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Fig. 1. Research progress on theoretical prediction and experimental synthesis of borophene.
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Fig. 6. (a) Experimental STM image of borophene on the Ag (111) substrate at 570 K; (b) 3 D image of (a); (c) high-resolution
STM image about S1 phases; (d) theoretical model of the S1 phase borophene considered to be the B, structure; (e) most of the

borophene islands are transformed from S1 phase to S2 phase after annealing at 650 K; (f) STM image of the area of highlight by

the rectangle of (e); (g) high-resolution STM image of the S2 phase ;

be the y3 structurel'?.

(h) theoretical model of the S2 phase borophene considered to
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Increasing boron coverage

dI/dV (LDOS)

Low

o 200 ne

B 7 (a) B0 AE KOS B IEL (b) F(c) 43 5 S B 09 STM JE 40 BRI B 7 28 2 B I, 206 . G Rl (0 Sk o0 R 8 5040 L 2%
SO AN SR BUAHGUK Y (d) 480 I 5 F 43 FR U R BT RL; (e) A1 (f) 43500 S 34 50 A% 1) STM U S K Rl F 8 &K (g) ¥
SYAH B S 53 B FEURI B AE Y (h) R (1) 43 51 Ay Bl il e U B )23 5 19 STTML B2 55 1) R s, 25 788 B e 19

Fig. 7. (a) Schematics of synthesizing borophene; (b) and (c) the STM topography and electron density of states of borophene, re-

spectively, the red, white, and blue marks denote homogeneous phase, striped phase, and striped phase nanoribbons, respectively;

(d) STM image about atomic level structure and theoretical model of the striped-phase; (e) and (f) the STM topography and elec-

tron density of states of homogeneous phase borophene, respectively; (g) STM image about atomic level structure and theoretical

model of the homogeneous phase; (h) and (i) represent the STM topography and electron density of states of monolayer borophene

covered the substrate, respectively!'3.
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B 8  (a) 7 Ag(110) Fifi A K MMM DK (b)—(e) P1—P4 A QKA A9 55 43 HER STM E%; (£)— (1) P1—P4 B 1

HHE A )

Fig. 8. (a) Synthesis borophene nanoribbons on Ag(110) ; (b)—(e) high-resolution STM images of the P1-P4 phase borophene,

respectively ; (f)-(i) theoretical model of the P1-P4 phase borophene, respectively!
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(2)

Boron source
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Borophene

Borophene
"

Ag(100)

Borophene

a%e'e ‘:;,.““ B .1.;, .t
, R S
R NS

B9 (a) Ag(100) #JE _F RIS 4R B (b) Al (c) BIMA A, B, C =MARREERSH; (d)—(f) A, B, C =R+ A7 20 9t
STM &l; (g)—(i) XFRE (d)—(f) oY = Ff B9 AF 09 S 25 A A T8 . 0o A AR (g) 0 C A (i) 2 ML 700 198 o — 20 il 6 V5 R 245 4 101
Fig. 9. (a) Schematics of synthesizing borophene on Ag(100); (b) and (c) three different chain structures of A, B, and C phase

borophene; (d)—(f) high-resolution STM image of the A, B, and C phase borophene, respectively ; (g)—(i) theoretical models of dif-

ferent phases borophene of (d)—(f), respectively. the phase (g) and C phase (i) are typical quasi-one-dimensional atomic chain mixed

different phasesl®.
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3.1.5  Au(111)
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10 (a) BEREM IR RZE R (b)—(d) AL(111) #HE BRI S STM &, Horb (d) B8R = F 8 0 J 107 e ke AR 45
95 (o) ALVIN) A B L BJ95 WA S Ji 3 445 A A6 2 ] 2
Fig. 10. (a) Schematic of the honeycomb structure of borophene; (b)—(d) STM images of borophene on Al(111), which shows the

periodic triangle undulating structure in (d); (e) atomic structure model of borophene on Al(111) 72,

(a) Clean Au(111) . (d)
. — Clean Au(111)

~— B/Au (room T)

— B/Au, trigonal network

— B/Au, trigonal network, higher dose

B 1s

Counts/arb. units

195 190 185
Binding energy/eV

(f) Low temp. growth ~550 °C growth Cooled to room temp.  (g)

