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Figure 1 The regulatory mechanism of metal substrates on the growth of two-dimensional materials. (a) and (b) are schematic diagrams of the growth
of two-dimensional materials on lattice-matched and lattice-mismatched substrates respectively; (c) and (d) are the growth mechanisms of wafer-level
graphene on catalytically active Cu(111) and non-catalytically active quartz glass respectively!?']; (e)several equivalent 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 represents samples with three-fold rotational symmetry.
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Figure 2 Growth of graphene on Ru(0001)5!), Ir(111)54, and Pt(111)53%36] substrates. (a) STM image of graphene/Ru(0001); (b) atomic resolution image of
graphene/Ru(0001); (c) atomic structure of graphene/Ru(0001); (d) STS spectrum of graphene/Ru(0001); (¢) 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 picture shows the completion time, and the right pictures are -30s, -90s, -190s in sequence; (j) band
structure of graphene/Pt(111); (k) graphene/Pt(111) prepared with high ethylene exposure and high substrate temperature; (k) graphene/Pi(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 773K, 873K, and 973K.
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Figure 3 Growth of graphene on Rh(111)i7, Re(0001)¥), and Nil2% 3! substrates. (a)-(b) STM irages 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 SiO2/Si substrate under different cooling rates; (k) atomic resolution image of
graphene/Ni(111), with LEED pattern as the inset.
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Figure 4 Growth of graphene on Cul*'**! 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) Schematic 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.
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Figure 5 Growth of graphene on an Au substratel* 9. (a) SEM image of graphene on gold foil, with an inset of the optical microscope 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 * 5 (b) 11 * ; (¢)

14 °;(d) 26 ° ; (g)-(h) STM images of Moiré superlattices on Au(111) surface after herringbone pattern modification.
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Figure 6 The growth of silicene on Ag(111)" 4 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 silicenc/Ag(111); (¢) Atomic

structure and simulated STM image of 4x4 phase silicene/Ag(111); (f) Atomic structure of V13x13 phase silicene/Ag(111); (g) STM image of V13xV13
phase silicene; (h) STM image of 2Y3x2V3 phase silicene/Ag(111); (i) atomic resolution STM image of 243x2V3 phase silicene/Ag(111); (j) Atomic structure
of 243x243 phase silicene/Ag(111); (k) atomic resolution STM image of V3x3 phase silicene/Ag(111); (1) Atomic structure of V3x\3 phase silicene; (m) STS
spectra of V3x3 phase silicene/Ag(111) at liquid nitrogen and liquid helium temperatures.
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Figure 7 The growth of silicene on Ir(111)%), Ru(0001)), and Au(111)55) 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); (¢)-(g) STM images of Si atoms forming fishbone structure (e), fishbone-beehive
superstructure (f), and honeycomb silicene (g) on Ru(0001) surface; (h)-(i) atomic structure 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.

3.2.4 Au(111)
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Figure 8 The growth of germanene on Pt(111)57, Al(111)58), and Sb(111) substrates. (a) STM image of germanene/Pt(111); (b) atomic resolution STM
image of germanene/Pt(111); (c) 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) and (j) are

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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Figure 9 The growth of germanene on Au(111)', Ag(111)?], and Cu(111)!] substrates. (a) STM image of germanene/Au(111); (b) atomic resolution STM
image of germanene/Au(111); (c) LEED pattern of germanene/Au(111); (d) atomic structure of germanene/Au(111); (¢) STM image of germanene/Ag(111)
where stripe phase and quasi-free phase coexist; () 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: STS spectra on Cu(111) substrate; (m) STM image of double-layer germanene/Cu(111); (n) STM image of Cu(111) with high

resolution; (0) atomic resolution STM image of double-layer germanene; (p) atomic structure of double-layer germanene/Cu(111).
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FIorHE STM [, LI ki, SR Sb(IIDIIE; ()/Sb(1IDFE T454; (A5 Sb(111)/Y) STS 1#; < (e) BaiaiKili/Sb(11 D)y STM K; (D
BRI T L5 (WRAVIA R ERY STS #, LLE MAPKAFINAL, SEAPRAN, WERIRFHBL: (BHH/PLSVPI(111)EY
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4t
Figure 10 The growth of stanene on Sb(111)”) 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); () 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/Pd2Sn/Pd(111); (i) atomic resolution STM image of Pd2Sn; (j) atomic resolution
STM image of stanene; (k) atomic structure of stanene/Pd2Sn/Pd(111); (1) simulated STM image; (m)-(n) band structure of stanene/PdoSn/Pd(111).
3.4.3 Au(111)/Ag(111)/Cu(111)
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JAwSVAU(1T DTS5 (d)Au(L LR ERRASEEH B0 (o) BIF/ARSYAg(11DSTM [ (HBIFESMHE STM E: (2)Ag.Sn w4 ¥ STM
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Figure 11 The growth of stanene on Au(111)*}, Ag(111)™ and Cu(111)!" substrates. (a) STM image of high coverage stanene/AwSn/Au(111); (b) atomic
resolution STM image of stanene; (c) atomic structure of stanene/AuSn/Au(111); (d) Raman spectra of Au(111) substrate and different phases of germanene;
(¢) STM image of stanene/Ag>Sn/Ag(111); (f) atomic resolution STM image of stanene; (g) atomic resolution STM image of Ag:Sn; (h) LEED pattern of
stanene/AgaSn/Ag(111); (i) atomic structure of stanene/AgaSt/Ag(111); (j) band structure of stanene/Ag>Sn/Ag(111); (k) STM image of stanene/Cu(111); (1)
atomic resolution STM image of stanene; (m) height graph of the blue line in (1); (n) atomic structure of stanene/Cu(111); (o) Brillouin zone of
stanene/Cu(111); (p) band structure of stanene/Cu(111),
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Figure 11 Growth of borophene on Ag(111)17>7] Ag(110)1%1 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) atomic structures of A, B, C three borophene phases.

