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

layers on different substrates: STM images of silicene mono-

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

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

and atomic model (d) of germanene bilayer on Cu(111)P.
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AR IR TN BB 2 B I 10 T 5 B B AEHE 45 44 B9); (c), (d) Cu(111) 28 i AN E AR K 26585 445 1% R T AR STM 4% (c) FERL T4 Bt 18

& (Q)B7; (e) Ir(111) b AFE AL N2 TH AE KB 45 19 STM &l {5 110

Fig. 3. Molecular beam epitaxial growth of stanene monolayers on different substrates: (a) STM image of buckled stanene on

Bi,yTes(111)B2; (b) band structure of as-grown and K doped stanene on InSb(111)B3]; (¢), (d) large-scale (c) and atomically-resolved
(d) STM images of flat stanene on Cu(111)F7; (e) STM image of stanene on BN/Ir(111)H.
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(c), (d) H)ZHTIFFE Fe/Ir(111) F i SN EA: K B I F 50 HF STM EML () MR FEE AR (4)P0); () BAIZHEHE Fe/Ir(111) Fifi b

LA R THIFR STM & 45 B0

Fig. 4. Molecular beam epitaxial growth of plumbene monolayers on different substrates: (a), (b) Large-scale (a) and atomically-re-

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

on monolayer Fe on Ir(111)%; (e) large-scale STM image of planar plumbene on monolayer Fe on Ir(111)P.
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Cu(111) L WAME A KA STM EIMER ) (g), (h) SUZ T FE Ag(111) FE T AMNELE K AY STM [&] 5 156

Fig. 5. Molecular beam epitaxial growth of borophene monolayers and bilayers: (a)—(d) STM images of monolayer borophene on
Ag(111)B354; (e), (f) STM images of bilayer borophene on Cu(111)P%; (g), (h) STM images of bilayer borophene on Ag(111).
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A KA STM B (o) AR FHEELR B &L (4)159; (e) B2 B 7E Cu(111) FRIMSME ALK (Y STM EIMR; () 2533 8545 502 15 i 1
BEIE TS 9% (g), (h) BAJZBMRTE SIC R IEAMEA: K 1Y STM EIE (g) AR THAUR A ()6

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

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

JE TR . 1K 9(a) FIFE 9(b) Sl iRk
RERTE L XUZ A 880 alad o 7R AMEE K2
JZ PdTe,* FlHL)2: MoSe, Y. 153 #F Ot HL T BE I
5 7R PdTe, B g BA #HFMEF R RHE, 1
SR ETETIE R W MoSe, BURL T BRI M. (A
PR RS, wefbak b ryfa ss i —4epb Rl A
TR, Li 55 B2 3Gl 7 R 53 SRME T
AR BRZ PdSe,. AUZ PdSe, 513 52 FIRL
JE A s, T LR BN A AR FE 1 R AR ROR,
W 9(d) Fizs. I 9(d) v AE 3], Joig &)z
W UZ A BRI IR RE LIS, XTRUZ PdSe, #BEL
FARSRAH P AR, WS ss R/, ing
95 1) J2 B2 BRAIAT I X A L B 48 22 R . /] 9(d)
1 BLG/SiC fl MLG /SiC #iitekA: K1 PdSe,

AR B R REE S, W7 LLE B, BLG/SIC B K
X} PdSe, IHL FHB AR E 55T MLG/SiC 2. I
WER BN, FEARRILR L, B AR £ 3k 3
0.2 eV. Fan % 83 X} PdSe, f£ B 25 K T4 KR
FE A TR KN 22 4, e i A K Ak
4, 153 PdySes, WK 9(e) Fis. 138 3938 %
TEE I RAE &I PdySes HYRERTZ Z B Y. 85
T HZFNZ PdySey M5B — RINTEL (K] 9(f))
R HZE PdySey HEAUZ Pd,Ses BIREFR K 0.1 eV
A Ay B W TSR 2R B /N R TR B
Pd,Ses FINUZ PdySes Z AL T HLT-2A5 2 Hi () 57
4. TERUZ Pd,ySey (1 AN EL T p HIBEART 2
. FaRgE IR BN, fE A BRIk IbRE AR K
AR T AR T M T 2RI, A

106801-7


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

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

1 nm LA LA L L L L L L L]

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

Fig. 7. (a) Large-scale STM image of monolayer Hf on
Ir(111); (b) Atomically-resolved STM image of monolayer
Hf on Ir(111); (¢) The STM image, simulated STM image,
and atomic model of a Hafnene monolayer on Ir(111), show-
ing honeycomb Hf latticel5.
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Kl 8  (a) Au(111) F i H)Z MoSe, & 1Y STM El{&; (b) MoSe, & ) 5 F 43 B¥ STM E1E; (c), (d) K (c) FEEF 433 (d) 1
Mo i1 5 STM &% ; (e) MoSe, AKX R dI/d ViELL; (f) MoSe, & 31 5 1 AN B 19 dI/d Vi [T

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

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

on the three different domains of MoSe, on Au(111); (f) Six normalized dI/d V curves taken on the six edges of one MoSe, island(™".
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Fig. 9. (a) Multi-layer PdTe, on bilayer graphene on SiC substrate®; (b) monolayer MoSe, on bhilayer graphene on SiC substratel®!);
(c) bilayer PdSe, on bilayer graphene on SiC substrate; (d) dI/dV spectra taken on bilayer PdSe, on top of mono- and bi- layer
graphene substratel®?; (e) Pd,Se; on bilayer graphene on SiC substratel®; (d) dI/d V spectra taken across mono- and bi- layer Pd,Se;*".
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10 (a), (b) 1T/1H F Y PtSe, = A &R 1454 7% 2 5 STM R 67; (), (d) Cu(111) FE 1 CuSe 4 5 L14E = #1 7L IR 45 1 &7,
(e)—(g) CuSe Wy BHT AL BRI . Ha BIBTU R LI K I T 25 1) 7 7 1 1)

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

age, the simulated image and atomic model of monolayer CuSe on Cu(111)F.
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Fig. 11. (a) STM image of the intercalated silicene nano
flakes['7; (b) STM image of the intercalated silicene mono-
layer(17; (c) electron localization function calculation of the
graphene/silicene heterostructurel'”; (d) rectifying effect of
the graphene/silicene heterostructure!!7).
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Fig. 12. (a), (b) Schematic of the fabrication process of BLG/silicene heterostructure on Ru(0001)1%); (c), (d) LEED patterns of
BLG/Ru and BLG /silicene/Ru, respectively!3; (e), (f) corresponding STM images for BLG /Ru and BLG /silicene/Ru, respectively!!3s];
(g) comparison of Raman spectra of SLG/Ru (black), SLG/silicene/Ru (green), BLG/Ru (red) and BLG/silicene/Ru (blue) [

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

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

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

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

142]

|. By taking

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

can be constructed42),
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Fig. 18. Comparison among the three construction methods
of 2D materials.
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SPECIAL TOPIC—Scalable production of two-dimensional materials

Novel two-dimensional materials and their heterostructures
constructed in ultra-high vacuum’

Li Geng V%3  Guo HuiY?  Gao Hong-Jun D231

1) (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) (Songshan Lake Materials Laboratory, Dongguan 523808, PR China)
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Abstract

