9 7 2 818 (h), (1) 40 518

Cu(111) EXUZ WM 9 2E 12 T4 2 2004 554514

Fig. 13. Growth of borophene on Cu(111)[7 substrate: (a), (b) Structures of borophene/Cu(111) under different stacking configur-

ations; (c) atomic structure of borophene; (d) STM images of monolayer and bilayer borophene coexisting; (¢) STM image of bilay-

er borophene/Cu(111); (f) formation of larger domains in the bilayer borophene after annealing; (g) atomic resolution image of the

bilayer borophene; (h), (i) are the atomic structures of the first and second layers of borophene on Cu(111), respectively.

STM &35 Wi o g 7n T AL(111) A JE 1 B Bl
1 EA 5 A1 BRI -1 | T3 Y Al B R &y
. BSRE TN )R, 7ERTEDER 2] T 2R
70 AR = AP R, (R R e 5T 25 H (RS 58
U FERFPE I, STS 1HE7E 2 K Ae g Bt i 52 30
TR VIR SRR IE, X5 A SRR Tk
PLTERETT BRAEAR T AL, iz &R T Be A Ak hir
FEATRAE T IR,

354  Au(111)

2019 4, Kiraly 5 ™ F|F MBE J7i%, il
TRUTRRE e A R AT 77 =8, BONAFE Au(111) 3R
T il & T AEE AR (B 14(d)). Au(111) £
AR 22% 3 i SCER, BAEREFBA
J, HFR T A 23T AR S B AR P I =R 4%, 3
Filr 1) 4% 68 0% S B A4 19 B0 A AL K AR, 5

Ag(111) fbJie EAXBR T 1w iy A KA U ], Bl
FAERIR T (2820 K) &9 B A 4 dids P, Jf:
FEVR F TR b AT 212 T LA 5, aniEl 14(e).
XA A A P AR T R AR Fof R RS ST
WA E R Au-B AHEAE R EA EEAE L
XTFAIHARIE 9K S, STS st il F
HL - Jmy S AL AR 5 | A A AR IR I, 7 B K e Gt
JE BRL R AR B TS T TR RO ST R R
JZ, STS % M H 5 ES TR S B EEXT LR, Au
(111) LA wiides 5HA B 0 & @ MR RRAE . BLAh, 78
Au(111) A=K — JZ W0 B/ o e 9 1 LU 7E Ag
(111) ER—Em g, R TSEHAE Au(111)
L A XPS BoR FIR UL B 1 s 1§76 FHE
JETHR, UESE T AR ARE e n . BRI
R, 76 Au WARTH Y RE &= eI, iR 1 Bl
JAE Au(111) FBHAUERR) “H P a1 oh 1 A KA.

130709-23


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130709

(b)

-
AL, A
'rM

. (e) Low temp. growth

(clusters)

B 14 W& AE AL(11)7) Au(111)™ F0 Ir(111) 4 € B Ay 2R K

—

2

RO
Lgn“lﬁ.j\\.

Y
r\fA W_\A\ '«

A
“

\. 4 4 4 4 4

|.\.|\:\i|\.|.|.

g | O 9 O 9 O

¢t B B I I JF

S |

~550 “Cgrowth
(dissolves into bulk)

Cooled to room temp.
(surface segregation)

O Gold
© Boron Borophene

1) o ©

(a) B /AL(111) B9 STM [&; (b) B /AL(111) & 433 STM [ ;

(c) B T-2548; (d) B9 /Au(111) B9 STM 5 (e) TS /Au(111) 4= KIF KR B &5 () & /TIe(111) B89 STM [, 7775 3 Fh &5 f it

6] (g) M4 /Tr(111) @5 433 STM [ ; (h) B /Ir(111) JRF4544

Fig. 14. Growth of borophene on Al(111)™) Au(111)™ and Ir(111)™ substrates: (a) STM image of borophene on Al(111);
(b) atomic resolution STM image of borophene on Al(111); (c) atomic structure of borophene; (d) STM image of borophene on
Au(111); (e) schematic diagram of the growth mode of borophene on Au(111); (f) STM image of borophene on Ir(111), with three

equivalent orientations; (g) atomic resolution STM image of borophene on Ir(111); (h) atomic structure of borophene on Ir(111).
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3.6.1  Au(111)
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3.6.2 Ag(111)
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B15  BRETE Au(111) A Ag(11D)PI b ERZER  (a) BEKS /Au(111) /9 STM &l; (b) B /Au(111) & 23 STM & (c) B/
Au(111) JFT45H; (d) B /Au(111) B9 STS 3i%; (e) Bk /Ag(111) AY STM [ (f) Bk #5 43 ¥ STM &, Ag(111) i€ b A Bl I 52 2
YURWELE; () B /Ag(111) I T454; (h) BIE /Ag(111) 7E R TFMEHUE 10 min J5 #Y XPS 3%

Fig. 15. Growth of phosphorene on Au(111)™ and Ag(111)[™ substrates: (a) STM image of phosphorene/Au(111); (b) atomic resol-
ution STM image of phosphorene/Au(111); (c) atomic structure of phosphorene/Au(111); (d) STS spectrum of phosphorene/
Au(111); (e) STM image of phosphorene/Ag(111); (f) atomic resolution STM image of phosphorene on Ag(111) substrate, showing
nanodomain structure of phosphorene; (g) atomic structure of phosphorene/Ag(111); (h) XPS spectrum of phosphorene/Ag(111)

after being placed in the atmospheric environment for 10 minutes.
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3.7.1  Ag(111)
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M5 1425, ATk DLV ECAS IS, He A% 4
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KILARR ST (>20%) T B WA A 45 44 15 LURR e 77
fE. AEKAE Ag,Sb & 4 LBk I 2 B3 i 14 ik
gy, HLAT AR STM £FAR X 4 B i 0847 =38
FEg, UE T ST ARG 4R Z )8 T 550
FEFLET A, DET THEE, T ORH s
NAR, BRI R IR T AR RN,
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B 16 BRISTE Ag(111) MM A K %) (a) Ag,Sb A4 STM [&l; (b) AgySb F1H A 4 5 47 HF STM &l (c) 8% /Ag,Sb/
Ag(111) (9 STM &5 (d) 5645 09 55 53 B STM &5 (e) Ag,Sb K i & 4 (L) 586 M /AgySb/Ag(111)(H &) 19 JEF 45445 (f) AgySb
R A4 Sb T XPS il%; (g) Ag,Sb 1l A 4 5867 1) Raman 1%; (h) AR 55 B 09865 19 Raman 3

Fig. 16. Growth of antimonene on the Ag(111) surfacel® % (a) STM image of Ag,Sb surface alloy; (b) high-resolution STM image
of Ag,Sb surface alloy; (¢) STM image of antimonene/Ag,Sb/Ag(111); (d) high-resolution STM image of antimonene; (e) atomic

structure of Ag,Sb surface alloy (top image) and antimonene/Ag,Sb/Ag(111) (middle image); (f) XPS spectrum of Sb atoms in

Ag,Sb surface alloy; (g) Raman spectra of Ag,Sb surface alloy and antimonene; (h) Raman spectra of antimonene with different

coverages.

SRR T A N S AR L

[A] 4, Shao 55 * [F] 4 Fl MBE J5 %, {HAE
Az K B PR IS IR BE 4R HEAE 353 K, &
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(] 16(f)), STM &l i 5 B i 1 9 - 5 11 34 530k
4544, 2022 4F, Zhang 55 ) E— PSR B, B
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JE T2 -8 g IR Ag,Sb A 4 AR R T
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3.7.2  Cu(111)

R T AR e 4 B AT IR K B i 2 S B
Wi, Zhu 5 59 7E 2019 4R42 T —Fp it se Ak K5l h
SERZE pP IR MG, JF AR IR L BT A R T
WK, 78 Cu(111) R feAd K — 2l 251
WA AR 0l , SR eI SERE 4k Se A KB IR AN
K&, WA 17(a) B, LLBR#cgs @A X 9k
NG, Cu(111) FFIRAE N ANE A K AR,
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17 BRMGE Cu RETAYAEK BT (a) Cu(111) F1HAY CuySb A4 546 5 #9 STM ; (b) Cu,Sb FEifi & 4= 43 STM K ; (c) %
I & 5 Sy HE STM 5 (d) B4 /CuypSb/Cu(111) B JE 74544 ; (e), (£) 86 4 & A [ 7 B AL ) STS 3% ; () B M /Cuz0,/Cu(111) Y
STM [&; (h) 84 5203 STM B (i) 8648 /Cu,Sb/Cu(111) i STM [ (j) #6455 Cu,Sb F i 4 42 9 Raman &%

Fig. 17. Growth of antimonene on the Cu surfacel®7: (a) STM images of Cu,Sb alloy and antimony islands on Cu(111) surface;

(b) high-resolution STM image of Cu,Sb surface alloy; (c) high-resolution STM image of antimonene islands; (d) atomic structure of

antimonene/Cu,Sb/Cu(111); (e), (f) STS spectra at different positions of antimonene islands; (g) STM image of antimonene/
Cu30,/Cu(111); (h) high-resolution STM image of antimonene; (i) STM image of antimonene/Cu,Sb/Cu(111); (j) Raman spectra of

antimonene and Cu,Sb surface alloy.
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3.7.4  Pt(111)

X F IR F1E Pt(111) E A K454, Guo
S5 90 3 RS O P R B R, IRAEY T R IR
(18 18(1)—(1)) FiB Kk (1 18(e)—(h)) X AHZEHE 1)
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Sb coverage

18 BHMTE W(110)B8 F1 Pt(111)B) M MIEK  (a) w-Sb/W(110) 2 1 FIAE M 5 4> 3 STM &, 4 I8 J &5 4> ¥ STM B 1) FFT;
(b) 64 /w-Sb/W(110) B LEED [ 5, W €470 8% 2L (U 7 Sk 2 7m WD BLG Wh 0 8 2 ML Sk 45 (c) &, 7 0 BB 0 BE A 254405 (d) B AR Al
WX ERE; (e)—(1) AFIBJGREZMEZET Pr(111) RIABEARK STM