(clusters) (dissolves into bulk) (surface segregation) E/eV B diffusion B diffusion

on Au(111) Penetration in subsurface

Borophene

Bl 11 (a) Au(111) FIH @B R LU0 STM L, (b) YOG, Au(111) F 1 @ HR S E00 T o = A M (c) IS o0 HRY
HUE R (d) EIRVURM B 1s BRI (o) BEFA M & 39 K, Au(111) =M WAL, MG B K (f) s A K e AR A,
() BITE Au(111) b4 B foe /) B it A2 P

Fig. 11. (a) STM image of Au(111) surface that shows herringbone stripes; (b) following boron deposition, the herringbone recon-
struction was modified to a trigonal network ; (c) atomic structure of the borophene v; /12 computationally modeled; (d) B 1s core-
level spectra for room-temperature B deposition; (e) increasing boron dose results in the breakdown of the trigonal network and
growth of larger borophene islands; (f) schematic illustration of borophene growth dynamics; (g) minimum energy path for boron
diffusion on Au(111) 54,
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Fig. 12. (a) Growth dynamics of the borophene on the Cu(111) surface; (b) high resolution STM of borophene; (¢) DFT-simulated
constant tunnelling current isosurface of the borophene; (d) atomic structure of borophenel.
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Fig. 13. (a) Schematics of synthesizing borophene on Ir(111); (b) STM image of borophene domains on Ir(111) showing three equi-

valent orientations; (¢) LEED pattern from clean Ir(111); (d) LEED pattern from borophene/Ir(111); (e) undulated-stripe appear-

ance of borophene; (f) unit cell structure of borophene; (g) and (h) optimized structure of y; borophene on Ir(111) surface and

charge redistribution/s™.
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Fig. 14. (a) Lattice structure of bilayer borophene, schematic of the B;, icosahedron unit that is the basis of bulk boron polymorphs;
(b) growth of BL borophene on Ag(111); (c) atomic-scale imaging of BL borophene; (d) CO-STM image of BL borophene; (e) CO-
STM image of the interface between BL borophene and v; 5 borophene; (f) the atomic structure of BL borophene on Ag(111); (g) il-
lustration of the moiré superlattice formed between BL borophene and Ag(111); (h) and (i) experimental CO-STM and CO-AFM

images of BL borophene, respectivelyl™.
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Fig. 15. (a) Coexisting monolayer (ML) and bilayer (BL) borophene; (b) grow BL borophene on Cu(111); (¢) BL borophene with a
large single-phase domain after annealing; (d) high-resolution STM images of BL borophene; (e) and (f) atomic structures of the
first and second layers of BL borophene; (g) charge distribution between BL borophene and the Cu(111) substrate; (h) and (i) the

XPS spectra of bilayer and monolayer borophene, respectively!™.
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Fig. 16. CVD growth of borophene and borophene-ABN heterostructures on Ir(111): (a) Schematic of diborane dosage on the pre-
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heated Ir(111) surface to obtain borophene; (b) schematic of borophene-hBN lateral heterostructures; (c) schematic of borophene-

hBN vertical heterostructures; (d) STM image of borophene; (e) and (f) high-resolution STM image of borophene-hBN lateral and

vertical heterostructures ; (g) dI/dV spectra taken on borophene and ABN; (h) XPS spectra of Bls measured on hBN-covered and

uncovered borophene, respectively!™.
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Experimental synthesis of borophene”
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Abstract

As the lightest two-dimensional material discovered so far, borophene exhibits rich physical properties,
including high flexibility, optical transparency, high thermal conductivity, one-dimensional nearly free electron
gas, Dirac fermions, and superconductivity. However, due to the strong interlayer covalent bonding force of bulk
boron, it is difficult to obtain the monolayer borophene via mechanical exfoliation. In addition, due to the
electron-deficient property of boron atoms, its chemical properties are relatively active, and its bonding is
complex, resulting in different boron allotropes, which is different from other two-dimensional materials. For a
long time, the research on borophene has been limited to theoretical exploration, and it has been difficult to
make breakthroughs in the experimental synthesis of two-dimensional borophene. It has been only successfully
prepared by a few research groups in recent years. However, there is still huge space for exploration on the
growth, structure and electronic properties of borophene. This paper systematically reviews the preparation
methods and different structures of borophene under different substrates, and its growth mechanism is
discussed. It provides a research platform for further expanding the physical properties of borophene, and
provides ideas for exploring the preparation of borophene nanodevices. It has great potential application

prospects in high energy storage, optoelectronic devices, high detection sensitivity, and flexible nanodevices.

Keywords: borophene, molecular beam epitaxy, scanning tunneling microscope, two-dimensional materials
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