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

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

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

intercalation, scanning tunneling microscopy/spectroscopy
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UUAREE (ALD)M2), s Ak 0314, #hfige 001 25 i ]
MOCVD 1K 4 in (1 inch=2.54 cm) £ MoS,
W HREOTES, FEGERRIEE] 30 cm2V hs
H MoS, #Eihathi /N HoA 2 i, FAAE R AR,
HARKEEE R, P24 KRR L 26 h, NiEH
F Tolk & J bon s i i 2 DR 7 A K
MoS,, 78 BE U] J2: FH— 22 51 9 K AR G /DN ks e e S
), VR JEE B A 5 {H R TADRELRE B2 R, S8 I AN BT 2
AR, IR, RS AL AR 71 R K MoS,
AT, 1520 T R AN . AL, CVD
& HHT MoS, w5 rh e fif 5, i, P, (L
AT B AW AE K T2, AT H]
FH CVD WINAE KT 4 in 5 I8 2% K R s o Y
BB MoS, WillE 19, 2 MoS, i R4 & Al
RIS 0 B T 1A ) SR

i [ RUSE B Mo, i JIE R DL 5E % 45 1l 31 45 Fh
W I, TEHFRDEH a7 R T 2N .
FHAT, I8 MoS, AN AfA%E (MoS,-FET) 1

VRTR AL T (1674620) cm®V L 107,

TFR e ik 101006 RS F AT MoS, W IR Y 7584 10
AL RATSIRIE A TR A, (B AR AR 2
TR g% 81 AR A 10 MDE AR R PO 25T 1
AIBFFEERA SR E— 2. A MoS, Wl AR 1< Bt it
e e A HERA R RO A AR I T HOR ) K e
T2 MoS,y #fAE T — AU I IR R T
PR,

2 ¥ E MoS, £ ¥ % & 4t & k8 4
K

2.1  HJR MoS, JMEA K 5% E Al

M 2014 SEFFIR, FRATREIH — EHETT T MoS,
TS 10 7 B s A K WA f e B R R
M, BAERK T, REFWAEK T, BIEEKH
T e, SRR, RO 0 AR B g MoS,
JIEE, v 2= R B, AR B S A U
TR SEEN . FEARZ BRIk, ST AL
W (h-BN) 24K b A E ez —. &

%¢ h-BN 250 BRAG AR, s 4 4, )2 h-BN
RIE A AE N AL BSR4 2 R, ST A
TR 2R R, SR B T, WA R
S, ONSSXTRE LS R AR 4, AT AR L AR
B 2AMERE; B h-BN AT RLGE 5 E ik S
PRTE U AR SRR 1 AR Y BT 2544 . TR T 2R
Al 5 G2 AT TS (sapphire), B & AL, R R
w, mRAUE, AR RN, B T AR AT
MG L HTENE B 5, 455 WM AT IR, B4R 5
SEEE A FRA K, R ST A A K i P R B
AR SR R A AR e . A RIE k=
JE A B G _E AR R, RIS A
ARk, W LA BRI T A i B AR B, A A v TR
HARAYAE K. 1 RS T IR AL AR nT 4
£ MoS, MR & i, F &/ CVD #E45 LU
ST B B A

FE 2014 47, BHOEHE T —H —RX 1 in CVD
R4, NE 1(a) FiR, fikdE % RY I 7E 300 nm
1 SiOy #f IS AR K I S 1Y B2 MoS, i, {1
SR SRR ST A 600 nm 24T, BE AR SE A JE
K (K 1(d)). dE—4b, @ e A Kad R dg] A
i Oy, I AR RAP R 2T, R R
Ffa b MoS, BRI RSTHORZ 350 pm (K 1(e)),
(RN 2 2235 5 U i i A AT AR LA PRI

FEML IR 22 b S kS B S T 2R
XA 2 in CVD 24 (& 1(b)) F14 in ) CVD &4
(I 1(c)), VASEHLE IR AR AR Y MoS, J8 15 1) il
. 2017 4R, A P A 2 in RGE N A
T 2 in, EE W L) LR HE U MoS, £ i,
WE 1(f) FiR, AR RS A RO RS, 2020 4,
FEEBEAEN6 AE 4 in B CVD Rl 4 in
i (B 0 K ffoRE (180 wm) ., 15 € 0] )2 MoS, # i
( 1(h)), B7m H B i 62 F L e, 2 H AT
FEI s A A o A 114 A TR 9% MoS, B . [,
ARG R, R PSR A K S8, TSR
X MoS, HEMARBEAB AR (K 1(g)); I HiEd A
5 MoS, MR E B 22 B, AT LASE XS FEH 2 il
FeAF R A o s 24,

FEHT IR 5T A LR 1 30028 53 i s o ok B
], il g ARG | R A B — MR R
219 MoS, i [Bl, LASE IR TR AR = 1 fiE MoS, FL+-
AR .
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¥¢ The progress of CVD system

‘A
- ;
Si0; MoS,/Si0y

AT

350 pm

2 sccm

ACS nano (2014)
» SiO, substrate
» <1 pm

» Continues film

JACS (2015)
» Sapphire
» ~350 pm
» Single domain

ACS nano (2017)
» Sapphire
» 2—5 pm
» Continues film

(h)

]
N4

50 pm \ 3

Small (2020) Nano Lett. (2020)

» Controllable Oy doping
» 200—500 pm
» Continues film

Bl 1 BRI MoS, il #E A K R DIFE P (a)—(c) CVD &AM EJEDIFE P (d)—(h) MoS, MEMEA: A8 R B )
Fig. 1. The development of controllable growth of MoS, films by CVD system in NO7 group/®!: (a)—(c) CVD systems’ development/>’);

(d)—(h) epitaxial monolayer MoS, films/*.

22 AETEFAMKEEINRELR.SE
[6. K ERHLEE MoS, HEMIMNE A K
TE CVD A=A = T R R 9 MoS, R Y i 7%
TR R B 1) A AN SR S R T AR
AR BARES), XA — B BRI T R %
MoS, HEIRAE K HUALEE B 1% b7 FH 126:27), 55—y T ,
BALJZE MoS, 14 25 8 R T i) o A S R A 14 1
f S 820 R, BRI, S A B MoS,
WG ) 2 e AR r A, B H R IR, JLE oK
F1%) JEL A it AL L ) 16 3 5 JHE S 2 220 S92 R (6.30-32) ]
B, S L 7 FRERDIEI ¢ o BIEEE AR
A — U] ) MoS, By AE Kt B 2 i, {H R
PRI ST 100 wm UEE A HIREIZE MoS,
SR A KRR A L. RATREAR A+
FEEW 4 in ZVAFETHTIORRS, T R
T AR A K R B S P IR R, SEBE T R 1 9 R iy
K (F27 R R SF R T 180 wm) PFFE 1M 1 1Y 22
ML, BRI R, B R AR N
Eﬁ% [16].
R T e i 5 RUBE A R T AR A A kA e
2 5% o7 i e w5 ST T o A 1 R A VA Wa
Kok, Bl 2(a) 22 HEAFSAHTR R G R
B, A A OHES LI A AR, Hod
Hh ] SR B S R IR AT A R AIE Ar, IS

WS ZEAH AR XL, A FE S5 0 A
BEIA Mo JE$EHE Ar Fll Oy, MoOg #3AK F B3H F
JE AT 5 H, A KB MoO3 28l it Ar, O,
TRA A AR DR, Fe =X 2 IR 3%
THRERSRAL T — AN 5 AR AL R, SR AR
¥15) 4 in ) MoS, @b BIROCHE. J34h, 5UMEHGE
B WK B AR AT A ] B3 FRATRE 4 in 8
FARNR B R AR, X T AR
T MoOy FE7KF-J5 ) ) 43 A AN ), [A] A, X
P ECHNIR BT MoS, AR KA TR K
B, ARG TR KRR 5.