Fig. 18. Growth of antimonene on the W(110)® and Pt(111)F) surface: (a) High-resolution STM image of the antimony monolayer
on the w-Sb/W(110) surface, with the inset showing the FFT of the high-resolution STM image; (b) LEED pattern of antimony

monolayer/w-Sb/W(110), with blue and magenta arrows indicating the reciprocal lattice vectors of the two mirror domains; (c) en-

ergy band structure of antimony monolayer in the &, direction; (d) schematic diagram of the Brillouin zone of antimony monolayer;

(e)-(1) STM images of the Pt(111) surface antimony phase under different annealing temperatures and coverages.
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] SELEH, B S T Bi(110) MEAEAYAMEA: K.
BALJZE R S S8 08 5 bR B 0 1 BT ) 45 R Sun
DI AE 2021 AFSEEE. A KL R Ag(111) SRR
200 K MAREA S0H T Bi 5 Ag Z MG &1L
R, AR A Bk I A A IS R DR B3 5T L L1
TR, HE A 1.6 A, wn ik T I AT E Y
L B M 25, RIS 8 4T Y LA R,
K 19(g), (h). Ag(111) RPJERAERE S AERK SRR Pl
B WEOCHAE ] — 7, # IR Bi-Ag Z [A]
SRS 1 TR T S0 1R T 4549 o5 — i,
Ag ) sHUIE S Bi iy p LI K EF G, BEREIE D
¥ Bi (4 p, BUEHEES SOKARIL, MR pog, BUIETE
FORBEGIET, MM SEEL T BB E 3, hglA
5 [ BEPLE RS G N RAR M BRAIE T 45k, STS il
S TR B PO 1A 76t R T AR 0 % 2 0 )
B I %) JR A 2 B R (181 19(1)), Rl 2 AEZ
~0.42 eV At BRIE THHFNh S i, R B
TG A PTG R, R TR LY 11 AL BT
i — IS Z R G HA IR /) 7R
K SAFTH29 1 eV I RIRFME IR, A BIRET
B (AT Bt 2B R, AR E IR F e T
SRR R JRARAE T AR G S BT
EEXt AR s F124 T, Hu %6 00 XFEUAFSE T
5 570 K &4 F Bi 18 Ag(111) _EAYRILH A%
E5EFIRAMT, BifE Ag(111) Fi g K&
— NG S E R R, TURAR 75 Ag K
LR E AR W S R T EAEH, T Bi-Ag
Bk, X R R L, IFLEE G il
SxAFARBCAT L =R BN RE A7 B IR AR, T IR B
RV Ag,Bi A4458, WK 19() FiR. B
B, R W A BRI RERA T V3 < V3
Ag,Bi #5#). FH AL NG, @it iR A 4l
TER px V3EEFI A AL IR . 24 Ag(111) 4578
570 K i}, Bi A AE Ry — ANy e il iy i 2
BT TR AN R Hb 358 T SR e, (e
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08-06-04-02 0 02
Energy/eV :E E
B 19 BMETE Ag(111) KA P29 (a) Ag,Bi £ & 40 STM [, K8 LEED FI %, W LIE#E ] V3 x V3 R30°45H;
(b) Ag,Bi 5 43 HF STM ;5 (c) 5 36 BEHE NS, Ag,Bi 3% 11 A 438 Wi s Ak by e B 4 AR 1 & Bi A LAY px /B 454, I i
DA; (d) px /3 451 Bi A 5540 BF STM & ; (o) 8 % ¥ # it — 2 )5, ¥ AL Bi(110) B8 59 STM &5 (f) Bi(110) H I (14 & 4 H¢
STM & ; (g) Ag(111) #JJFE R4 200 K, A E A K G047 55 19 STM I ; (L) B8 P 35 068 5 bR B 475 14 755 40 9% STML &1 (1) 43 1 78 8 48
B B BB R S 2% Lk TR L B b R TR STS £k () ZR T U0 0.1 )2 Bi JRT1E Ag(111) 3R AY STM &, K4k Bi
JR T RAEAE Ag(111) A RTAL; (k) 570 K F UL 0.1 )2 Bi J& F7F Ag(111) /Y STM &, Bi J& F BB 73 #FAE Ag(111) K, (1) #F
— 25 K 55 BT AE 570 K FARE 10 min J57 B9 STM &L, 7T LARI RS B 3 V3 x V3 251 AgoBi & 4 5w 1K 0.6 A px V3 454
B Bi [
Fig. 19. Growth of bismuthene on the Ag(111) surfacel®>*¥: (a) The STM image of the surface alloy of Ag,Bi, with the inset show-
ing the LEED pattern, clearly shows the v/3 x v/3 R30° structure; (b) the high-resolution STM image of Ag,Bi; (c) after the cov-
erage increases, the surface alloy of Ag,Bi gradually transforms into a px v/3 structure composed of pure Bi with a lower height,
marked as DA; (d) the high-resolution STM image of the Bi film in the px v/3 structure; (e) the STM image of the Bi(110) film
formed after the coverage exceeds one layer; (f) the high-resolution STM image of the Bi(110) film; (g) the STM image of the
Ag(111) substrate with 200 K maintained, and the Bi islands grown epitaxially on it; (h) the high-resolution STM image of the ul-
tra-flat honeycomb-like Bi islands; (i) the STS curves measured at the serrated edges, chair edges, and central part of the ultra-flat
Bi islands; (j) the STM image of the deposition of 0.1 layer of Bi atoms at the Ag(111) surface at room temperature, with a large
number of Bi atoms aggregating at the Ag(111) steps; (k) the STM image of the deposition of 0.1 layer of Bi atoms on the Ag(111)
surface at 570 K, with Bi atoms randomly dispersed on the Ag(111) surface; (1) the STM image after further increasing the cover-
age and maintaining it for 10 minutes at 570 K, where both the /3 x /3 structure of the Ag,Bi alloy and the Bi film with a
height of 0.6 A of the pX V3 can be seen.

BEABRERZ A BN Ag Ji+, LHE B i1 px V3 E5 R IX IR 25 7 A KK (] 19(1)).
NG IRT, FH AR A%, WK 19(k). ks % Ag(111) % ICAE ARG OL T ARG 5,
S EERE, SR E A R AT, B BEL SR MRS 5 R sh BB —F =R T $24t
e 5 Ry B — W YL R FEAR D 58 28 VB x V3 ARG Ag JRFUR, 76 M il T H AT g fh
Ag,Bi G &)z, W IR, FftETR A 4 FEHE . X — TR 2 BT TR B R s (IR Ak B S 1
HRIEK px V3 S0, (HE R TR T2 68 T8, B B S J A Sk E .
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3.82 Au(111)

2019 4F, He 55 W HF5Y T 78 Au(111) R 1H2E
AR 2540 5 H R . ISR R BN, R
BN, SR T2 TN 5x 5 HRERES) . /3T x /3T
R25.3° Kagome it (1€ 20(a)) 3] px 3 5845
¥ (& 20(b)) MBEAR TR . Au(111) 4o JiE 2L 5
Fa g 4R A VE L. T Au(111) BB o5
(5.3 eV) WL T4 (4.3 eV), XFhol g s 5+
PR, 7~ BT ) ] GRS, MTTRRE T 40
. 33K o H £ A RS M B i R IO FL, AR
FEECHEF JIBH AL T 8 S5 7E ) i o B L0
) =4 I, e A A TR B R AR R 4
Kagome fhA& 414

B 20 BEAE Au(111) RETAAE KT (a) Au(111) i
V37 x /37 R25.3° Kagome Z5H4f1 Bi 59 STM &; (b) Au
(111) R px V3 A EUHH ) Bi HBE A STM B ; () & i
FAE Au(111) PR 0.04 2 Bi 11 STM #; (d) 570 K
T, A Au(111) F i PR 0.02 )2 Bi JEF ) STM

Fig. 20. Growth of bismuthene on the Au(111) surface®%l:
(a) STM image of Bi film in a /37 x /37 R25.3° Kagome
structure on Au(111) surface; (b) STM image of Bi film
with px v/3 stripes structure on Au(111) surface; (c) STM
image of deposition of 0.04 layers of Bi atoms on Au(111)
surface at room temperature; (d) STM image of deposition
of 0.02 layers of Bi atoms on Au(111) surface at 570 K.

Bl J57E 2022 4, Hu 55 949 g — 25058 T A [
MEEXT Au(111) b Bi A RAT MR, & Bz
FRARI M A R E S A — B 5 Bi
1E Ag(111) #HE FAKAE, fEE R (K 20(c)) F1
570 K (&1 20(d)) & T, BifE Au(111) Ery4:K

11 B B 1 — Bt FERI IR B, BRI
JEME BAE Au(111) foE S0 #1355 M AL, T2 B
7 [ s i LA S i TR X B 3 A1 2 HE
PRI 247 T2 e i B 5 i ) A B AR
F 5, MEAERIR S B AR B A R Y
hn, Au(111) 1 £ F 2 E A 20 L O A AR
0.40 ML B 58 20 ¢ i — D34 25 1, & il
5570 K &M, #B W8 KB A ¥ 1Y V37
V3BT x 3T HEHE G HA S SRS, B
BRI RIAH.

39 %A %

T YRR R TG A A SR ) T LUK AR 2] TR
AAMERE. NAH I 50, 3 BT R
Fa R A (71 0 1) il 6] 55 Xenes AR, HFE
& YA A S | R T RS I . SR
BWRILRIET G ICR. 4%, —KhdESRE
TCE TR A R AR, B <R IRT, 2R
ik, S T HERP R A T R RN . H,
BRI R —Fh B2 TVB % ad I 4 J8 43 TR T A8 R
HA A BRI IRE I —4epbkl, IR
YRR A2 B ) .