3.5.1 Ag(111)/Ag(110)/Ag(100)
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Figure 13 Growth of borophene on Cu(111)1 7 substrate. (a)-(b) structures of borophene/Cu(111) under different stacking configurations; (c) atomic
structure of borophene; (d) STM images of monolayer and bilayer borophene coexisting; (¢) STM image of bilayer borophene/Cu(111); (f) formation of larger
domains in the bilayer borophene after annealing; (g) atomic resolution image of the bilayer borophene; (¢) and (f) are the atomic structures of the first and

second layers of borophene on Cu(111), respectively.
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Figure 14 Growth of borophene on AI(111)8%), Au(111)8!) 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); (¢) 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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Figure 15 Growth of phosphorene on Au(111)1% and Ag(111)3) substrates. (a) STM image of phosphorene/Au(111); (b) atomic resolution 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.



3.6.1 Au(111)
FINE ] 7R 22 A IR 5 rp E B2 BOR R R IR A DS, DASR B AT K
&, FIH MBE $AK, BUIITE Au(11D)FHE EAK B ERG. 456 STM 5 DFT it k&
B, Au(111)FE A WG A KPR T AR LRI BIAR, — 1> 4 x4 MEBAER S —14> 5
x5 Au(111)HM5E3RILEE, 5% TG A, TERCT KRG P BE— B % (&
15 (a) A (b) ) . [AEF, Au(11D)REEAR T B EHEA R RE 22, fRdE T IR
AR ) Py o T EOBE AR AR E . SIS SIS . STS iR, HZWEHELE 7}
KEEFMHIT I A 1.1 eV WUBERE (B 15 (d) ) , IEWIHIE R — i SR 68,
I4h, DFT 53R, WG S Au(111)3RTH Z AT BB RN RE (-0.27 eV/BEIR 1)
Rz 4t fEfe & H R RuEn.
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Figure 16 Growth of antimonene on the Ag(111) surface!®*?); (a) STM image of Ag>Sb surface alloy; (b) High-resolution STM image of AgSb surface alloy;
(c) 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.



3.7.2 Cu(111)
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Figure 17 Growth of antimonene on the Cu surfacel®>*4.. (a) STM images of Cu>Sb alloy and antimony islands on Cu(111) surface; (b) high-resolution STM
image of CuSb surface alloy; (c) high-resolution STM image of antimonene islands; (d) atomic structure of antimonene/CuaSb/Cu(111); (e)-(f) STS spectra at
different positions of antimonene islands; (g) STM image of antimonene/CusO2/Cu(111); (h) high-resolution STM image of antimonene; (i) STM image of

antimonene/Cu2Sb/Cu(111); (j) Raman spectra of antimonene and CuzSb surface alloy.



3.7.3 W(110)
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Figure 18 Growth of antimonene on the W(110)1%*] and Pt(111)°) 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) Energy band structure of antimony monolayer in the ky direction; (d) Schematic
diagram of the Brillouin zone of antimony monolayer; (¢)-(1) STM images of the Pt(111) surface antimony phase under different annealing temperatures and

coverages.