I AR i s 2 AR R, 3R5E TA
A A K S R AR 301K MoS,. 18375 Oy Wi Al
DL T MoS, fin b K/, 24 O, it 5t M 0 35 K
10 scem, MoS, ~FHERRIRSTH 1 pm #5753 180 um,
M Oy Pt FE— 253G TN, 357 R R ST T 28 7
AN =T L A SRS, O, T T 7E
10 scem A, K AE KR BE M 800 °C I 1000 °C,
AL B, B R AT B T ok g 1], Ay
TR EE NS 2R A k. FETF ik, BEHE T 930 C 19
AR R 10 scem Y O, i, 1531 5]
4 in MoS, B Fhun&l 2(b) Fizs, BEAS 4 in b R 2
) —, WK T MoS, Wil ny 2Lt A5 k.
&l 3(c)—(e) AT LAVE W Hb o 1, Bl 25 AF < Bl ] ) 4B
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K, W ARR L AREE ] MoS, R kL B % i (A AR AT, RIS, AT LATE 7R ], AikE
SN I PRI RE L3 S, R JaAE i ERLR JLF HUA PIRR ), BIAR XS T 8 5540 R IR A4 0%
MoS, JEJZ YA K FE . X WA 15512 MosS, v fi5 60°, X FFATZHT 2 in FYZER—F 2.

W Ve

2 4in FEA B LK RE MoS, BRI (a) 2 CVD 4G Z5 I 00 (b) B E MoS, MY S HHE M 4 in 1 F 4 5
[ B8R0 (¢)—(e) WEEN 10 scem BYLEFREE T, 7615 5 A0 R0 IE 43 5l A K 20, 40 F 60 min #9 MoS, #OE#ER, B A (d) A
bR TR R R Dy 2 1

Fig. 2. Growth of monolayer MoS, on 4-in wafers!'%: (a) Schematic diagram of the multisource CVD setupl'; (b) photograph of a 4-
in sapphire wafer uniformly covered by monolayer MoS, film['%; (c¢)-(e) optical images of MoS, grown on sapphire for different times

with an O, flow rate of ~10 sccm!!%. The top right corner in Figure (d) is an intentional scratch.

Bl 3 BAJZ MoS, MIBEAY S5 M R AR (a) BA)Z MoS, MY AFM % 16 (b) 47 LA AHRIJE B MoS, B¢ 56 i i & {5 1e);
(c) B2 MoS, 1 & A7 & () STEM EIR 19 (d) B (c) B 555 66 75 HE X 30 STEM EIZ19; (e) &RARLNH R STEM EIE; (f) 5
)2 MoS, i i ¥) SAED [l 19

Fig. 3. Structural characterizations of monolayer MoS, film'¥: (a) AFM images of monolayer MoS, films (the step structure is from
the underlying sapphire surface) 19 (b) fluorescence microscope image of the as-grown film with an intentional scratch on the up-
per right corner%; (c) typical STEM images of the MoS, domain boundary!'’; (d) zoomed-in image of the rectangular area in Fig-

ure (c) M; (e) typical STEM images within a grain'; (f) SAED pattern of monolayer film!'%.
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XA IR A TP RAE, [B] 3(a) /& AFM
B, JLTF-E AR 2% BURNUZ MoS,, X i B X F
HJZE MoS, Wl EA 40, JF2CFHrERTm. 5 3(b)
JE7R I BIE 58— 19 9 AR BHR HE— 2D ERIE T 4
mn AR KIS ME . S I S (STEM)
FH TR AEFE 5L S 14548, 18] 3(c) AL 3(d) s
T HLZ MoS, 15 i A B IR A5 EUR, A AR
S, WA A0, B EEESER 4]4E B
[ 60°dH AL X UL IR ATTAS 2 A9 K SRR S 7R S A
AR R PR, K 3(e) FIE 3(f) w158
2 I T R AR 254, UEEHAE K B B2 MoS, 1R
A ) o i 3 AR G AT T (B R
Raman #l PL B4 Mapping & 1F, £ R [, A~
[F 4 B ) Raman I PL 154 3 AH[F], Raman P
U] SR 19 em !, FRBAFRATAS 21 A% v 52 H 22
1, Hoe A 56 meV, 2R AL i &R
e, HATREF R4 k.

K5 MoS, 8 [ 38 1o 15 3% J6 1k 1) 5 1k i 7% 3
300 nm SiO, #1JiE L, Hl485 T R0 fh A4S I &
H2EPERE. K] 4(a) FIE] 4(b) SRR T #8410
RS AR, THEAS BN RN TS R
AIKE] 82 cm>V bst, CAHLIANE 15 fA, HR
FFR IR E] 2x 101, g/ BE R E R 0. X LEF5 R
R IARE S A AR A H S P R . 7R3 Y D R
T, #R R A AR 1.22 mA, MIIERKE R
10 pm B, POFNFR 3025 BE AT IR 49 pA /pm. [FIE, B
PLIEIR T 100 ESPFFEATIN G, S8 4(c)
FE A(d) Bros, ATLCE B, #8428 8
70 em?V Ls !t fmiE R E L 93 cm?Vols ) {H
RERERRE, SR C T & T2 CVD
AR MoS,. JEFRATETE, 15202 MoS, Wi
FLAT I D LR T (] 4(e))[67108182303 . F 4]
WHME TR, 51, 53R, SR 1452 B4R
P, HARE R 4(H)—@), 7T LLUS T s a2
BIIRe, XEWE RN B B AR
KIFWET7.

2.3 HJE MoS, BEKiFiz

AR, ARSI A kA K, TRk
AR T AL T AR AR E 0w o )2 % 2
MoS, MR AMEA: K (H R T 5 IR A Hb P A7
CVD R4 T 512 MoS, FIAME K HLEE, [F] A 52
TN HLZE MoS, W FL A, S FEs iRk 0

SR YT DI 45 L 22 2 AN R D e oK, X
AR Z 7 o W S AR ] 2D ).
2.3.1 AT AE S MoS, ahk: K /N
RAETE Si0, BUiE A Ik BT iR £ il
A, L ARORAE H EA /DN, T LR TR AR R AR,
i T EBRRML, B, KRRSF MoS, #4514
KIS ITEEW. 2 Ay ik, A HREETE NaCl
e B HETBY T, D 7E 3 F A AR B3] 300 pm
FEAT MoSy FCHLAH PO 35 380 18 1815 468 IS A i 3K 4
F14) P R S i R B A % B AT 45 1 K1) Mo,
i B (X B T MR, HAR S5 I A4
FTE 2015 47, IR E AL T O, fEAE KT
TR AT DU 5 2l 2R A ISR 1T MoS, ITES . TR %
WP SRR SE (6 MoS, sk A/ INgy FAR R 457
KW E 5 froR), i i SAE MoS, A K firh
A DA ) 20 b AN B e T A% A RN A% 1 4 1) k2
SAALITER, f MoS, HYTEAZ 2 R R FEAR - il
Z 2K, R BT MoS, Sk R sF. 55— 5T,
O, A7 B T 11 MoO, BYBiAL, ARIF HAE AE Koot
FEREZE L. FIH O, fBhTE ¢ s E AR L
A=K K R, T B MoS, B 7 e, T b
W= A MoS, BA R RS OR & 350 pm,
R JE S R, KRR MoS, B K B8 T
%b‘m [22]_