5 sp? 2L A B IG AN TR, B0 P i T )
BEEFE T RN dPUER T X—A 255
T TR — RN YRR BTN S e)2E
SEIRHFF R BRI B REHT A FE DOK B T A
TE5 A BRI 2R VE LUK P v, T 25 L3
T T AT REELA W R IR RS . SR, L2 K B A
R BRI I 25%, X RIR KL vE POk TR R M HE
FEAXT IS MR AT AL TR 6. BeAh, i
PR 1 - TE A B RN, B AE Ak iy v s b F T I —
A 50 meV HRERR, (AT RERUN—Fh —ZE i $h
Ak, B2 MiMAT I CARERGL 445, TEHiFb
AL E R,

RAERIHERIES BN TR, (HHRA S
FEAFEAERE B MRARAR G54, R Tk o L 4t
FIMUARR B vkl 4. IR, 76 A 18 AT B4 ok
FIE A R AR B T A A R, B S TR AT AT
i, X —ot i, &RAR, Fele AR
RE A T 235 480 P Ao 0 4 i, 00 T S T sl ) A R
EATAMUT LA AR, 51545 I+ H 43 i Ty
2FFRUE WSS A, A T DA I8 B Y A A AR
FH R X B AE AR AR TG A B ST AR AR I eSS A it
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K.

TEHATE AR ALIRLE T, S UTE Ir(111)
o B B P ) 4. 2013 4F, Li 4% 12 R 5 F) H
MBE J5#%, 7E525% 1l £ 1 2 W s IR Z5 A0 i 55
IERE (K 21(a)). X EZASET Ir(111) RIS
AR SR HES 5 e s R A 4 EE DT RL, Oy
B IR FIE e oS 25 A ARG T BRARBEAR. )57 LEED
I STM HYRAFLE R BoR, A1 TE In(111) K EIE
LT (2x2) A (1 21(c)), HAA M (5.4 A)
& Tr(111) SASHEC(2.71 A) 192 1% (K1 21(b)). DFT
TR — 7R, R m T A Ie(111) K1
f) fec A1 hep 745, HAE SR B | Feha s i Fe LR
PR AS HE—2F, ORISR o5 B X B A
BT HEER B R HES, i 21(d) B,

B, Xiao 55 PO X 4 2 1) FEL 125 A A 7 o
%¢. ARPES 5 DFT iH5 45 R &M, #oc R A 5
7 5 L IR 5 B PE R A, AR

4 Low

ko /A1 ko /A1

—1.2 —0.8 —0.4 —1.2 —0.8 —0.4

T KB AL T AR IR, Y HAE RS
MR Ie(111) & JE AR _BRE, S8 200 S HE &
BB AE— 25 PR T HA R AAE F A
K, XA IRV 4 R 4 R G e oK
LRy a7 2R 4B ST (K 21(e)).

4 ZTufbe i 4R

55 3 WX AICER " HERRHE & R AT LAY S
FEAE AT TR TIE. X T REM . 8RS AR,
H s Ky BRSO AR T T LT IE T, B
5 YA R A IS 22 18] AR LA T DA G
FEVFZABOL T, DU 5T (U0 Si el Ge) S
IR ET (W0 Ag, Pt) Z A AR 55 11
FUESTAR A FH sl BRI R, 1R 2 A 35 1
2Rk, EEEIY A PR TS S A, TR K
i B R AR IR R-DORRY ROV, B ARAT I

—1.2 —0.8 —0.4 —1.2 —0.8 —0.4
Ky /A-1 ko /A1

B 21 AAMETE Ir(111)029 e BRI (a) 84 H /Ir(111) B9 STM &]; (b) 4445 /Ir(111) #5439 STM &5 (c) %4 /Ir(111) A LEED
B (d) 4% /Ir(111) RF5544; (e), () 4% /Ir(111)(e) 1 Ir(111) A1 () MIRETTZ544; (g), () 43318 (), (£) MY R4

Fig. 21. Growth of hafnene on Ir(111)['>%! substrate: (a) STM image of hafnene/Ir(111); (b) atomic resolution STM image of
hafnene/Ir(111); (c) LEED pattern of hafnene/Ir(111); (d) atomic structure of hafnene/Ir(111); (e), (f) band structures of
hafnene/Ir(111) (e) and Ir(111) substrate (f); (g), (h) second derivatives of the images (e), (£).
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il % B Xenes A9 “BHAS”, (HEN B —"DMAEFR, H
SR T ¥ i B R R R A ROT B R T —
FiGHI ) S AT SR TE R 1) T ik &)
POEMAR, IR AT —FhR R IRAS B 15 R R )
(1) il 28 TR M——— 4 JIC BV (substrate-as-Source)
RN A MEA K

FEXFp AR AL, S @RI OTFR A) i
A& WU A 0 R AR L5 20T SRR 1 ) IR
RS HAE RV R. 245 2 FocR (B, @ 2
FEILE  VEIL RS IV L R) R P01
RUTHEIA AR R R m i, B 2 5KIEEZ
1A R & AN (in-situ) fb22 O, T )
% LR HAFN k&Y A B, 5450 CVD
5, PVD b RS f AL s AR A FHAS T, 3k A=
KI5 (W 1E UHV 5T 454G MBE $0R#17)
AR SRR F7E R+ RE E##fr <A T
T E ARG B A . SRR AT LR LA B
P RN R R, A URV FISME A4
TR, B TR A AT BRI 14 2 B T AR
FLU AT LS BRI 1 PP ], AR S A JE A
JIEZ I U SCHITA | o B 1 S S 4 SR T, 3
X E RN FH AN ST A 2 O F 8 ANA AT
PASEBUARR AR A 1, BEAE 45t — e E {A AR v X
DR EF SRS BN g A 25 EDY.

AR K FR G L5 T AR T8 3 e IS B IR S
il 4 B L ROT R e bkt 32808 i 4 JE At
B 2 1T 2 I A Y B2 TMDs A1 RE, 332 <A i
RV 5 W% fe LA () W 22— FEL R, Se,
Te SHICE I FUURE (GF) H4BAK (W0 Pt
(111), Pd(111), Ni(111)) F 5, 8w s Ak
SRR IEF R AY WO S &R E Tt A
T 4k )2 R A0 TMDs(fL45 PtSe, ™%, NiSe,/*),
PtTe, (171000 46 ) FRATTRE F 4 5C T X 2 AR A 1
PR, S5 R AL . f AR, DA RO YR AE 458
RNV AR T A AR )

4.1 WEE£EWLY

2015 4, Xiao % P71 ] MBE % A id i 78
Pt(111) #JiE b 2= R UTB R 5 )5 1R K 07k, 7%
SR 5 Pt AR & A RN, T8 B 14 78 2 1)
JZ 1T-PtSe, Wi (1€ 22(a)). 34Ntk #2 n] 38 1
JEA X S i T RESE UEAT W, AR R T 3d
REZ M RFIEIE I Sel #45° Se? B, #7& % PtSe,

)58 2 TE AL

FEZMRZR T, PH(111) e A8 T OB At
. B, AR RN WIR, HHE N PtSe, HIIE K
PEALEA R T, SCEL T TSN 4 E R AR Y < 1 it
N AR HIR, AR RAMERAR, H A BN X
PR imA% 5 1T-PtSey HYARASVLHC R4, 5] SHlif0)Z
DL— 200 b 1) AT HE, DA S B T G e s 1Y
AR AE . A, T 1T-PtSe, J25 Pt 41K
Z AV AE — 5 1 S S 2R B, R 3R 38 2 TP o8 175 BT 1)
(3x3) PtSey/(4x4) Pt(111) Moiréih 45 ky ok B ik
N3 ( 22(c)), BASH IR 2 11.1 A, i —
HAIESE T AME A A 1 T A

M T AT FAE P PtSe, B2 B WM T
W58 A i 454 LEED 5 STM, STEM (1) J51-43 ¢
A%, FTHEHIA T Se-Pt-Se =BG 1Y fi A 45 44
LK Moire 45 14 1Y il S0 Ve . 76 L - 45 44 J5 i
ARPES Wl 5t 254 DFT 115 5 I FE S5 5 F kS,
BZ PtSe, /& —Fl H AT 2 1.2 eV HF B AY 2K SR
X SR PtSe, 9214 B RHHIE B T B IIXT L, 45
R T T BRI T B BRI B A i — A
UL, X 1T B Z AL A (1T-PtSe2)
HEATIR K ALEE (670 K), 2% % B i 25
Pk FE, 25 A 6k b R HES) AT LIS 3 = MR K 2R
B 1TH/1T-PtSe, H J2 i 55 031 4[] 22(d). Xt
1H/1T-PtSe, 1 5 #b 70 i J7 1 I 76 AR R B T
(540 K) iRk, T LIFRAR 4L 1T-PtSe, A, MM
SEELT 1H/1T-PtSe, #AEFN 1T-PtSe, i Z [H] 1Y
A (8] 22(g), (1)). 1T G540 HAT R SR M
TH 2540 BLAT 4 J@ R0, 1T/ 1H 4544 22 6] ) 55 i J5
TR, ATERAEA R 884 0 h AR ) 42 R -
SRS,

ZJa, Shao 55 1 5 Ni(111) #fIE E %R T
B B e ok, B Ni(111) R difl, Sh gk
K-t NiSe, Wil (&1 22(k)). 5 PtSe, 2510, 7EHI%
AT, Ni(111) AR RS T XEEH: e
& NiSe, MR AE K A IENE, [A) H L AR Sy S Pl
1) Ni . XPS 455 Bon, 1B K5 i 571 {b 2
WA Se? MR Se?, briki g NiSe, HAEHY
St . [RIE, Ni 0 28 ik 52 T Ni—Se
BEARASIIE K.