3.7.4 Pi(111)
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Figure 19 Growth of bismuthene on the Ag(111) surfacel®*1%!, (a) The STM image of the surface alloy of Ag:Bi, with the insct showing the LEED pattern,
clearly shows the Y3xV3 R30° structure; (b) The high-resolution STM image of Ag:Bi; (c) After the coverage increases, the surface alloy of Ag:Bi gradually
transforms into a px\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\3
structure; (¢) 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 200K maintained, and the Bi islands grown epitaxially on it; (h) The high-resolution STM image of the ultra-flat



honeycomb-like Bi islands; (¢) 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 570K, with Bi atoms randomly dispersed on the Ag(111) surface; () The STM
image after further increasing the coverage and maintaining it for 10 minutes at 570K, where both the Y3xV3 structure of the Ag;Bi alloy and the Bi film with a
height of 0.6A can be seen.
3.82 Au(l11)

2019 4, BFEGRE . BRSFIOIEAERSE T Au(111)REA K Bi Wir 451 5 H
T, WA, B RSN, Bi 1A Tﬁ}\ 5x5 F#ERES . N37xV37 R25.3° Kagome
W (E120 (a) ) Bl pxV3 4REU55H (B120 (b) ) RYBEASIRE. Au(11DRRE T EHF R
EHEEEMEARVER . BT Au(lll)El’JIij’fﬁI 5 3 eV) WREmTH (43eV) , XFPTIR
e S A Bi R I R IR, IWmARE T e, XA a0 Bi i i
fOEHL, PR RKARESHEF IR T Bi R FIEVIMR I BOE B =4k 5, Fama FT
TE BT AR 7 1) 4k Kagome ghig 2514 .

Bl JETE 2022 4F, R BIESEIOGE— PRI TR RIRIEXS Au(111) | Bi A KATHINE
M, ﬁf%i?ﬁi/?%%iﬂtﬂ%‘ﬁ““%?fﬁ%*& '? ﬁ—ﬁl‘rﬁ 5 Bi 1E Ag(1 1 DR EA KA,
TEE (120 (c) ) FI5S70K (K20 ( MR, BifE Au(111) ERAERATHRI M &
B — B T%}Jﬁﬁ‘[ﬁﬁﬁx, Bi Jﬁ%ﬁw‘a%ﬁ?ﬁf Au(11D)EFE SRR, BRI [
843 Bi AR TR XA 0 fR 7 28 ME AR DI 24T o 2 2 e b IS S A 5 - (Rl AH ELAE A
F 5, MEAERIKSh Y HOERE . FEE R B 03E M, Au(111)ZRTH A5 SCE M 2 28 Ml 5 i
A 0.40 ML Eh‘%éﬂiiﬁi PN R, Fi5 ST0K &4, #BEE S EKREE T
FN3TxN37 G54, R A e sk HES Y, R B LA

(a)r‘ .1 r' @%
-44

P 20 HAAE Au(1TDFRTERYAE RN 1) (@)Au(111)ERV37xV37R25.3° Kagome 541 Bi #EIY STM [, (D)Au(l 1)K pxV3 440451y Bi #
[5ER STM [l (c)E il F7E Au(11DRMHIH 0.04 J= Bi J5UFHY STM s (d)S70K K, 7E Au(111)REIIR 0.02 JZ Bi JiL 1Y STM &,

Figure 20 Growth of bismuthene on the Au(111) surfacel!"192], (a). STM image of Bi film in a ¥37xV37 R25.3° Kagome structure on Au(111) surface; (b)

STM image of Bi film with px\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 570K.
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SAESOKHIPHE RPN BRI T4 (K21 (e) ) .
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[ 21 484AE (11 D2 1S5S BRYAEK: . @)/ I(11DEY STM & (b)8AH/In(111) 5433 STM 85 (c)84/Ir(111)9 LEED %5 (d)4/Ir(111)
TIRTE5H; ()-(O)ER/Ir(L1D(e)F (LT DRIROIREHT 25145 (2)-(h)5351 2 (e)-(HI B4
Figure 21 Growth of hafnene on Ir(111)!1 193] 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 ();  (g)-(h) second
derivatives of the images (¢)-(f).
4. oot EW —4ER R

e E—FETh, JATNBITR MR E S R R LR SME A KT T VRIS . X
TREM . WESEIAR, H TSR RE I AU T LT ILEE, 5 iR RS R
R Z B EAE BV X, T2, TR T (0 Si 3 Ge) SHHEE)E
JEF (W0 Ag. Pt) ZIAIFEAUUE 55 O TEEARAT ELA R sl B b, e A A B R
e, ERBRAFIRIEG M. XETFEERER P R ERNR-TIRY RS, 2R
ISR il 5 BT Xenes 1) “BLEG , HM— AR, BN nEHE Bl B i XOTR
THEMRROL T MO R R B . AR BRICERA R ) T EYIRIA R, HFRET—
TR P A JERAS B A D S R0 £ ) 95 SRS —— “#$ IR (Substrate-as-Source) (145 RS
ALK,

TEREFAE R, SJEAIE OoR A) MEENER G BRI AR T2 BT
R, eSSy ROV, 458 MotR (B, BHEEMEITR. VIKTRE IV %
JCR) MR T TRUURE MR R IRR T N, B 572 5HRRZM A 1 KL R AL

(in-situ) LSy, TR 2 ERE HAPE —ooib &9 ABy. 54451 CVD B PVD
R DGR ML B AR A ], XA RTFE (F1E UHV 258 T 456 MBE $ARUEAT)
VIR T SR TR R bt BN B BOR e . XM E A AL
ANBERS: RN R, 78 UHV MISME ST AR, ST RmM, Kk
IFA P 4 Lt S RGO T DASIC B i 9 A ), AR5 4 R T TR BE SO
1o BEA Y S B A BT, XN TS PR AN SE I B 5 S FE R A T DASE IRR Y
G, BES ot — SeAE AR b DARSE AP e B 0 B e & S E Y.