2.3.2  MoS, dh AL B9 47

s [ R 118 B i B SRS 28 24 1) 2 Bz FH
& OCH L T i B MR B A
35 ] R A RS AL, DUTRT DL R
FEE PR ) A AL B AR 2 — k. FRATTSEEL T
4 in ¥ AR MoS, HAT 0°F1 60° [ & 48 1] i
I R, RS I R R, AR 2L MoS, E K
FRBLAR BN B T A

FATTIN R 1531 525 5E 1) MoS, fi b B S ek il 78
FAERKB A EREE, K25 930 C(104 meV), 1F
BARMAERKEET (KT 820 ©), KoMz
J5 A A SRR, 5 0% 60°3X e e I BRI AH EE,
HABE 25 G RRECR, 2220 71 meV, HX A
EAAME T A IR B RESR BE W BE & (104 meV). [A]
B, A 253 1000 °C, 4 bRk, K2R T
AL, AEE I ZEX P EHE T, TR MoS, &
KAl LAAER e 58 8y, fe AR 3 e i E ).
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B4 AR A2 MoS, IR 412 1 5 RE 55 1T S AR A0 R AE 0] (a), (b) A K BB 2 MoS, #f S MU Y FET A4 ML (4 1% B 51 il
LN AR IR 09 (), (d) BEPLIEIE 100 4> FET #4484 3¢ Lo B SR Se 1T 19, (e) AR SCFE A K 19 MoS, # i 76 25 i
T B 2 M R S A TR B LA Y () AR A B MoS, B i 1 7 B 3028 g 00 L R AR i R (Z0 Tl ) BOUR ER A 7 i £ 1
(g)—(@1) FAETT, sAErT, 5T 8 i 5 A il £ 00

Fig. 4. Transport properties and logic gates of as-grown monolayer MoS, films[': (a), (b) Output/transfer curves of a typical FET(0],
The on/off ratio (c) and mobility (d) of 100 random MoS,-FETs('%); (e) comparison of MoS, electrical performance at room temper-
aturel'; (f) voltage transfer characteristic of an inverter (left axis) and the corresponding voltage gain of the transfer curve (right
axis) ['%; (g)—(i) output characteristics of NAND (g) NOR (h), and AND (i) gates!'‘.

2.3.3  MoS, sh# ) %iAsE B RAE T KT MoS,, 0 S R AA
o T RN KO Mo, feR i Ly Mo WITLAMAS LRIRGER .

BTN RRERE ARz, e TR BRI 6(a) 10
L o SN 4500, [ 6(b) ko B, B KA =
AR SRR S WMo WRIEHL, BERSATALL T BT
TS MoS, GRLEUTEAR. M1 6(a) R, FEARFEIE O I e e

. 2 s o 5, BEJE RS S YR (Mo ) 5 Mo #i4i (S #Eiki)
MR RAARATHT S T, 5 MoO AR gy ut s i ke, SETBARMIHOR T S
450 °C 2843 580 °C, A LIFE R, b5 Mo Ji7% P Mo S 1 2 K . 7E Sz eh S ik
KA G, h-BN 0 MoS, I =MIBAALEN s o Wi % PRI S, Mo 956320 0 A X1
Y, AR R =M. AR AR KBRS, e K BE M Mo BYZE R IR T, S 1B Mo
PRI T4 A SR R, A 3 A KA, U273 50T kL 4 Mo
RIS 22k, TR R AN LR R BRI THS , R B Mo VIR IR, S 71 192k
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(a) YR I HEN 2 scom I, A2 KA 5§ MoS, ih WG RSBl A= < I 1] /Y

LI FR, B B LD SR LR LA 2k B2 (b) 2GS AR A 22 il R A R RIS (] AR OC R, I L9 T XN AL (B A9 T

DI AR A e i) ey A A 32 S ) ok 2 2 2

Fig. 5. Effect of oxygen on the domain size at various growth durations ?2: (a) Evolution of the size of single-crystal MoS, domains

as a function of the growth duration®; (b) dependence of pure growth rate and etching rate of MoS, domains on the growth dura-

tion, the blue I and red II regions represent dominant growth and etching during the growth process, respectively[?2.

450 °C

(a)
(

&l 6

510 C 520 °C
10
530 C 540 C 550 °C
560 C 570 C 580 °C
0

a) TRFF HA AR K A FARTE 1 450580 °C X 8] P B 28 Mo, Ji IX 6 15 18 T 45 31 19 7R [R1 T2 IR 19 MoS, &5 1) AFM {5

(b) %

nm

(R R 1 pm) B (b) Mo 5 14 320 B4 A 1R E 15 MoS, fi I 12 4R 78 1k 22 [] #4568 B 56 2R B9
Fig. 6. (a) AFM images of MoS, domains grown under the condition that the temperature of MoOjy changed from 450 to 580°CI3;
(b) the corresponding relationship between the shape change of MoS, domains and the change of Vy,*8l. Scale bar for (a) is 1 pm.

KRBk, 27 S AN AR KB KT Mo i1
T AR B, B2 os B Mo #6143 1Y = £
W, RZMZ S SRt —MAie. T TAEHR MoS,
TE AR F AR SR T AT DU S A
2.3.4 MoS, & %

H T FEIT KA MoS, TEHL T2 g A N 19 1
W7, B TR MoS, fichi RST/IN, 2 BT Ik
[, 3 ] g 5 | A 2% S48 2 ok A R0 o 1 Ho
2, EEF R ZE R BRI B0 B H A, B4k R 2R

UK = A e =S R s AR SIS R 9 O
R 25 A8 3 L 1 B A 179 52 T A X 455 A H 2
T, BB A oh R, T AEART A
T T L ZAEAP R BR. Rl MoS, 8B 42
SR T Z G, RN R TES R RESAE
B PR A AR MoS, J&, Al LB SE B, $#
Z I PR S AT B R A L0 S P L B K AR A 1Y)
H 2R 2= M) RORE (4B Al 2 — 8 BRI
P, HORATE, &S 80kl = A i sl g 51 A
KGR S HEE AT E, PIAE — 4 MoS, Ha]

108102-7


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 10 (2022) 108102

P AR AT E B A R AR E . A
FATA BN X AFE VIR RS, 7 c i
AR EREA AR MoS, 0, iz s 2,

Kl 7(a) &M CVD RGEMAERE, RS ¥
F1 MoO4 14 S TEFT Mo U8, ik 5 A4 e 7 Sk
JCE PRAE TR RN B A 3 S P AR & 7(b) ) &3t
R S 107 62, 7R A A AR H 23R T Ar A Ar /O,
RASAEN S WA Mo IS, O, BRAEF-17 S
VR BRALRE T, MRBAE N B 22 IR AR #E MoS, 0,
(R A 222820 BRI 22 Ak Ao G T 2 R 4B 4%
FEAY FEZRIZR 10401, M4 JEREE T 900 °C 1), S A7
TRSRAIBRALRE ST, FTLIKE MoO; 584 mifbiS5) MoS,,
JEAT AR e iR i, S B At AR I YA IR
TR HARET (/NT 850 ), Wi B O, Fih:, &