JIr il £ 1 NiSe, W25 LEED, STM
() JEA RAEF 454 DFT HE S 2 THiA. LEED
SRR 2 NiSe, 75 Ni(111) FHEIE N T HEE 1
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22 (a) 1T-PtSe, 1 STM Kl ; (b)1T-PtSe, & 43 ¥¥ STM ¥l ; (c) 1T-PtSe, ) LEED ¥l %2 P7; (d) 1T/1H 347 PtSe, #) STM &l
(e) 1H-PtSe, 7 HF STM & (f) 1H A5 1T i PtSe, L X I (g), (i) 7051 M 4l 1T-PtSe, B9 STM & (g) L 1H/1T 3L47 PtSe,
) STM [ (1), 8K A iR ok 22 670 K, ol A4l 1T MHAHAE & 1H/1T SEF7AH, MR 1A #2 (A 1H/LT JEFA AR 2 2040 1T #) ]
DL AT #h Se 7€ 540 K iR K SEEL; (h) Al HHAE AT JS Se 3d HLF 11 XPS §%; (j) 1T/1H 77 PtSe, )57 F 451 % (k) NiSe, 1)
STM [l (1) NiSe, 543 # STM [&]; (m) NiSe,/Ni(111) #) LEED [ %; (n) NiSe,/Ni(111) {1 J§. -2k #y 9

Fig. 22. (a) STM image of 1T-PtSe,; (b) atomic resolution STM image of 1T-PtSey; (c) LEED pattern of 1T-PtSe,”; (d) STM
image of 1T/1H coexisting PtSe,; (e¢) atomic resolution STM image of 1H-PtSe,; (f) interface of 1H phase and 1T phase PtSes;
(g), (i) STM images of pure 1T-PtSe, (g) and (i) STM images of 1H/1T coexisting PtSe,, respectively, by annealing the sample to

670 K, the pure 1T phase can transform into the 1H/1T coexisting phase, the reverse process (from the 1H/1T coexisting phase to

the pure 1T phase) can be achieved by adding Se and annealing at 540 K; (h) XPS spectra of Se 3d before and after reversible

phase transformation; (j) atomic structure of 1T/1H coexisting PtSe,®; (k) STM image of NiSey; (1) atomic resolution STM image
of NiSey; (m) LEED pattern of NiSe,/Ni(111); (n) atomic structure of NiSe,/Ni(111)F),

HLER (K 22(m)); STM BF 5% 78 9223 [a] i i £ 5]
TIEMWRY MoireEl %, 4543 3 Mk, MFoEm&
i€ T NiSe, iR Z5 AT : NiSe, WY B T
V3 x /3 A, 2 AR R AR T Ni(111) S
f9 VT > /TR M . STM JE 7 3 F R 38 78 1Y
3.80 A% RIS BRI T K 1T-NiSe, Z5F41)
A, I HLEUER B B 7S fIE R 2 h NiSe, fe 10
JZHY Se JEF.

2018 4, Gao % MO 5@ XT Cu(111) #HEHAT
ARG Ji 178 55 R ) BT A, BTN L T —F 2

SRR YL A AR R AL H] (CuSe). 5
JZ CuSe HATWEERREEH, 7570 A il 5+ 58 Ji 1
ZEREHED. AT CuSe #8555 AH X AT Y &
B RHE, 4 S 5 CuSe & A BARNIGAE , Jf-7E STM
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Bl 23 (a) CuSe =409 STM ; (b) CuSe i LEED E%; (c), (d) CuSe/Cu(111) [HJEFE5H, 7] LI B —4E Moire 252 10Y; (e) Cu,Se
B9 STM I (f) UK B CuySe 1Y STM [ K2 H FFT; (g) CuySe B9 i 43 #F STM [ K 5 BE 8l (h) CuySe (9 STS 4%, B A 0.78 eV HY &R
B (i), (j) CuySe/Cu(111) B XPS i ; (k) CuySe J5iF 45 102; (1) CuySe JZMRAE KR E; (m) CuySe/Cu(111) Y STEM K K& H=
S HFEL, TS EELS A& 100

Fig. 23. (a) Atomic resolution STM image of CuSe; (b) LEED pattern of CuSe; (c), (d) atomic structure of CuSe/Cu(111), showing
1D Moiré stripes!'®U; (e) STM image of CuySe; (f) zoom-in STM image of Cu,Se, inset shows its FFT; (g) atomic resolution STM
image and height map of CuySe; (h) STS spectrum of Cu,Se, with an energy gap of 0.78 eV; (i), (j) XPS spectra of Cuy,Se/Cu(111);
(k) atomic structure of Cu,Sel'¥; (1) schematic diagram of layered growth of Cu,Se; (m) STEM image and atomic resolution image
of Cu,Se/Cu(111), with EELS imaging of Cu and Sel'%3l.

£BIY) CuSe 7<TCHAARENS TE 2RI CuSe 5 Cu(111) FAFE LI 437
AT A S L P AE BN 7, NIRRT JR B ) = BEJS 17 2021 4F, Yang 251102 ¥ UHV 355 T,
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NEAR, RS T A A R . R T Y
IrTe, HLZZ5 I 1/5 F1 1/6 HH 2544 1 S A7
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K 24 (a) FIEESAR AgTe ) STM [; (b) VIS S5 15 IR R T AN BRI AR 4548 ; () PR EAR AgTe 095145

45 (d) B g 55 A0 AgTe B9 STM 415 (e) M &S5 4 AgTe B985 43 J 1815 (f) R 04 358 45 H0 A9 m BZ 15 () 2R 8UHH AgTe /Y STM A1
(h) 2580 AgTe W JRF 2454 (i) M Te B E T, N AgTe 19 STM El; (§) 7S A AgTe 19 & 40 HEE 194 (k), (1) ZIR T IrTe,
i 1/5 #8 (k) A1 1/6 A0 (1) =540 BFEL; (m) 80 K T Jo)3 48U MY &1 43 BE L (n) IrTey/Ir(111) (1 Ji 45 4 109

Fig. 24. (a) STM image of the flat honeycomb phase AgTe; (b) line profile of the honeycomb structure showing the asymmetric sub-
lattices; (c) the atomic structure of the flat honeycomb phase AgTe; (d) STM image of the warped honeycomb phase AgTe;
(e) atomic resolution image of the warped honeycomb phase AgTe; (f) line profile of the buckled honeycomb structure; (g) STM im-
age of the stripe phase AgTe; (h) atomic structure of the stripe phase AgTe; (i) STM image of hexagonal phase AgTe at high
Te coverage; (j) atomic resolution image of the hexagonal phase AgTel™; (k), (1) atomic resolution images of 1/5 phase and
1/6 phase of IrTe, at room temperature; (m) atomic resolution image of disordered stripe phase at 80 K; (n) atomic structure of

IrTey/Ir(111)10%,

AR, SECT BE N TB A0, XA
7 AR AT Weyl HE[0 R s 2 SOKRAEH LT, (H
FHARBIR PtTey 75 B SCHO FRAE R R 45 14 FIH 1
FEPE, #0R T Weyl #ok TR EAFAE (18] 25(K)).
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Ab, IR i SCHEAE T A BRIRU, 76 Pt
B Pd IR b, —HRME T 1—2 )21 PtSe,
8¢ PdTe,, X228 1) 4Lt B 219 BH Y2
FIVEF, BHLIETR)Z 4 I8 R Fakel 2 5 g, AT SE
PUSE RS R]. 16T Fe, Cu FE R 4JR, Hk:
PERUE MG, Se, Te JET255) 0] 42 @ N ERIR Y™
L, BUE &R R R [n) R A RS . X R S A R
] 4 12 5 BUE R A I AR B AL sl
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ky /A

---PtTei 75
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& 25 (a) PdTe, B9 STM [l; (b) PdTe, A& 5 HHAL; (c) PdTe, IR T-25#, 4il& 0 LEED K210 (d) PtTe, 9 STM [&l; (e) PtTe,
%5 4> BEE 4 18S9 LEED & 22 100 (f) PtTe, (5 T-45H4; (g) PtTe, 75 9 STM [&; (h) PtTe, 15 HIJE T45#4; (1) PtTe, ;5 ) LEED
F%; (§) PtTeyrs 5 Pt(111) H A MK R EI&; (k) PtTey 75/Pt(111) B BEHF L5y 0]

Fig. 25. (a) STM image of PdTe,; (b) atomic resolution image of PdTey; (c) atomic structure of PdTe,, inset shows LEED pattern[!%%);
(d) STM image of PtTe,; (e) atomic resolution image of PtTe,, inset shows LEED pattern; (f) atomic structure of PtTe,l'%%;
(g) STM image of PtTe; 75; (h) atomic structure of PtTe; 75; (i) LEED pattern of PtTe; 75; (j) Brillouin zones diagram of PtTe; 75

and Pt(111); (k) band structure of PtTe; ;5/Pt(111)1.
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Bl 26 MoSM0620 Fl WS,[107 ¥ Au(111) #H)iK EfZEK  (a) IR 52 T MoS,/Au(111) /9 STM K, Au(111) FETh A8 801 B ih, %
TR & A HE; (b) BINE )5S, MoS, 5 Au(111) #HEIE K T A2 0 32.8 Af Moirs B 455 (c) MoS,/Au(111) KIBEHF 451, T4
Ak e B, K TR A5 RN T ; (d) Au(111) #1E L EE MoS, ity STM F; (e) Bl (d) T B IEJT B XM R STM E&; () LE
o MoS,/Au(111) BT854, T KR T MoS, it 5 Moirél 58 2 [ HL5% M BRI GETH o A 00, e E R 1 AMIE A 1< B e, 47141
SRR MoS, 5 Au(111) 2 [H] (9 & 46 AN VC BE B 51 R A9 58 B B 58, Hi Sk #6878 T MoS, fiA% (5 €5) F1 MoireBl % (Z1.68) B J5 1l ; (g)
S/Mo A7 %F MoS, B MR I] L) J 52 H i [ 45 5 BE BB 0, B S/ Mo ik FL Y84, 2E K Y B 302 Mo, IX 9 SEM & (WA E A
HEF); (h) BT & (g) RIBUIE 435 19 & 95 B (1) WS,/Au(111) 19 LEED B4, # {4 i £ 373 R Moire# 45 K9 5 WS, 14 fh 74 2 Uil 4
XF FEAHOL, IR SR 4 SE I WS, BEAS IO B S BRI, WLIEL (j); (k) WSy/Au(111) H]3% LEEM