RERRGEL R ARl R EIE SR i 5 i LIOBUTR " 4EbhR}, 2



1o 4 e R T SR A Y B2 TMDs B1},  X “ PR RIJE” SR e S B 22—
FEMEARH, Se. Te SERHUAEICR I TUURE] (1) StEJEATI (A0 Pt(111), PA(111). Ni(111))
K, W iR KA RGO TR T KA HOT S @RI TR A, B 4E R
TMDs ({1 PtSesl'* 191 NiSep['%6], PtTe l07 108155) | JRATTRF F st S X LU AT B A2 AL
HZEREAL . BRI, DARGZOTYRTE A B A S MR TR T SRR )

4.1 14 EL Y

2015 4F, =S AU R IE TR MBE 50K, i AE P11 RE B R TTH Se
JEF IR K, R 5 PRI R RN, TR0 5E 3 HUZ 1T-PtSex W5 (&
22 (a) ) . BEAALRE AT AL X R EOGH T REIE I THR I, 24 Se 1) 3d REGIWHFE
UM Sel 5575k Se> I, AR PtSex HISE &K .

EIZAEZE T, PR T E A G, BE, BENRNWIE, HEHN PtSe
PSR AL R, SC T LRRAN S E ARk« B A R, BAERIMERIR,
H A BN RFRERE S 1T-PtSex B S VCHEE R 4T, 51205102 A—S07) & A HE51, M
M SE LT JCHERE W ) B R AR 4. A, HH T 1T-PtSeq |25 Pt 412 [RIFEAE — & 1) di A%
KHIC, MFRIEILIE M (3x3) PtSex/(4x4) Pt(111) Moir¢ &5 BN 1) (22 (¢) ),
ABEEHR RN 111 A, P TAMNEA K1 Fi i

R T A RAE T 5 PtSer B2 WM, WX 454 LEED 5 STM. STEM HJ&
TP, BEEIA T H Se-Pt-Se = HHIAH fh RS54 DA K MoirétB45 Y R M. #Ed T
45K 7518, ARPES 5456 DFT 715 B IRHE L FIESE, B2 PtSer 2 —F R A2 1.2 eV
WBRAE R, X SHUA PtSer FI2 B @ RFHEIE B T BERXT LG, $E7m T & PRI 5301
REA RIS BN 098 & B, X 1T B4 52 AN I (1 T-PtSe2)#E1 TR A AL FH(670 K),
il T T BTG i - 25 (R, 25 (o7 Bl Be R HES W] DA B = A TR I R0l 1H/1T-PtSe2 Hi
JEHEEREOS] 4R 22 (d) . X 1H/1T-PtSe2 AR STl i+ HAEBARIRE T (540 K) 1Bk,
A DASRARAERY) 1T-PtSe2 WM, MIMSEHL T 1H/1T-PtSe2 HERAN 1T-PtSe2 Wi 2 [a] Y i
A (E22 (g) R (i) ) . IT S5HEA RSN, 1HZ5HEA 8RR 1T/1H 45142
(B P R T8, AR AR AR 4 B AR 1 4 -2 SR S5

ZJ5, R UOE Ni(11 DA L= R Se Ji75iR k, SR Ni(111)F ik,
SMEA K NiSe: W (K122 (k) ) . 5 PtSex Z4f), FEMI AL H, Ni(L11) 5 FH i
B TWEEN: B NiSer WA KIWENT, FAE RN RV IR N H, XPS 4515
N, ARKIEH Se R HIMAN S S MK R Se*, trikiE NiSey B S22 TR L. (7]
i, Ni (M SRS T Ni-Se SEEIRTS I L.

T 85 1 NiSer MR 45 M3 33 LEED . STM 45 (i 32 4F I 45 & DFT 11345153 THiIA.
LEED S35 3B B2 NiSex 75 Ni(11D)FREE L T F @ L (& 22 (m) ) ;5 STM Aff5E
AE S ] PO B T IE AT Moiré I 2. S5 A iX =ik, BT i E T NiSer MY 45
PR NiSeo WAL T V333 B AR, %8 SRR AHIET Ni(LT DA RINTNT 8 5H%.
STM JE- T #5488 3.80 A B TE SEHE T A 1T-NiSe. 85 W&, IF HER
7S T M R 1 S NiSe2 fe HZHY Se JFF-.
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[ 22 (a) 1T-PtSe2 /) STM [&l; (b)1T-PtSe 5433 STM ;s (c)1T-PtSes /g LEED & 22004, (d)1T/1H 3£4% PtSes 1y STM [&]; (e)IH-PtSex B 403k STM