(@)

ARG RAIUL MoS, H S JiF. [ 7(c)—(g)
AR AR S T AE K LA MoS, ,0, —fME
F)EF WA % . IR 7(c)—(g) ATRL L BR, B
BB ERRII, TS 21 MoS, B4 2 i HH
AR RSk, a0, Bk B IR ST,
H TR 5, 2258 MoS, &AE4h, 1nE 7(g)
T . 38 A AN R S B, 1T DA A A 2
ST P A S A AR L, ANl T(h) R, TR
TH WL FE H USRI, B X L AT

FIH X G206 & 95 O61E (XPS), #1717
MoS, O FF i B AU 1 e 43T, Al 8(a)
Fiizm, Horfr 230 1 233.1 eV Ak il BUIE XTI T Mo-
S B Y Mo*Hig; Tii 230.2 Fl 233.3 eV AU, T X}
M. F Mo—O ## 19 Mo*tl ; 1fij if A — 41 XL 78

S

(130 <€)

Furnace
Gas i AR VRV SSVVVBB®
as in 3
Ar m—lp O
MoO3 O
Ar/O, ===l =
/O 530 C 930 °C_800 °C
R VR0 BGBee08®

Zone I Zone 11

T =800 C
Fo2 =20 sccm

Zone IIT

Mo MoOy 1\100.{,,.1\/1003 O2
(530 <C)

T =800 °C
Foo =10 sccm

Te =800 C
Fo2=20/6/10/6 sccm

Bl 7 HJR MoS, 0, MR AE KR  (a) 1T A K MoS, 0, Wil =i X CVD RGEHISS 7R B E Y (b) 42K MoS, 0, #i ik

PR AH ] LA R BT 1 52 N i AR BT Y () —(g) Sl 3G Oy Vil fiE (4—25 scem) FIBEARAS AL 19 A4 KB BE (930—880 °C) k3
TR A B B S T AR K L AS R 40 10 = MR R 19 MoS, 0, IO R, Hod Bl (e) Z2F £  MoS,_,0,, [ & 5 19 AFM [l (114
FUR 1 pm) 20 (b S 25 ) AR R B T I O, Yt e 92 B 57 B 45 A K 110 Dl 2 (R 4R Y

Fig. 7. The growth of monolayer MoS, ,0, films?!: (a) Schematic set up of a three-temperature zone CVD system for synthesis
monolayer MoS,_,0O, filmsi?J; (b) the phase diagram and designed reaction routes for synthesizing MoS,_,0,?; (c)—(g) optical im-
ages of the synthesized MoS,_,0, triangles with increasing doping levels by varying the oxygen carrier gas flow-rate (Fp,) from 4 to
25 sccm and growth temperature (7¢) from 930 to 800 C2Y. Inset in Figure (e) is the AFM image across the boundary of MoS, ,0,

triangle. Scale bar, 1 pm. (h) The controllable growth of MoS, ,O, heterostructures with Fo, of 20 sccm/6 sccm/10 scem/6 scem at
800 °C4.
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Fig. 8. The optical properties characterizations of MoS, ,0, ?¥: (a) XPS spectra of MoS, ,0, synthesized with Fp,= 6 sccm!;

(b), (¢) Raman and PL spectra of MoS, ,0, with increased oxygen doping levels®; (d)—(f) PL mapping of as-grown MoS, ,0O,

samples synthesized with F, of 4 (d), 10 scem (e) and 20 sccm /6 scem /10 scem /6 scem () 24,
o
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Fig. 9. Schematic and fabricated MoS, transistor devices on flexible substrates of PETH: (a) Hllustration of flexible transistor arrays
with integrated circuits. Left inset: the 4-inch monolayer MoS, wafer grown by epitaxy techniques. Right inset: the specific struc-
ture of the flexible MoS,-FETs; (b) optical image of MoS, domains grown on a 4-inch sapphire substrate for 20 min. The side
length of the triangular MoS, domain is ~20 pmf; (c) optical image of a continuous monolayer MoS, film grown for 40 minl?; (d)
HRTEM image of the as-grown monolayer MoS,?; (e) photograph of very large-scale flexible MoS, transistor arrays with a device
density of 1518 /cm?, completely fitted to a human wrist. Inset: magnified image of FET arrays?; (f) photograph of the flexible
MoS, transistor arrays, showing their outstanding optical transparency?; (g) photograph of various integrated multistage circuits on
flexible substrate, including inverters, NOR gates, NAND gates, SRAMs, AND gates and five-stage ring oscillators?.
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Fig. 10. Performance characterization of the MoS, transistors®: (a) Ig- Vi curves of MoSy-FET s with different metal contacts and
dielectric layers®; (b) transfer-length-method (TLM) measurements of the contact resistance from the Ti/ Au and Au/Ti/ Au elec-
trodes?; (c) transfer curves of Au/Ti/ Au contacted devices measured at various temperatures, where “s” is sheet conductivityl?.
Inset: Arrhenius plot at different V. (d) V, dependence of the SBH for monolayer MoS, transistors with Au/Ti/ Au contacts; (e)
L4 V4 output characteristics of a device with channel width and length of 30 pm and 6 pm, respectivelyl?; (f) corresponding I4- Ve
(g) transfer curves at Vg = 3 V for 97 flexible MoS,-FETs in the 100-transistor

array. Inset: on/ off ratio map for each transistor location. (h) Statistics of mobility from 100 flexible transistors?; (i) summary of

transfer characteristics at different bias voltages!?;

the on/ off ratio and mobility for various large-area flexible transistors reported in the literature.
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Fig. 11. Electrical performance of flexible devices under strain®: (a) Schematic of the strain distribution of flexible MoS, transistor

arrays under bending®; (b) PL spectra of monolayer MoS, under different tensile strainsi?; (c) Ig- Vi transfer curves of flexible MoS,

transistors (L/ W = 3:1) at different strains®?; (d) on and off currents of five randomly picked devices versus strain/?); (e) the depend-

ence of charge-carrier mobility on strain®; (f) on/ off ratio and charge-carrier mobility of a device subjected to 10° cycled tests of

bending and releasing. Data were measured at 1% strain. Inset: photograph of flexible devices at 1% strainl?.
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Fig. 12. MoSy-based flexible logic gates and oscillators®: (a) Photographs of different MoS, integrated devices on flexible substrates!?;

(b) output voltage of an inverter as a function of input voltage when under different bending states. Inset: voltage gain of the in-
verter under an input of 4 VP. (c), (d) Output characteristics of flexible NOR (c) and NAND (d) gates before and after bending at
Vaa = 2 V. Logic ‘0’ and ‘1’ mean 0 and 5 V, respectively, for these and all the following logic devices?. (e), (f) Output character-
istics of flexible SRAM (e) and AND (f) gates at Vgq = 2 VI?; (g) output waveform of a five-stage ring oscillator at Vyq = 15 VI2;