Fig. 26. Growth of MoS,/'°% and WS, on Au(111) substrate: (a) STM image of MoS,;/Au (111) under low coverage shows that
the fishbone patterns on the Au(111) surface are distorted, and the surface atoms have rearranged; (b) after increasing the coverage,
MoS, formed a Moiré pattern with a period of approximately 32.8 A on the Au(111) substrate; (c) the band structure of
MoS,/Au(111), with the band at the I" point being relatively blurred and the band structure at the K point being clear; (d) large-
area STM image showing a continuous MoS, monolayer on Au(111); (e) magnified STM image of the black square region in (d);
(f) the upper figure shows the atomic structure of MoS,/Au(111), the lower figure shows the statistical distribution of the torsion
angle between MoS, lattice and Moiré pattern, which highly indicates the characteristics of epitaxial growth, the illustration shows
the simulation of the Moiré pattern caused by the lattice mismatch between MoS, and Au (111), the arrow indicates the direction
of MoS, lattice (blue) and Moiré pattern (red); (g) influence of S/Mo ratio on the orientation of MoS, nucleation and the crystallin-
ity of the complete films, SEM images of as-grown monolayer MoS, domains upon increasing S/Mo flux ratios (from left to right);
(h) histograms of the orientation distributions based on (g); (i) LEED pattern of WS,/Au(111), the dashed yellow line indicates the
alignment of the Moiré superstructure with the crystallographic orientation of WS,; the solid gray line is a circular profile taken
across the WS, spots and shown in panel (j); (k) BF LEEM of WS,/Au(111).
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h-BN grown on unpolished Cu

h-BN grown on polished Cu
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10 Ni, 60 min 20 Ni, 60 min 30 Ni, 60 min

Pure Cu, 10 min

(s)
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=) =)
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Nucleation density/mm~2
-
&)

n R R R
1% 1 2 3
Si content/%

Bl 27  h-BN 7E Cul"?, Nil'3l Fellll Rel''7, Cu-Ni &4 "8, Cu-Si &M REWAER  (a), (b) Cu KBS 5 LK B K h-BN X
BRI C R, SRR T RO (a) FIOEIS (b) BYHREAEK HH# = AIE RSB TE AR B9 h-BN X SEM #1458 , 4 1513553
R T H R R A% SR SEM [ (c) 60 min A K A h-BN/NiygBg/Ni 4 8L FGAE TEM B8, 45 R 2000 A; (d) NiyyBg/Ni
i i E A TEM EME, #5R 20 A; (e)—(h) h-BN 7 Ni(111) F i K ) SEM &, 4 F R T B sk R 7 19 = %5 58 SEM A, 4k
EMGAR s T h-BN (1 B R 458, 58 1 sk B, — ANl h-BN 53R 10 A BPAT, 565, 2 skIER SR T A h-BN 1A — il 4
B, FERMR P2 EE R RGN 30 pm, 17 B o i 20 EE AR RGROR 5 pm; (i) 22 h-BN/Fe 1971 TEM [#; (j) h-BN/Re(0001)
) STM [&; (k) h-BN/Re(0001) LR RIBREE; (1) 78 Cu 96 _EA K 10 min h-BN Y SEM [&l; (m)—(o) 7 Cu-Ni &4 _F4: K 60 min h-BN
B SEM [, Hrf Ni &80 %18 (m) 10%, (n) 20%, (o) 30%; (1)—(o) H B FR R N 20 mm; (p)—(r) ZEBA T 21 0.5% (p). 41 2.4%
(q) A2 2.8% (r) Si 4K AR Y h-BN (15 SEM &, #5820 pm; (s) Cu b I AU 2 B 5 Stk BE 2Z R 1 6 R

Fig. 27. Growth of h-BN on the surfaces of Cul''?, Nill3]| Fell6] Rel' Cu-Ni alloy!"®!, and Cu-Si alloy"?): (a), (b) Dependence of
Cu surface morphology on as-grown h-BN domains, SEM images of (a) triangular and (b) hexagonal-shape h-BN domains grown on
unpolished and polished Cu, respectively, the inset in each figure shows higher magnification; (¢) low-magnification TEM image of
h-BN/Ni23 B6/Ni grown for 60 min, the scale bar denotes 2000 A; (d) high-magnification TEM image of the NiyBg/Ni interface,
the scale bar denotes 20 A; (e)—(h) SEM images showing the time evolution of h-BN on a Ni(111) foil surface, the insets show two
different high-magnification SEM images, each showing h-BN islands, in the first, a single h-BN island is parallel to the surface
steps, the second shows two h-BN islands that have joined along one edge, the scale bars in the main images denote 30 pm and
those in the insets denote 5 pm; (i) cross-sectional TEM images of an as-grown multilayer h-BN film on a Fe foil; (j) STM images of
h-BN on Re(0001); (k) nonbonded linear defect of h-BN on Re (0001); (1) SEM images of h-BN grains grown on Cu foil for 10 min;
(m)—(o) SEM images of h-BN grains grown for 60 min on Cu-Ni alloy foils with atomic percentage of (m) 10%, (n) 20% and (o)
30% Ni, the scale bars are 20 mm in (1)-(0); (p)—(r) SEM images showing the h-BN domains grown on Cu substrate doped with (p)
=~0.5, (q) =2.4, and (r) =2.8% Si (atomic percentage), scalar bars are 20 pm; (s) dependence of nucleation density on Si concentra-
tion in Cu substrate.
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E/‘Jﬁ@fi\}%ﬁ{t% [20,106,107] l%‘ h-BN/[112-119] ﬁﬁ—‘lﬁ
8. R T SR AR A — 4R Rk & 2 BG4
A RERE, ELTAT ) AR R PR RE DL T S TR A
FTER, AR il 2 AT I 1 22 kK, I FT
PLE.

O P T A SRS B T EARL
Tl Al R B S B A T ARAT A I3 RS B9 e o
e EI S P B B RS A S A A i A K 4
JoZ KRG (AN 220 ) BOARMET 2 0 17 B,
] Fsf Tl R P ey e o 2 S5, 2 254 T 1140 O A
LAk, TR A R A R )E b, JF sk, w]

130709-43


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026)

130709

HAE A AR EOR, SRR SR (0
Ge(110)). 44T I FARINE A K BET A2, 2
S AL I e LA

HUIEH R R BIIR R A L. LIS SRR AR
KAHIR TR k57, DA e 2 e B 1 ar
YRR (AR IR ot ootk e, 4
A udR MR SR A8E TR S ARk T EORS AR
S IS TR SRS, A& i | AR T
TN FEE AR, SE IR AR AT | BB
TEER ) AR M “Hes 2 il

R e E AL B R O TR A B, 4k
PR 452 8 el IR 18] A s AH ELAE T B AR AR E 4
SERIR R, (HL n] REIA 3 S A BLIE 2 AL B L Ay e
R PRI HAAE ML S P01k 256 5T et ) J
137, SR AEF A S — PRI, TRA B
TREET B L AR RS 122 5 SRS AL, 7T
ORI IR A RS HERDRHE] BT EAE I, K Esh
IR FE I ST ) PR REDE L S R T
IO FH B 7 BT B L.

M, o ERE BRI S I ot o1 . R
RIS FZ. 2001 AFEASRHEEL T i E AR R AR KW= R,
2006 AFJiE T H ERFAHOR I E U Y BBk R 2K S 2%
ARAAA0L, B BES T 2004—2005 FHIFEF U RHE K
AW B AEATAF ST B HE. 2007—2010 4 FHnsk [ 37 k2
4K BL2EF R Ful Prof. Andrew Wee B4 H R -5
WHFE, I T 2008 AFFTF N THHAF 1 J5 2. 2010 4F 8 H
T B B2 B 380 0r R 1 ) P R S =, BT AR
FO AR, EEAR A 1) KA BEHALRRE
TR YER AR 2) IR4E TRk 3) 4RI R S As
¥4 4) Boor+ /R R T R Y A2 B4R 5) Al
RFEFRIEF AT L. B REET 53, RRFAILIL
#Ead 150 &, AR MRS Nature 1 5. Science 1 54,
Nature Materials 1 i . Nature Chemistry 2 i . Physical
Review Letters 14 5 . Nature Communications/Science
Advances 16 s . Advanced Materials 8 . JACS 6 J
PNAS 2 5% . Nano Letters 11 ji; Web of Science 55|
11000 Y, H #8550 47. 2020 4E3RAL 50T B ARbp— 4%
(FE NGRS ) i B B 2 B DR 27 “FE S BT AL TS 2
2020—2024 FiELE A BEZ TME/R B =951 223 2023 4F
PAFEEAN T FERF RS T ).