El; (DIH KIS 1T K PtSer LXK (@) FI()4r BIALE 1T-PtSer ) STM [l (g)AK 1TH/IT JE77 PtSer () STM IEI(G), sz RE i K 2 670K, ATRA

FESE T FIARASE TH/IT JLAEA. R (N TH/IT SEARARIRSEEIAE 1T AH) ATRAESE A Se HAE 540 K MR ASCEL. (ATSHIZEHTG Se 3d

T XPS %, ()IT/1H 3L77 PtSe 5 T-45H9195);  (K)NiSea (1) STM [&; (I)NiSes 5439 STM &, (m)NiSex/Ni(111)f#) LEED [&1%; (n)NiSex/Ni(111)
T J5L T4 gLioel,

Figure 22 (a) STM image of 1T-PtSes; (b) atomic resolution STM image of 1T-PtSe; (c) LEED pattern of 1T-PtSe'%); (d) STM image of 1T/1H coexisting
PtSe»; (e) atomic resolution STM image of 1H-PtSes; (f) interface of 1H phase and 1T phase PtSey; (g) and (i) are STM images of pure 1 T-PtSex(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 before
and after reversible phase transformation. (j) Atomic structure of 1T/1H coexisting PtSe'%); (k) STM image of NiSez; (1).atomic resolution STM image of

NiSez; (m) LEED pattern of NiSe2/Ni(111); (n) atomic structure of NiSea/Ni(111)!10],
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Pl 23 (a)CuSe & 43#¥ STM [&l; (b)CuSe 1) LEED EI%E; (c)-(d)CuSe/Cu(11 DIFET45H, TTAFF] 4 MoireZ8(11%); (e)CuzSe [ STM ;s (DK
F) CuzSe B STM [ Je . FFT; (g)CuaSe FRG 4 STM K K K15 (h)CuaSe F STS 3%, HA 0.78eV RYRERT: (1)-(G)CuaSe/Cu(ll )i XPS i#%; (k)CuaSe
JETEEHM - ()CuxSe JERA IR (m)CuzSe/Cu(111)AY STEM P B0 Bk, Tl EELS BRI,

Figure 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!'*”); (¢)
STM image of CuaSe; (f) zoom-in STM image of CuzSe, inset: its FFT; (g) atomic resolution STM image and height map of Cu:Se; (h) STS spectrum of
CusSe, with an energy gap of 0.78 eV; (i)-(j) XPS spectra of CuzSe/Cu(111); (k) atomic structure of CuzSel''%%; (1) Schematic diagram of layered growth of
CusSe; (m) STEM image and atomic resolution image of CuSe/Cu(111), with EELS ‘maging of Cu and Sel!!!],

2018 4%, mig BN Ol Cu(11DFRIEA TR Se 7 s R EL AL, )
TR SRR A AR T AR AER-REE  (CuSe) . BUZANILH (CuSe) HATIES
ARGEHE, S TCH AN 15 1S HES . (LR T CuSe 58 S5 HAHXS TR AY Sl A 2R T,
K SEL CuSe A BRI AZ, FHAE STM G HHIE AL T MRy 1D Moire 254 (1 23 (a) ),
N T REIL CuSe 5 Cu(11D)HT R HE R EC™ A M. T), BZ CuSe JEI 1 75 ARSI FR I 9K
FLIRESH, TERL T —Fh R IR B R AL I — 4 S Tl bR, FLIRR R 2 2K 10 A 453l
= SiEHEZEIESTT R LI, AR 3 MHABRY CuSe /NITER A REMS 5¢
R CuSe 5 Cu(11 1)1 T AR R BC T AR F7, AT B T A B R A = R JE LR 451

B 2021 4F, SRFIANFIZR SRS ANOE UV S5 R, 78 Cu(11D)RETIFD)Z Se
JEFHIR A, il KT CuaSe Wl (18123 (e) ) . Cu(111)RHE-SIE MY CuSe ML
TERARRNAC, FESTM KB IS B Moiré 240 (K 23 (f) ) . fEEHE— A1)
XPS #ik TR EIAL Mo JE CuaSe. STS B ARATAY L T il 2 /R A B 208 0.78 eV

(23 (h) ), ESETIA LA R SRR



2024 4F, EEEREALN A MBE J535, 7E Cu(1TDRMYIR Se J7, FEE MR AN
T Cu(11D)ZEIHANALIE M HZ CuSe, B G ARLEGIAUL R Se 1T, fiedlt 17 AME CuaSe R
FIER. Cu(11DRRTE M AR A CURAME A KA EL R, SE R, Bl gt L
i Cu Ji7, dEs TRV B HERT, SiASA P45 RERS R KR BIRR 2 S 380 A (£ 57 )
JERE, i 23 (1) . JETor BRI STEM AT ELEUESE 12K CuaSe SR, FE[&
ATDAMEE ] C—m PR RS (1823 (m) ), XEHT CusSe 55 Cu(11DHJJE
BRI AR ), FBUZ A Cu TR A2y 0.15 Ay b, SRR T fh
BN SRR AE