(h) output frequency as a function of supply voltage Vg,. Error bars represent one standard deviation/?.
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Fig. 13. Device structures and performances of all-2D FETs under both SG and DG geometries®: (a) Schematic cross section view
of an all-2D device in which FLG, MoS, and h-BN serve as contact/gate electrodes, channel, and gate dielectric layers, respectively®.
(b) Optical microscope images of all-2D FETs with SG and DG. Bottom and top FLG gate is outlined by black dashed line. (c)—(f)
Typical output and transfer curves of SG ((c), (d)) and DG ((e)—(f)) FET with the same channel (L= 3 pm, W= 10 pm). Insets in
Figure (c) and Figure (e) are output characteristics at a small bias within 100 mV®.. (g) SBH characterizations in insulating re-
gime as a function of V. Insets are the cryogenic electrical transport curves of SG and DG FETs. MIT behavior could be observed
from the DG devicel™. (h) R.-V, plots for both SG and DG devices, fitting from transfer length method!®.
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Fig. 14. Vertically integrated multilayer FETs through layer-by-layer vdW assemblyl®): (a) Schematic cross section view of the

device structure consisting of 3 L FETs[®l; (b) optical microscope images of vertical integrated 1L to 3L FETs with vertical inter-

connects inside the stack. Scale bar: 20 pm®); (c), (d) output curves (at V, = 12 V) and transfer curves (at Vy, = 1 V) of vertical
integrated 1L-3L devices. In an individual FET, channel length/width is 3 pm/10 pm, all h-BN thickness is around 30 nm!%.
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Fig. 15. Vertically integrated multilayer functional devices: (a)—(c) Schematic illustration of vdW-stacking multiple layers with (a)
memory (M;-Ms, 1st layer), (b) logic (L1-L3, 2nd layer), and (c) sensor (S;-Ss, 3rd layer) functions®.. (d) Typical IV switching
hysteresis of a memory devicel®; (e) output voltage V., of the inverter as a function of input voltage Vi, with drain-to-drain
voltage Vyq varying from 1 to 10 V (inverter is constructed by interconnecting devices L;-L, in 2nd device layer). Insets are the
schematic and the maximum gain value which approaches to 300 at Vgq= 10 VI (f) Output voltage of the logic NAND gate at
four typical input states with V= 1.5 V (NAND gate is realized by interconnecting devices L;-Ly-L3 in 2 nd layer) 1%, (g) Static
photo response of the optical sensor under both dark and blue light environments (light power Py jigne = 30 mW-cm ?). Bias is 1 V.
Inset shows the specific detectivity of the photodetector®. (h) Dynamic photo response of the optical sensor at different gate
voltages with 1 V-bias reading. Light is turned on (blue shadow) for 5 s then turned off for 5 sl (i) The cooperative working
between sensor and memory functional layers. The Rg of memory device (M), outlined by the red dash line, is gradually changed

with the signal from optical sensor (S;) (.
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Fig. 16. Device structures and memory characteristics of all-2D two terminal floating-gate memory (2TFGM)™: (a) Schematic of
the all-2D materials 2TFGM with monolayer MoS, as the channel, thin h-BN as the tunneling layer, and FLG as the contact elec-
trodes and floating gatel™. (b) Typical semi-log scale I-V switching hysteresis loops of the FGMs with channel length/width of
3 um/10 pm, and different thicknesses of h-BN from 7 to 15 nm. The sweeping directions are indicated by the dashed arrows. In-
sets are the corresponding optical images of 2TFGMs with scale bars of 10 pml™. (c¢) Band diagrams of the drain/ h BN/FG at the
(i) programming and (ii) erasing processes. The red dashed line arrows indicate the tunneling direction of electrons™. (d) Over 10%
retention time of 2TFGM with 10 nm-thick h-BN after the programming and erasing processes at elevated temperatures from
300 to 500 K (Vieaq=1 V). Two explicit resistance states could be preserved at 400 KI™. (e) Endurance test with 10° cycles of
switching operations showing no deterioration on the on/off ratio. Programming and erasing processes are carried out by +18 V
with a pulse width of 100 ms and a reading voltage of 1 V™. (f) Device switching speed measurements. The device still shows stable
resistance switching under short pulse widths of 100 and 40 ns (+£23 V), indicating the high speed of our device. Inset shows the
voltage pulse with width of 100 ns /40 ns and amplitude of +23 V(™. (g) Optical image of the fabricated 4 x 4 2TFGM array!™.
(h) The color map of conductance states of the 4 x 4 2TFGM array. The map of “NO7” patterns ((i)—(iii)) are stored by operating
the 2TFGM devices array!™.
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Fig. 17. Characterizations of artificial synaptic behaviors/™: (a) Schematic illustration of biological neurons, consisting of a soma, an

axon and dendrites, and synapses, which are the conjunctions between two neighboring neurons. The enlarged area illustrates the

synaptic transmission of neurotransmitters between the axon terminal of pre-synaptic neuron and the dendrite of post-synaptic

neuron(™. (b) Post-synaptic current versus pulse number, demonstrating long-term potentiation and depression characteristics emu-

lated by our 2TFGM device. 3000 distinct states are programmed in our 2TFGM artificial synapse through a series program/erase

pulses of +15 V (40 ns)™

. (c), (d) The transient responses during the P/D process captured by oscilloscopel™; (e), (f) The en-

larged view of several cycles in Figure (¢) and Figure (d), mimicking excitatory postsynaptic current (EPSC) and inhibitory post-

synaptic current (IPSC) [
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Fig. 18. The pursuit for linear and symmetric weight update for neuromorphic computing(™: (a), (b) The changes in the device con-
ductance as a function of pulse width (a) and amplitude (b) during the P/D process™. (c¢) The linearity, on/off ratio, and number
of states in the P/D process could be tuned by adjusting the amplitude of voltage pulses from +10 to +13 V (100 ms)[™. (d) Non-
linearity analysis on the weight update of the different P/D curves in Figure (c¢). The orange dashed lines represent the ideal linear-
ity and symmetry of weight updatel™. (¢) Cycled P/D operations of the 2 TFGM artificial synapse. At least 50 states are pro-
grammed using a series of pulses with amplitude of +£12 V and width of 100 ms, demonstrating good reproducibility, linearity, and
symmetry in the synaptic weight updatel™. (f) The image classification accuracy for hand-written digits from the MNIST database
under different P/D processes as a function of the training epoch. A high recognition accuracy of 97.7% is achieved using the P/D
process of 400 states and Vye=410 V™. (g) The error rate after 20 training epochs corresponding to different P/D processes in Fig-
ure (f). Inset illustrates the simulated neural network structure. Here a three-layer perceptron (including one hidden layer) is simu-
lated with the standard backpropagation algorithm!(™.
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Fig. 19. (a) Polarization curves of the pristine type-I MoS, (without any domain boundaries), pristine type-III MoSy(with 2H-2H do-

main boundaries), heterophase type-I MoSy(with 2H-1T-phase domain boundaries), and heterophase type-III MoSy(with both 2H-2H

and 2H-1T domain boundaries), respectively”. (b) Tafel plots of the corresponding curves in Figure (a) .
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Fig. 20. Multi-hierarchy monolayer MoS, catalysts for HERF: (a) Schematic structure of the multi-hierarchy MoS, catalysts with

both high density of domain and phase boundariesl’; (b) polarization curves for pristine type-II samples, pristine type-III samples, a

series of heterophase type-IIl samples with different phase boundary densities and PtP); (c) Tafel plots of the corresponding curves
in Figure (b)P); (d) HER performance of a multi-hierarchy MoS, catalyst in 0.5-M H,SO, (red curve) and 1-M KOH (purple curve) 1)
(e) time-dependent current density curve for a multi-hierarchy MoS, catalyst under static overpotential of 150 mV for 200 hP;