S 0k

[1] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,
Dubonos S V, Grigorieva I V, Firsov A A 2004 Science 306
666

[2] Traversi F, Raillon C, Benameur S M, Liu K, Khlybov S,

3]

(4]

[5]
(6]
[7]
(8]
(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[27]

130709-44

Tosun M, Krasnozhon D, Kis A, Radenovic A 2013 Nat.
Nanotechnol. 8 939

Novoselov K S, Geim A K, Morozov S V, Jiang D,
Katsnelson M I, Grigorieva I V, Dubonos S V, Firsov A A
2005 Nature 438 197

Novoselov K S, Jiang Z, Zhang Y, Morozov S V, Stormer H
L, Zeitler U, Maan J C, Boebinger G S, Kim P, Geim K
2007 Science 315 1379

Cao Y, Fatemi V, Fang S, Watanabe K, Taniguchi T,
Kaxiras E, Jarillo-Herrero P 2018 Nature 556 43

LLK, YuY J, Ye GJ, Ge Q Q, Ou X D, Wu H, Feng D
L, Chen X H, Zhang Y B 2014 Nat. Nanotechnol. 9 372
Feng B J, Ding Z J, Meng S, Yao Y G, He X Y, Cheng P,
Chen L, Wu K H 2012 Nano Lett. 12 3507

Bianco E, Butler S, Jiang S, Restrepo O D, Windl W,
Goldberger J E 2013 ACS Nano 7 4414

Zhu F F, Chen W J, Xu Y, Gao C L, Guan D D, Liu C H,
Qian D, Zhang S S, Jia J F 2015 Nat. Mater. 14 1020

Feng B J, Zhang J, Zhong Q, Li W B, Li S, Li H, Cheng P,
Meng S, Chen L, Wu K H 2016 Nat. Chem. 8 563

Mannix A J, Zhou X F, Kiraly B, Wood J D, Alducin D,
Myers B D, Liu X L, Fisher B L, Santiago U, Guest J R,
Yacaman M J, Ponce A, Oganov A R, Hersam M C,
Guisinger N P 2015 Science 350 1513

LiLF, Wang YL, Xie SY, Li X B, Wang Y Q, Wu R T,
Sun H B, Zhang S B, Gao H J 2013 Nano Lett. 13 4671
Davila M E, Xian L, Cahangirov S, Rubio A, Le Lay G 2014
New J. Phys. 16 095002

LiLF, LuSZ PanJ B, QinZ H, Wang Y Q, Wang Y L,
Cao G Y, Du S X, Gao H J 2014 Adv. Mater. 26 4820

Wu R T, Drozdov I K, Eltinge S, Zahl P, Ismail-Beigi S,
Bozovi¢ I, Gozar A 2019 Nat. Nanotechnol. 14 44

Cai Z H, Cao H J, Sheng H H, Hu X G, Sun Z Y, Zhao Q X,
Gao J S, Ideta S ichiro, Shimada K, Huang J W, Cheng P,
Chen L, Yao Y G, Meng S, Wu K H, Wang Z J, Feng B J
2024 Nano Lett. 24 10237

Xu H J, Wei J W, Zhou H G, Feng J F, Xu T, Du H F, He
C L, Huang Y, Zhang J W, Liu Y Z, Wu H C, Guo C Y,
Wang X, Guang Y, Wei H X, Peng Y, Jiang W J, Yu G Q,
Han X F 2020 Adv. Mater. 32 2000513

Zhang L N, Dong J C, Ding F 2021 Chem. Rev. 121 6321

Xu X Z, Zhang Z H, Qiu L, Zhuang J N, Zhang L, Wang H,
Liao C N, Song H D, Qiao R X, Gao P, Hu Z H, Liao L,
Liao Z M, Yu D P, Wang E G, Ding F, Peng H L, Liu K H
2016 Nat. Nanotechnol. 11 930

Yang P F, Zhang S Q, Pan S Y, Tang B, Liang Y, Zhao X
X, Zhang Z P, Shi J P, Huan Y H, Shi Y P, Pennycook S J,
Ren Z F, Zhang G H, Chen Q, Zou X L, Liu Z F, Zhang Y
F 2020 ACS Nano 14 5036

Bistritzer R, MacDonald A H 2011 Proc. Natl. Acad. Sci. U.
S. A. 108 12233

Andrei E Y, MacDonald A H 2020 Nat. Mater. 19 1265

Liu Y, Huang Y, Duan X F 2019 Nature 567 323

Chen Z L, Qi Y, Chen X D, Zhang Y F, Liu Z F 2019 Adv.
Mater. 31 1803639

Wang X L, Yuan Q H, Li J, Ding F 2017 Nanoscale 9 11584
Deng B, Xin Z W, Xue R W, Zhang S S, Xu X Z, Gao J,
Tang J L, Qi Y, Wang Y N, Zhao Y, Sun L. Z, Wang H H,
Liu K H, Rummeli M H, Weng L T, Luo Z T, Tong L M,
Zhang X Y, Xie C S, Liu Z F, Peng H L 2019 Seci. Bull. 64
659

Reina A, Thiele S, Jia X T, Bhaviripudi S, Dresselhaus M S,
Schaefer J A, Kong J 2009 Nano Res. 2 509


https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nnano.2013.240
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1126/science.1137201
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nl301047g
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1021/nn4009406
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nmat4384
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1038/nchem.2491
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1126/science.aad1080
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1021/nl4019287
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1088/1367-2630/16/9/095002
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1002/adma.201400909
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1038/s41565-018-0317-6
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1021/acs.nanolett.4c02580
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1002/adma.202000513
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1021/acs.chemrev.0c01191
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1038/nnano.2016.132
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1021/acsnano.0c01478
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41563-020-00840-0
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1002/adma.201803639
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1039/C7NR02743E
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1016/j.scib.2019.04.030
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
https://doi.org/10.1007/s12274-009-9059-y
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026)

130709

28]
29]
30]
(31]
(32]

33]

(34]
35]
(36]
37]

38]

39]

(40]

[41]

(42]

(43]
44]
[45]

[46]

[47]

(48]

[49]

[50]
[51]

[52]

Dong J C, Zhang L N, Dai X Y, Ding F 2020 Nat. Commun.
11 5862

Pan Y, Shi D X S, Gao H J 2007 Chin. Phys. 16 3151
Vazquez De Parga A L, Calleja F, Borca B, Passeggi M C
G, Hinarejos J J, Guinea F, Miranda R 2008 Phys. Rev.
Lett. 100 056807

Pan Y, Zhang H G, Shi D X, Sun J T, Du S X, Liu F, Gao
H J 2009 Adv. Mater. 21 2777

Coraux J, N‘Diaye A T, Busse C, Michely T 2008 Nano
Lett. 8 565

Busse C, Lazi¢ P, Djemour R, Coraux J, Gerber T,
Atodiresei N, Caciuc V, Brako R, N’Diaye A T, Bliigel S,
Zegenhagen J, Michely T 2011 Phys. Rev. Lett. 107 036101
Meng L, Wu R T, Zhang L Z, Li L F, Du S X, Wang Y L,
Gao H J 2012 J. Phys. : Condens. Matter 24 314214

Sutter P, Sadowski J T, Sutter E 2009 Phys. Rev. B 80
245411

Gao M, Pan Y, Huang L, Hu H, Zhang L Z, Guo H M, Du S
X, Gao H J 2011 Appl. Phys. Lett. 98 033101

Liu M X, Gao Y B, Zhang Y F, Zhang Y, Ma D L, Ji Q Q,
Gao T, Chen Y B, Liu Z F 2013 Small 9 1360

Miniussi E, Pozzo M, Mentes T O, Nifio M A, Locatelli A,
Vesselli E, Comelli G, Lizzit S, Alfe D, Baraldi A 2014
Carbon 73 389

Gao M, Pan Y, Zhang C D, Hu H, Yang R, Lu H L, Cai J
M, Du S X, Liu F, Gao H J 2010 Appl. Phys. Lett. 96
053109

Li X S, Cai W W, Colombo L, Ruoff R S 2009 Nano Lett. 9
4268

Hao Y F, Bharathi M S, Wang L, Liu Y Y, Chen H, Nie S,
Wang X H, Chou H, Tan C, Fallahazad B, Ramanarayan H,
Magnuson C W, Tutuc E, Yakobson B I, McCarty K F,
Zhang Y W, Kim P, Hone J, Colombo L, Ruoff R S 2013
Science 342 720

Zhang J C, Liu X T, Chen H C, Zhang X T, Li S, Sun L Z,
Zhu W Q, Wei X D, Fu Q, Wang J J, Lu W H, Liu H H,
Jia K C, Lin L, Yin W J, Sun J Y, Sun X C, Liu Z F 2025
Adv. Mater. 13677

Oznuluer T, Pince E, Polat E O, Balci O, Salihoglu O,
Kocabas C 2011 Appl. Phys. Lett. 98 183101

Nie S, Bartelt N C, Wofford J M, Dubon O D, McCarty K
F, Thiirmer K 2012 Phys. Rev. B 85 205406

Cahangirov S, Topsakal M, Aktiirk E, Sahin H, Ciraci S
2009 Phys. Rev. Lett. 102 236804

Vogt P, De Padova P, Quaresima C, Avila J, Frantzeskakis
E, Asensio M C, Resta A, Ealet B, Le Lay G 2012 Phys.
Rev. Lett. 108 155501

Lin C L, Arafune R, Kawahara K, Tsukahara N, Minamitani
E, Kim Y, Takagi N, Kawai M 2012 Appl. Phys. Express 5
045802

Chen L, Liu C C, Feng B J, He X Y, Cheng P, Ding Z J,
Meng S, Yao Y G, Wu K H 2012 Phys. Rev. Lett. 109
056804

Jamgotchian H, Colignon Y, Hamzaoui N, Ealet B, Hoarau
JY, Aufray B, Bibérian JP. 2012 J. Phys. Condens. Matter.
24 172001

Enriquez H, Vizzini S, Kara A, Lalmi B, Oughaddou H. 2012
J Phys: Condens Matter 24 314211

Lalmi B, Oughaddou H, Enriquez H, Kara A, Vizzini S,
Ealet B, Aufray B 2010 Appl. Phys. Lett. 97 223109