4.2 WP e LY

2019 4F, IR ERE A A MBE U5k, 1R Ag(1IDFREE RN Te i1, HEEAE
T20KGEK, il # i HUZ AgTe Hidh. o, Ag(LIDRIRN AgTe B2 51 dh My A4 K Fe it
THR.  AgTe FUZAFAETURN 1450 : P (K24 (a) ) . ALl (&
24 (d) ) . &OEH (K24 () ) ANAIBEIZESH (K24 () ) . RS AgTeJ22Z
[ 1) it s SR TR LV 2 53 AgTe J2 P IS BRI R T45 M i SR 3% .

BRI PIE— A 780 K ATIRHRBE A T Ir(1 1 )R MU Te Jir, A il 5 i
IrTex A, Tr(1LDRNEAUAE R SRR, i1 3 2 P B ABLEZ 1L, X iTes
LRI T RAE, HE S AR TR, SR Y e FURZEM R HLH 1/S H 1/6
HZHIR LA (K24 (k) A1 (1) ), X-5EHA [Tex AX SUARUERIR T H LAY LA ]
TEAGHR T (41 190 K A1 80 K) , STM P 2 /R 4 SURHIE K A 1L R UTE 4544 (18] 24 (m) )
X —BGIARN T IrTex BUZ5 Ir(1LDRRZ R B ELAE B 5 S B AR

o T, oY, v, gl- ».'
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[l 24 (a) -IHI4E S5 AH AgTe [ STM &l (b) VAR5 G5H0 i BE S/ T AR IR AR 45445 (o) AR ME B HH AgTe MR T-4549; (dyalifiifess A AgTe
19 STM &l (e)il i e s A AgTe i 43 HEIE (DRBIN MBS S5 M FE L (@) 2 UM AgTe 1) STM &L, (W)4<BUH AgTe IR T4544; () Te E
T, ANFIH AgTe 1) STM 8], ()75t AgTe Mg s &I (k=) % T IrTex 1Y 1/5 QM 1/6 FHD) R (m)8OK N IJG ¥ 4 SUM I e 43 3¢
Pels (m)TrTex/Ir(11 1) L T-45FA0131,
Figure 24 (a) STM image of the flat honeycomb phase AgTe; (b)Line profile of the honeycomb structure showing the asymmetric sublattices.; (c) the atomic
structure of the flat honeycomb phase AgTe; (d) STM image of the warped honeycomb phase AgTe; (¢) atomic resolution image of the warped honeycomb

phase AgTe; (f) line profile of the buckled honeycomb structure; (g) STM image 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 AgTe!''?); (k)-(I) atomic resolution images of

1/5 phase and 1/6 phase of IrTe2 at room temperature; (m) atomic resolution image of disordered stripe phase at 80K; (n) atomic structure of IrTe2/Ir(111)['3],
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[l 25 (a)PdTe: ff) STM [&]; (b)PdTe, 43 HEIEl; (c)PdTe, MYJELT-45H4, #ikIS LEED [EIZEU%);  (d)PtTex ) STM &l (e)PtTe w4l #lEIN
LEED [EIZE18); (H)PtTe fJET-4514; (2)PtTerss ) STM &]; (h)PtTenss I J5T-4544; ()PtTerss 1 LEED [El%; ()PtTerss 5 P(111)YT HLH X /R = 5
(K)PtTerss/Pt(11 DY AL HU).

Figure 25 (a) STM image of PdTes; (b) atomic resolution image of PdTex; (¢) atomic structure of PdTes, inset: LEED pattern™; (d) STM image of PeTes: (¢)
atomic resolution image of PtTes, inset: LEED pattern; (f) atomic structure of PtTea1%%); (g) STM image of PtTe: 7s; (h) atomic structure of PtTey7s; (i) LEED
pattern of PtTe; 75; (j) Brillouin Zones diagram of PtTer 75 and Pt(111); (k) band structure of PtTe; 7s/Pt(111)16),

PtTex fE N —Fh B =4epk i vi - & @ Ar e 4t S mikib &Y, EETizS
JCHL AR PRI F B ). 2021 4F, Yong P. Chen PRI S B #Efi ik, 7 UHV
WG IR IUR Te Ji 1, BHJETE 470 K NIBA, IISEEl TRTHRL, Slivat PtTer B2 K
ZIAMANEAR (K25 (d) ) . AR, P11 BIEAMUERRYF&, bl diis
VLRC5 |5 T PtTex WY& MIAMEA K, HFHFIEM T BA Kagome fatSRAEny 2x2 L5 (&
25 (e) ) , Z&iMH Te FAAFHPIM R, RIBCFRPEEME. Hst, @it XPS 53
Hr Pt 4f 5 Te 3d BRI G REZLAL, UESE T Pt-Te SIENL, HiEn THEZESZZZN
o IG5 W ] L A RS S [ Y BB RS 22 5. Ak, W EH T RE RS (high resolution
electron energy loss spectroscopy, HREELS) ¥EZ )2 PtTe, FWL %) T Dirac 45 &0 &,
R HAESF BSHOC R T B N B A T SR