(f) demonstration of the catalytic HER activity in 0.5-M H,SO, from a multi-hierarchy MoS, catalyst with a size of 4 inches in dia-

meter. Inset: photograph of pristine as-grown wafer-scale MoS, on sapphire substratel.
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SPECIAL TOPIC—Scalable production of two-dimensional materials

Cotrollable growth of monolayer MoS, films and their
applications in devices”

Li LuY?3  Zhang Yang-Kun 9?3  Shi Dong-Xia V3  Zhang Guang-Yu 231
1) (CAS Key Laboratory of Nanoscale Physics and Devices, 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) (Beijing Key Laboratory for Nanomaterials and Nanodevices, Beijing 100190, China)

4) (Collaborative Innovation Center of Quantum Matter, Beijing 100190, China)

( Received 31 December 2021; revised manuscript received 5 February 2022 )

Abstract

Monolayer molybdenum disulfide (MoS,) is an emerging two-dimensional (2D) semiconductor material. The
MoS, film has a natural atomic-level thickness, excellent optoelectronic and mechanical properties, and it also
has the potential applications in very large-scale integration technology in the future. In this article we
summarize the research progress made by our group in the studying of monolayer MoS, films in the past few
years. The controlled growth of large-size MoS, single crystals is achieved by oxygen-assisted chemical vapor
deposition method. By a unique facile multisource CVD growth method, the highly oriented and large domain
size ML MoS, films are epitaxially grown on a 4-inch wafer scale. Almost only 0° and 60° oriented domains are
present in films, and the average size of MoS, grains ranges from 100 pm to 180 pm . The samples exhibit their
best optical and electrical quality ever obtained, as evidenced from their wafer-scale homogeneity, nearly perfect
lattice structure, average room-temperature device mobility of ~70 cm?V -s' and high on/off ratio of ~10° on
Si0, substrates. By adjusting the oxygen doping concentration in the MoS, film through using an effective CVD
technique, electrical and optical properties can be well modified, thereby greatly improving the carrier mobilities
and controllable n-type electronic doping effects resulting from optimized oxygen doping levels of MoS, ,O, . In
terms of MoS, thin film devices and applications, the 4-inch wafer-scale high-quality MoS, monolayers are used
to fabricate the transparent MoSy-based transistors and logic circuits on flexible substrates. This large-area
flexible FET device shows excellent electrical performance with a high device density (1,518 transistors per cm?)
and yield (97%), and exhibits a high on/off ratio (10'°), current density (~35 pA-um™), mobility (~55 cm?V.s71)
and flexibility. Based on the vertically integrated multilayer device via a layer-by-layer stacking process, an
individual layer of all-2D multifunctional FET is successfully achieved with nearly multiplied on-current
density, equivalent device mobility, and persevered on/off ratio and subthreshold swing (SS) of the individual
layer, the combined performance of the device is fully utilized, and the integration of “ sensing-storing-
computing” is realized. A two-terminal floating-gate memory (2TFGM) based artificial synapse built from all-
2D van der Waals materials is prepared, the 2TFGM synaptic device exhibits excellent linear and symmetric

weight update characteristics with high reliability and tunability. A large number of states of up to ~3000,

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61734001, 61888102, 11834017), and
the Strategic Priority Research Program(B) of Chinese Academy of Sciences (Grant No. XDB30000000).
1 Corresponding author. E-mail: dxshi@iphy.ac.cn
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high switching speed of 40 ns and low energy consumption of 18 fJ for a single pulse are demonstrated
experimentally. The introduction of structural domain boundaries in the basal plane of monolayer MoS, can
greatly enhance its hydrogen evolution reaction performance by serving as active sites. The progress we have
made in the preparation of monolayer MoS, films and the research on device characteristics is of guiding
significance for the basic and application research of MoS,, and also is universal and instructive for other 2D

transition metal dichalcogenides.

Keywords: monolayer molybdenum disulfide, chemical vapor deposition, growth control, field-effect

transistors.

PACS: 81.15.Gh, 82.45.Mp, 73.40.Qv, 85.30.Tv DOI: 10.7498/aps.71.20212447
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Fig. 1. Schematic illustration of three key aspects for the

growth of large-size 2D single crystals.
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Fig. 2. Growth modulation of 2D single nucleus: (a) Optical image of centimeter-scale graphene domains on oxygen-rich Cu ex-

posed to O,7; (b) logarithmic plots of graphene domain growth rate dr/dt versus 1/TH*7; (c) schematic illustration of controlling

single nucleus growth; (d) schematic illustration of the experimental design of local-oxygen-feeding method®; (e) the corresponding

energy profile of carbon species with the assistance of local fluorinel; (f) isotope-labelled Raman mapping of the 2D band for

graphene domain grown by local fluorine supply®”; (g) optical image of single-crystal monolayer WSe, domain grown on an Au foill%.
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Fig. 3. Preparation of single-crystal substrate: (a) A photograph of 2 in Cu(111) film on sapphire®; (b) atomic force microscopic
image of Cu(111) film with noncontact mode®; (c) schematic illustration of experimental design for the continuous production of
single-crystal Cu(111) foil with a hot temperature zone at the central area of the furnace tubel; (d) the obtained 5 cmx50 cm
single-crystal Cu(111) foil®; (e) the preparation of high-index Cu(hkl) with typical size of 35 cmx21 cm driven by oxide layer(1%);
(f) electron backscatter diffraction inverse pole figure maps of the as-prepared high-index single-crystal Cu foils/'%!].
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Fig. 4. Alignment control of 2D single-crystal domains: (a) Optical image of unidirectionally aligned graphene domains grown on
Cu(111)P); (b) Cu(211) atomic steps tend to connect with the N atom of hBNP®; (c) scanning electron microscopic image of as-
grown aligned hBN domains on the Cu(110) substratel™; (d) high-resolution transmission electron microscopic image of the stitched
domain boundary in monolayer MoS, on sapphire substrate/!?’; (e) schematic illustration of MoS, nucleation and epitaxial growth
process on Au(111) substratel'®; (f) WS, domain grown along the Al,04(1101) stepsl®); (g) photograph of the full-coverage WS,

monolayer on a 2 in sapphire substratel6?,
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SPECIAL TOPIC—Scalable production of two-dimensional materials

Atomic-scale manufacture of metre-sized two-dimensional
single crystals by interfacial modulation®

Liu Tian-Yao!) Liu CanV’ Liu Kai-Hui V21

1) (School of Physics, Peking University, Beijing 100871, China)
2) (Songshan Lake Materials Laboratory, Dongguan 510670, China)

( Received 27 December 2021; revised manuscript received 22 January 2022 )