Meng L, Wang Y L, Zhang L Z, Du S X, Wu R T, Li L F,
Zhang Y, Li G, Zhou H T, Hofer W A, Gao H J 2013 Nano
Lett. 13 685

(53]

[55]

[56]

[57]

[58]

[59]

[60]
[61]
(62]
(63]
[64]
[65]
[66]

(67]

[68]
[69]

[70]

[71]

[72]

73]

[74]

[75]
[76]
(7]

(78]

[79]

130709-45

Huang L, Zhang Y F, Zhang Y Y, Xu W Y, Que Y D, Li E,
Pan J B, Wang Y L, Liu Y Q, Du S X, Pantelides S T, Gao
H J 2017 Nano Lett. 17 1161

Stpniak-Dybala A, Dyniec P, Kopciuszyski M, Zdyb R,
Jatochowski M, Krawiec M 2019 Adv. Funct. Mater. 29
1906053

Derivaz M, Dentel D, Stephan R, Hanf M C, Mehdaoui A,
Sonnet P, Pirri C 2015 Nano Lett. 15 2510

Kubo O, Kinoshita S, Sato H, Miyamoto K, Sugahara R,
Endo S, Tabata H, Okuda T, Katayama M 2021 Phys. Rev.
B 104 085404

Gou J, Zhong Q, Sheng S X, Li W B, Cheng P, Li H, Chen
L, Wu K H 2016 2D Mater. 3 045005

Lin C H, Huang A, Pai W W, Chen W C, Chen T Y, Chang
T R, Yukawa R, Cheng C M, Mou C Y, Matsuda I, Chiang
T C, Jeng H T, Tang S J 2018 Phys. Rev. Mater. 2 024003
Zhuang J C, Liu C, Zhou Z Y, Casillas G, Feng H, Xu X,
Wang J O, Haoo W C, Wang X L, Dou S X, Hu Z P, Du Y
2018 Adv. Sci. 5 1800207

Yuhara J, Shimazu H, Ito K, Ohta A, Araidai M, Kurosawa
M, Nakatake M, Le Lay G 2018 ACS Nano 12 11632

Qin Z H, Pan J B, Lu S Z, Shao Y, Wang Y L, Du S X, Gao
H J, Cao GY 2017 Adv. Mater. 29 1606046

Xu Y, Yan B H, Zhang H J, Wang J, Xu G, Tang P Z,
Duan W H, Zhang S C 2013 Phys. Rev. Lett. 111 136804
Gou J, Kong L J, Li H, Zhong Q, Li W B, Cheng P, Chen
L, Wu K H 2017 Phys. Rev. Mater. 1 054004

Yuhara J, Ogikubo T, Araidai M, Takakura S ichi,
Nakatake M, Le Lay G 2021 Phys. Rev. Mater. 5 053403

Liu Y N, Gao N, Zhuang J C, Liu C, Wang J O, Hao W C,
Dou S X, Zhao J J, Du'Y 2019 J. Phys. Chem. Lett. 10 1558
Yuhara J, Fujii Y, Nishino K, Isobe N, Nakatake M, Xian L,
Rubio A, Le Lay G 2018 2D Mater. 5 025002

Deng J L, Xia B Y, Ma X C, Chen H Q, Shan H, Zhai X F,
Li B, Zhao A D, Xu Y, Duan W H, Zhang S C, Wang B,
Hou J G 2018 Nat. Mater. 17 1081

Penev E S, Kutana A, Yakobson B I 2016 Nano Lett. 16
2522

Liu X L, Li Q C, Ruan Q Y, Rahn M S, Yakobson B I,
Hersam M C 2022 Nat. Mater. 21 35

Zhong Q, Kong L J, Gou J, Li W B, Sheng S X, Yang S,
Cheng P, Li H, Wu K H, Chen L 2017 Phys. Rev. Mater. 1
021001

Wang Y, Kong L J, Chen C Y, Cheng P, Feng B J, Wu K
H, Chen L 2020 Adv. Mater. 32 2005128

Chen CY, Lv H F, Zhang P, Zhuo Z W, Wang Y, Ma C, Li
W B, Wang X G, Feng B J, Cheng P, Wu X J, Wu K H,
Chen L 2022 Nat. Chem. 14 25

Li W B, Kong L. J, Chen C Y, Gou J, Sheng S X, Zhang W
F, Li H, Chen L, Cheng P, Wu K H 2018 Sci. Bull. 63 282
Kiraly B, Liu X L, Wang L Q, Zhang Z H, Mannix A J,
Fisher B L, Yakobson B I, Hersam M C, Guisinger N P 2019
ACS Nano 13 3816

Vinogradov N A, Lyalin A, Taketsugu T, Vinogradov A S,
Preobrajenski A 2019 ACS Nano 13 14511

Zhang G W, Huang S Y, Chaves A, Song C Y, Ozcelik V O,
Low T, Yan H 2017 Nat. Commun. 8 14071

Qiao J S, Kong X H, Hu Z X, Yang F, Ji W 2014 Nat.
Commun. 5 4475

Zhang J L, Zhao S, Han C, Wang Z, Zhong S, Sun S, Guo
R, Zhou X, Gu C D, Yuan K D, Li Z, Chen W 2016 Nano
Lett. 16 4903

Yang S, Hu Z P, Wang W H, Cheng P, Chen L, Wu K H


https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1038/s41467-020-19752-3
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1088/1009-1963/16/11/001
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1103/PhysRevLett.100.056807
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1002/adma.200800761
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1021/nl0728874
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1103/PhysRevLett.107.036101
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1088/0953-8984/24/31/314214
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1103/PhysRevB.80.245411
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1063/1.3543624
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1002/smll.201202962
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1016/j.carbon.2014.02.081
https://doi.org/10.1063/1.3309671
https://doi.org/10.1063/1.3309671
https://doi.org/10.1063/1.3309671
https://doi.org/10.1063/1.3309671
https://doi.org/10.1063/1.3309671
https://doi.org/10.1063/1.3309671
https://doi.org/10.1021/nl902515k
https://doi.org/10.1021/nl902515k
https://doi.org/10.1021/nl902515k
https://doi.org/10.1021/nl902515k
https://doi.org/10.1021/nl902515k
https://doi.org/10.1021/nl902515k
https://doi.org/10.1126/science.1243879
https://doi.org/10.1126/science.1243879
https://doi.org/10.1126/science.1243879
https://doi.org/10.1126/science.1243879
https://doi.org/10.1126/science.1243879
https://doi.org/10.1126/science.1243879
https://doi.org/10.1002/adma.202513677
https://doi.org/10.1002/adma.202513677
https://doi.org/10.1002/adma.202513677
https://doi.org/10.1002/adma.202513677
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1063/1.3584006
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevB.85.205406
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1143/APEX.5.045802
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1103/PhysRevLett.109.056804
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/17/172001
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1088/0953-8984/24/31/314211
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1063/1.3524215
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1021/acs.nanolett.6b04804
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1002/adfm.201906053
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1021/acs.nanolett.5b00085
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1103/PhysRevB.104.085404
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1088/2053-1583/3/4/045005
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1103/PhysRevMaterials.2.024003
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1002/advs.201800207
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1021/acsnano.8b07006
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1002/adma.201606046
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.1.054004
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1103/PhysRevMaterials.5.053403
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1021/acs.jpclett.9b00348
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1088/2053-1583/aa9ea0
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1038/s41563-018-0203-5
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1021/acs.nanolett.6b00070
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1038/s41563-021-01084-2
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1103/PhysRevMaterials.1.021001
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1002/adma.202005128
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1038/s41557-021-00813-z
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1016/j.scib.2018.02.006
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.8b09339
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1021/acsnano.9b08296
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
https://doi.org/10.1021/acs.nanolett.6b01459
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026)

130709

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]
(88
(89]
(90]
[91]

[92]

(93]

(94]

[96]

[97]

(98]

2020 Chin. Phys. Lett. 37 096803

Zhang S L, Yan Z, Li Y F, Chen Z F, Zeng H B 2015
Angew. Chem. Int. Fd. 54 3112

Ares P, Aguilar-Galindo F, Rodriguez-San-Miguel D, Aldave
D A, Diaz-Tendero S, Alcami M, Martin F, Gémez-Herrero
J, Zamora F 2016 Adv. Mater. 28 6332

Ji J P, Song X F, Liu J Z, Yan Z, Huo C X, Zhang S L, Su
M, Liao L, Wang W H, Ni Z H, Hao Y F, Zeng H B 2016
Nat. Commun. 7 13352

Mao Y H, Zhang L F, Wang H L, Shan H, Zhai X F, Hu Z
P, Zhao A D, Wang B 2018 Front. Phys. 13 138106

Shao Y, Liu Z L, Cheng C, Wu X, Liu H, Liu C, Wang J O,
Zhu S'Y, Wang Y Q, Shi D X, Ibrahim K, Sun J T, Wang
Y L, Gao H J 2018 Nano Lett. 18 2133

Zhang P, Ma C, Sheng S X, Liu H R, Gao J S, Liu Z J,
Cheng P, Feng B J, Chen L, Wu K H 2022 Phys. Rev.
Mater. 6 074002

Zhu S Y, Shao Y, Wang E, Cao L, Li X Y, Liu Z L, Liu C,
Liu L W, Wang J O, Ibrahim K, Sun J T, Wang Y L, Du S,
Gao H J 2019 Nano Lett. 19 6323

Niu T C, Meng Q L, Zhou D C, Si N, Zhai S W, Hao X M,
Zhou M, Fuchs H 2020 Adv. Mater. 32 1906873

Jaroch T, Zurawek-Wyczesany L, Stepniak-Dybala A,
Krawiec M, Kopciuszynski M, Drézdz P, Go febiowski M,
Zdyb R 2024 Nano Lett. 24 12469

Guo H, Jiménez-Sénchez M D, Martinez-Galera A J, Gémez-
Rodriguez J M 2022 Adv. Mater. Inter. 9 2101272