5 PtTer bl PdTer M@ —FpHATEE AL FMEH A 4k b v & @M 8. Yong P.
Chen PRAIZHIOSIR H SRR = I TR SR K B8 4%, 78 UHV FREE T PA(1 1) B IS _E a2l
HMEAACHIRTH AR, S o i i) PdTe, FURGHERE. (1825 (a) ) . PA(111) AR i1
ROV, et T Pd 5 Te Z I8 E, 188 PdTer I BLZAMNEE AR CHR ML T FAR ) S A
iR, 51 HEMEA KRR IIR A5,

H1JZ: PdTe, W H 5 T2 B HBA —Bsrdbig4it (825 (b) ), GMmE
2922 A; LEED BRI HEMI 131 AT, IR TR R4Sl E AKX S
FIRERYAME X F; XPS B R B, JBAJG Te 3d WA KGR 3, [FiN Pd



3d Wi & AR AR AL, X FERNIFSE T Pd-Te fb2# 48T DA M Pd F| Te 1Y HLARTHRS .
IAh, PdTer BUZFLILHAL SR FEENE, 76 740 KB KGR I il %, N HAE SR
T EABE RS 4L T ] BE.

2024 4F, RTOHE. B, SEARBAE PtTe, B AL FHE IR JGREE, i
JZZ ) Te JE T b R BLFE, MIITE PtTer FMEE N EIATER) Te 25 HEE5H, %
LAl g T BA Weyl 3K RN PtTess i (B 25 (g) ) . EEADHI&LRE T, Py(111)
TR AAE TAEEN . Bk, BIENIMEAKE, 5T PtTeis PZMEMR, HokET
HE - HES R b PR 2T n), O B R R S5 H . FLR, Pt(111)45 PtTer s % )2 Z [A]
FEAEART ZRMEAER, FETREWRTBARUY. XY B RS Weyl HEln
FRNENFORBEH VAT, (HIFRBEIR PtTerss B ST PRI BE S 45 F R0 FMERIE, B T
Weyl ok FIREMFE (K25 (k) ) . #F—P 280 FReE LI IRIE Tk & Weyl
HERY VT

FIH & B ERE SR (WnEaE Rl . fifb) A=K o0 2D MR R A ik L
2 B AR, AR REENH T REERE. AT RERESHETRNS
AR, AL IZREN o &Y (A0 PtSes, PdTer) |, H A THALHY T HE AL
RES SRFE M ANER R, BEAh,  “HFHREIVR” YA XEEAET B FRHIRLY, 7F Pt 3 Pd 4}
Kb, —HEMMBET 1-2 219 PtSe, 5 PdTes, X2 B85 10— 2 BEwk G 2 9S24 2 1)
YER, HIERZESBEIR TS5V, MRS S. mXF Fe. Cu k54
J&, HACMERE NER, Se. Te JR1455 n 4@ NHREEY 1L, B0E &8 R Kt m#
RS, X FRRI LR 3 2 T804 BB AN I A AR Ak a5 2 iy v (B) A, T ™
Y JEAR —di sk, AN Cu-Se 1A ZAFAE CuzSe. CuSe. CuSex LR, BEMEFHAT KR
WA — 2 s 2R

N T EATEANFE B E_ LSS AUTE 4EM BB R, B2 R EE A IR VR
TEAKPBICE ik, i £ B HEY 5 h-BN FE 4 SR A IR i A K b4 7 e o
43 4k “RIRERIE” TR KR YRR}

W VES B AT R HIREPE” WO R TS, 2 A S IR ER S,
&8 (WMo, W. Pt) FEBZEIR & KA RIZI RN, X FPRIZ ) SN 38 2 3 230
bRt Johe, MECATE G SO S RUZ ST, Se Al Te AYTEMHRAR, S 1 A2 5 i
Al XS JEIR 5 Se Ml Te A 78 /& A B R HEFT R HOR di A S HE, MM 5 B R
R, R 2R, BEAL, S FERARIR BT b A S IR U, XA A
Kadfir, S ik BENOERE BRI . T Se Fl Te MR ZE S EMIRTRAR HLAA R, T DAETS
s AR DR B, PRAS R E AR R, B2 R RGN 4R U &R e 7 4
JEff I AR K.