Shuichi M 2006 Phys. Rev. Lett. 97 236805

Liu C C, Guan S, Song Z G, Yang S Y A., Yang J B, Yao Y
G 2014 Phys. Rev. B 90 085431

Zhang K H L, McLeod I M, Lu Y H, Dhanak V R,
Matilainen A, Lahti M, Pussi K, Egdell R G, Wang X S,
Wee A T S, Chen W 2011 Phys. Rev. B 83 235418

Sun S, You J Y, Duan S S, Gou J, Luo Y Z, Lin W N, Lian
X, Jin TY, LiuJ W, Huang Y L, Wang Y H, Wee A T S,
Feng Y P, Shen L, Zhang J L, Chen J S, Chen W 2022 ACS
Nano 16 1436

Hu J P, He B C, Wang H B, Zhang H, Huang C Q, Xie L,
Guo X, Liang Z F, Chen S, Huang H, Song F 2022 Acta
Phys. Sin. 71 026101 (in Chinese) [ 4, (iR, ELIE,
TR, FERIEK, A, SR, BEIRE, BRAr, BUE, RTE 2022 )
2R 71 026101

He B C, Tian G, Gou J, Liu B X, Shen K C, Tian Q W, Yu
7 Q, Song F, Xie HP, Gao Y L, Lu Y H, Wu K H, Chen L,
Huang H 2019 Surf. Sci. 679 147

Xiao S Z, Liu M, Li L F, Sun J T, Wang Y L, He S L 2022
Nano Res. 15 3770

Wang Y L, Li L F, Yao W, Song S R, Sun J T, Pan J B,
Ren X, Li C, Okunishi E, Wang Y Q, Wang E Y, Shao Y,
Zhang Y Y, Yang H T, Schwier E F, Iwasawa H, Shimada
K, Taniguchi M, Cheng Z H, Zhou S Y, Du S X, Pennycook
S J, Pantelides S T, Gao H J 2015 Nano Lett. 15 4013

Lin X, Lu J C, Shao Y, Zhang Y Y, Wu X, Pan J B, Gao L,
Zhu S'Y, Qian K, Zhang Y F, Bao D L, Li L F, Wang Y Q,

[99]

[100]
[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]
[110]
[111)

[112]

[113]

[114]
[115]

[116]

[117)
[118]

[119]

130709-46

Liu Z L, Sun J T, Lei T, Liu C, Wang J O, Ibrahim K,
Leonard D N, Zhou W, Guo H M, Wang Y L, Du S X,
Pantelides S T, Gao H J 2017 Nat. Mater. 16 717

Shao Y, Song S R, Wu X, Qi J, Lu H L, Liu C, Zhu S Y,
Liu Z L, Wang J O, Shi D X, Du S X, Wang Y L, Gao H J
2017 Appl. Phys. Lett. 111 113107

Liu L, Zemlyanov D, Chen Y P 2021 2D Mater. 8 045033
Gao L, Sun J T, Lu J C, Li H, Qian K, Zhang S, Zhang Y
Y, Qian T, Ding H, Lin X, Du S X, Gao H J 2018 Adwv.
Mater. 30 1707055

Yang Y M, Wu Q L, Deng J Q, Wang J, Xia Y, Fu X S,
Tian Q W, Zhang L, Yin L J, Tian Y, Xie S Y, Zhang L J,
Qin Z H 2021 Chin. Phys. B 30 116802

Song Z P, Yi J X, Shi J N, Xu H Y, Bian C, Shen C M,
Zhang Y Y, Zhou W, Du S X, Lu H L, Lin X, Gao H J 2024
ACS Appl. Nano Mater. T 17729

Dong L, Wang A W, Li E, Wang Q, Li G, Huan Q, Gao H J
2019 Chin. Phys. Lett. 36 028102

Wang A W, LiuZY, Pan J B, Li Q C, Li G, Huan Q, Du S
X, Gao H J 2020 Chin. Phys. B 29 078102

Grgnborg S S, Ulstrup S, Bianchi M, Dendzik M, Sanders C
E, Lauritsen J V, Hofmann P, Miwa J A 2015 Langmuir 31
9700

Bignardi L, Lizzit D, Bana H, Travaglia E, Lacovig P,
Sanders C E, Dendzik M, Michiardi M, Bianchi M, Ewert
M, Bu L, Falta J, Flege J I, Baraldi A, Larciprete R,
Hofmann P, Lizzit S 2019 Phys. Rev. Mater. 3 014003

Song L, Ci L J, Lu H, Sorokin P B, Jin C H, Ni J, Kvashnin
A G, Kvashnin D G, Lou J, Yakobson B I, Ajayan P M
2010 Nano Lett. 10 3209

Watanabe K, Taniguchi T, Kanda H 2004 Nat. Mater. 3 404
Cassabois G, Valvin P, Gil B 2016 Nat. Photon. 10 262
Stehle Y, Meyer H M, Unocic R R, Kidder M, Polizos G,
Datskos P G, Jackson R, Smirnov S N, Vlassiouk I V 2015
Chem. Mater. 27 8041

Tay R Y, Griep M H, Mallick G, Tsang S H, Singh R S,
Tumlin T, Teo E H T, Karna S P 2014 Nano Lett. 14 839
Ma K Y, Zhang L N, Jin S, Wang Y, Yoon S I, Hwang H,
Oh J, Jeong D S, Wang M H, Chatterjee S, Kim G, Jang A
R, Yang J, Ryu S, Jeong H Y, Ruoff R S, Chhowalla M,
Ding F, Shin H S 2022 Nature 606 88

Kim G, Jang A R, Jeong H Y, Lee Z, Kang D J, Shin H S
2013 Nano Lett. 13 1834

Preobrajenski A B, Nesterov M A, Ng M L, Vinogradov A S,
Martensson N 2007 Chem. Phys. Lett. 446 119

Kim S M, Hsu A, Park M H, Chae S H, Yun S J, Lee J S,
Cho D H, Fang W J, Lee C, Palacios T, Dresselhaus M, Kim
K K, Lee Y H, Kong J 2015 Nat. Commun. 6 8662

QiY, Zhang Z P, Deng B, Zhou X B, Li Q C, Hong M, Li Y
C, Liu Z F, Zhang Y F 2017 J. Am. Chem. Soc. 139 5849
LuGY,WuTR, Yuan Q H, Wang H S, Wang H M, Ding
F, Xie X M, Jiang M H 2015 Nat. Commun. 6 6160
LiJD,HuZL,YiYF, Yu ML, Li X M, Zhou J X, Yin J
J, Wu S W, Guo W L 2019 Small 15 1805188


https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1088/0256-307X/37/9/096803
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1007/s11467-018-0757-3
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1021/acs.nanolett.8b00429
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1103/PhysRevMaterials.6.074002
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1021/acs.nanolett.9b02444
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1002/adma.201906873
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1021/acs.nanolett.4c03277
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1002/admi.202101272
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevLett.97.236805
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.90.085431
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1103/PhysRevB.83.235418
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.1021/acsnano.1c09592
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.7498/aps.71.20211360
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1016/j.susc.2018.09.005
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1007/s12274-021-3920-z
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1038/nmat4915
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1063/1.4991065
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1088/2053-1583/ac166b
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1002/adma.201707055
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1088/1674-1056/ac0037
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1021/acsanm.4c02980
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/0256-307X/36/2/028102
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1088/1674-1056/ab90eb
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1021/acs.langmuir.5b02533
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1103/PhysRevMaterials.3.014003
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1021/nl1022139
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1038/nphoton.2015.277
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/acs.chemmater.5b03607
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1021/nl404207f
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1038/s41586-022-04745-7
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1021/nl400559s
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1016/j.cplett.2007.08.028
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1038/ncomms9662
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1021/jacs.7b00647
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1038/ncomms7160
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
https://doi.org/10.1002/smll.201805188
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130709

INVITED REVIEW

Metal-substrate synthesis of two dimensional materials”

DONG Jianyu??  HUANG Yongqi® TIAN Dacheng!?
CHENG PengV?t  CHEN Lan V!

1) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)
2) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)
3) (The High School Affiliated to Renmin University of China, Beijing 100080, China)

( Received 16 January 2026; revised manuscript received 7 February 2026 )

Abstract

Two-dimensional (2D) materials have emerged as a frontier in the research of next-generation optoelectronic
and quantum devices due to their uniquely confined electronic structures and remarkable quantum effects.
However, a significant portion of theoretically predicted 2D materials, particularly monoelemental 2D
materials, such as silicene, germanene, and borophene, lack natural bulk layered counterparts and exist in
thermodynamically metastable states, making them inaccessible via traditional mechanical exfoliation. This
review systematically evaluates the "bottom-up" epitaxial growth of 2D materials on various metal substrates
from an experimental perspective. We systematically discuss the multifaceted roles of metal substrates in
governing growth mechanisms, including lattice-matching, step-edge guided unidirectional growth, and surface
catalysis models (self-limiting and dissolution-precipitation). By modulating interfacial interactions and space-
group symmetry, these substrates not only stabilize metastable phases but also enable the synthesis of wafer-
scale single-crystal films. By integrating advanced characterization techniques such as scanning tunneling
microscopy (STM), low-energy electron diffraction (LEED), and angle-resolved photoemission spectroscopy
(ARPES), we summarize the structural phases and electronic properties of diverse 2D systems, ranging from
graphene on transition metals to novel binary compounds like PtTe, and MoS,. Finally, we provide insights into
the challenges of controllable large-scale synthesis and the integration of these materials into functional
nanodevices. This work underscores the potential of metal-substrate-assisted growth in expanding the 2D
material library and its far-reaching implications for energy storage, high-sensitivity sensing, and flexible nano-

electronics.

Keywords: metal substrate, two-dimensional materials, molecular beam epitaxy, chemical vapor deposition,

scanning tunneling microscope
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