2015 4F, Jill A. Miwa ZUM4FI ] PVD 4735, 76 Au(111)32 18 E T Mo, BS54 HaS
S TR, BINTE Au(l11)Z270 H 4 H B2 MoSa FESY . Au(111)FE 18 i) g 2 A 7R A K
W Mo BIFESRIL T %A (126 (a) ) , BEZE MoS: i BEIHE N, M8 SUE N
%, FHFEFRAETHHS. HT Au (288 A) 5 MoS: (3.15A) ZIAIFFAEAMS KL, T
SR T R LR 32.8 AIEE/REUEIZE (126 (b) ) . FHRAIARRETTE5H 22 5 MoSy
W R AR EAER . A X, MoS: BEF 5 Au WK Ze b AR (R0, e K
K, HTT Au S BN, MoS: IAFERETT PRIFIEMT (26 (c) ) . FlJEHY 2020
A, XLEBSE . KRR AP-CVD ¥, DA MoOs iy R FIBLRME A BIGRIA, FEZ 990 K
PR R T AR, BRI IE T S/Mo BRI, B T 60° 5 1] ShBERITE A, SEE
T ARBER RS (26 (g) A1 (h) ) . Au(11D)ERERE TG EEE ST MoS2 fhilk i)
P AR A AR, XA GBS SALEIFTHE T 0°F0 60° 4 Y AR RS AcE, Ak fe 722



AR R, SEIL T JEDR R R A MoS: AR

2019 4, Silvano Lizzit Z£0SAFIH MBE 7%, $5 Au(11DREIEAE 923 K, #F HaS
APV W R, Rl I 2 WS (K26 (k) ) . BRAuE
FEEAREXSFRE, HEEZ () R = EXFREFTIE T A R FRE, S WS i
BRI A KR T O RS e, AIMA RN T8 TE . BT WS 5 Au(111)Z A 47
TE AR R L, Wﬁ%ﬂ&ﬁkTJ‘ﬂﬂﬁ%ﬁ 31.9 Al) Moiréf 4514,
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Pl 26 MoS,I!14 2001 WSS Au(11 DG B A . @R FE T MoSy/Au(111)f) STM [, Au(111)ZRM FA S0 B, FKimlsE T 2 EEH (b)
WMBERIS, MoS2 5 Au(1LD)RETE IR T JHINZI A 32.8A1) MoiréEIZ%:  (c)MoSy/Au(1LDEYREESH, T AULREHN BRI, K AGRERSSHI I
(DAu(1THE 122 MoS, 1Y) STM ;s (e) Fel(d) B4 TE 5 FE AR STM 118 (D) 1B MoSo/Au(1I D EF45H, TR T MoS, itk
15 Moiré&| 52 % A HERIGETE A 0L, e R T AMEAE R I REE, Al BB MoS2 15 Au(1 1122 18] B AR VERL TS [ 5 LR I 5%
HisAE/R T MoSa ik (M) Al Moire % (ZL63) FYJTI; (2)S/Mo HL b MoSa FHR Iin) DA S 52 4% REREEAS G B RO SR, B S/Mo it B LAY 3,
AR U MoS: IKIsi SEM IR (MZEZATHES) 5 (BT ()i BRI 43 (i EL s (DWS2/Au(111)i¥Y LEED [E%E, 622k R4) 7R Moire
L WSy (R AT PR T UL, K SR I 2 WS BER T R AR I, ILIEIG)s (WSo/Au(11 D35 LEEM [

Figure 26 Growth of MoSa[!4 20 and WS,!!!5) on Au(111) substrate: (a) The STM image of MoSx/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 MoSy/Au(111), with the band at the T 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). (b) Magnified STM image of the

black square region in (a). (g) Influence of S/Mo ratio on the orientation of MoS: nucleation and the crystallinity of the complete films. SEM images of



as-grown monolayer MoS; domains upon increasing S/Mo flux ratios (from left to right). (b) Histograms of the orientation distributions based on (g). (i) LEED
pattern of WSa/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 WS2 spots and shown in panel (j). (k) BF LEEM of WS»/Au(111).
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Figure 27 The growth of h-BN on the surfaces of Cul'??], Nil!2!], Fell24] Rel125], 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. (c) Low-magnification TEM image of hBN/Ni23B6/Ni grown for 60 min. The scale bar
denotes 2000 A. (d) High-magnification TEM image of the Ni23B6/Ni interface. The scale bar denotes 20 A. (e)-(h) SEM images showing the time evolution
of hBN on a Ni(111) foil surface. The insets show two different high-magnification SEM images, each showing hBN islands. In the first, a single hBN island
is parallel to the surface steps. The second shows two hBN islands that have joined along one edge. The scale bars in the main images denote 30 um 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 (m) 10 atom %, (n) 20 atom % and (0) 30 atom % 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 at% Si. Scalar bars are 20 pm. (s) Dependence of nucleation density on Si
concentration in Cu substrate.
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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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