Abstract

With the shrinkage of the chip feature size, the short-channel effect becomes more and more predominate.
The development of new quantum materials for high-performance devices has become imperative for the current
technological development. Two-dimensional (2D) materials, due to their excellent physical and chemical
properties, are thought to be the promising candidate of quantum materials for achieving the high-end
electronic and optoelectronic devices. Like the development of silicon-based chips, the wafer-scale device
applications of 2D materials must be based on the fabrication of high-quality, large-size 2D single crystals.
However, the existing manufacturing techniques of the well-studied bulk single crystals cannot be fully applied
to the fabrication of 2D single crystals due to the interfacial characteristics of 2D materials. So far, single
crystals of metre-sized graphene, decimetre-sized hBN and wafer-sized TMDCs have been successfully prepared
by chemical vapor deposition, but the sizes of other 2D single crystals are still very limited and not in the same
league as conventional semiconductor materials. Therefore, it is urgent to develop an effective preparation
strategy for the manufacture of various 2D single crystals. In this review, we mainly overview the fabrication
techniques for the meter-scale growth of 2D single crystals, and propose three key modulation aspects in the
atomic-scale manufacture, i.e. the growth modulation of 2D single nucleus, the preparation of single-crystal
substrates, and the alignment control of 2D single-crystal domains, in order to provide a universal method of
fabricating the large-size 2D single crystals. Finally, the prospect of chip devices based on these high-quality
large-size novel 2D single crystals is discussed, thereby paving the way for the future industrial applications of

electronics and optoelectronics.

Keywords: two-dimensional materials, interfacial modulation, epitaxial growth, alignment control
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2 [# Rice K2 Yakobson BRE4H 431 3B+ T
Ag(111) A Au(111) S _F AT 7E A 55 34 2 B
T B 4E a5 0, JF Ho b T8 e 1 Az
0 DLk = AEM AR R & [FAR, KGEF TR
PR 20 A AT A ) B T, THE T
Cu(111) #HE A KM R T AT R A K HLEE. &
PRAE A KA R o B B P A RS 3, I 25 &
RES R PRAIG, AR P78 Cu(111) FiiH
AR B4, B0IR T I Bk 2 Ao
AT ATPE. 2015 4F, Zhang 45 15 KT 55— J 3
1) A e e s AR AL R 25 A ROk, LT
£ Au, Ag, Cu, Ni & @WK _FAoE 52 2R i
(RZERE . 4 B AT IS T LA S — AE s A%, IR 43t
WAMG A E . WE 5 R, BF5E & AR
G B AT A BE R, X AL A B 45 F4 A T B
XPAH EAE S 1 Au wPIE, L AR il 2o
e iR T A 22 ARG R TN TR B TR Y
Ag, Cu, Ni WK, ZAREHIFERE, HfEE
(VT 2548 RTINS TR S5 R 0 e I R 30 H B I

HOBEREAI: ) SE T IR 05 v 2519, 15
Au R RE LB H v, TLE Ag, Cu, Ni
PR L RAE HEAS Y v 2500, X E ORI T
TG 08 B 28 505 s F i A2 2 T 3.4
Ag, Cu, Ni A MR EEE T, B0 T =17
Fi AL A £ R LI OB, eI AL
SRR, R vy HEASAEH 9. X — R A B
T A, WL 2R 5 42 T T Ay
Jithl.

3 MRy L At R

KT MG AA B 0 5 T AT AR, SR
S b O ] ) £ — 4RI R IR RS TS
WFFE. 3 T sp? i 1Ak L B Ry S pr
KRB B R s, 2 S T 5 H
MICRE ST A E Y, ARFIAEAERIRM
BT AR, ToikE ik R B ARAS . IF Bl T
1) SARZE SR, IR P A o AL SRR A,
BEAE R LS TR o, X SR AR R LT
Z\. 2015 4224, HHRHBE Y 5T T Y 52 SO L Bk
SATRAZE 112 0 5 [ ] 57 [ 52 S 90 Y Guisingr 55 1)
LRI 4 S e Ag(111) R iRl &
T REINGE, RS TG LR R R . H
T, A B2 O ) S B0 HOR 322 DB R LS
WAMEF; R (molecular beam epitaxy, MBE) &
I, A BOR AR A UTR (chemical
vapor deposition, CVD) il .
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3.1 MBE %#HI&2EMWE

311 Ag(111)

TEFISTHE Y, Ag(111) 5 2 B & ik Y
A EAEH, HASTEA 4, PR S5 i 55
WA T RERTIS. #E Ag(111) #HIE B AR, 3=
SR I ey LS o AN RO, K s 2R 1 e
TR ZER I, IFLL 0.01—0.1 ML/min
HRGR 7R R BT Ag(111) #HE L, #1IE
TR RATE 450—700 °C. v | PR g 12
TE Ag(111) AR IG5, 8 49 45 % i
B (scanning tunneling microscope, STM) FAiF H
FEEAWAEEH, WK 6 . o Kk E N
570 K B, W4 52 AR BUM, 4R8I Ag(111) 1Y
(110 J5 10~ P47 434, 28C0BIBE N 1.5 nm (5] 6(a) FI
(b)). B 54540 R [112] 77 10 A7 AU BEAR S5 4, B
[B]FE 4 0.5 nm. XFIEESAFR A S1AH, SHiE
TR Bro(vr 6) AR T —3, FURUMCAREIE , A
& 8 244 0.3 nm A1 0.5 nm (] 6(c) Al (d)).
AT Ag(111) FHE SR H AL (3 x 0.29 x V3 =
1.506 nm) 5 By, #H (3 x 0.5 = 1.5 nm) M A&
BAEF VA, NS HEE 1.5 nm JE R EE IR 2R 4L,

XHEARRE T MIFE S 1.5 nm M4 SORSE 1. Kt i
TRETHE 2 650 K, #841 S1 AHBIMAESSARAS g S2 4H,
JE T 45 40 O U Ag(111) (4 [T12] 05 18] 1) B IR 45+
(&1 6(e)), B 5 B H B 8 0 BH 5 <2 5 1) JR S0 2544
AR N 1.5 nm (K] 6(f) Fl (g)), BLSHAL K
IR x5 (vy/5) FIZEHE (B 6(h)).

Mannix 5 1941 % B Ag(111) b RlA 5
SO ST RSS2 B0 B 5 1 45 1) St
FER AT FRYE (8] 7(b)). SR80k B 09 J5 143 9%
KIS R R (] 7(d)), s SO Bl B 4
TE bk 5 X550 R0 00 B4 T % T R B3 A5 7
(K 7(g)), WonHBIEIARIN G B A 22 s, 1AM
i AR AT E A Ag(111) 4
TSRS R B T80 (B 7(c), () F (i)). fib
1R PR HCR YU FI I R AR BRI, =
RUUE S FHEN S, FF HIRBE R AR 5T B
AYRH, R RE A A 1] T AR SOH, TR Y STA AR X
FABOM RS, T LA K R Ao IR IR A A
FOHNE AN [FAH 0T A BB . AN [A] FARAH
T, o s 2 B0 o B T 5 A0 4% ) S G 4 )
M. Mannix %15 2 19 B 5, SEBR 1l =
TERE | BRI S E A s AH, TR T T B 28

@r BRI ]

B 6 (a) Ag(111) FHIEIREE N 570 K K sL MK MR (b) & (a) B9 =4ES2 KBS (c) S1 AT 20 9 STM I8 (d) S1 M4 i1

FLBHT B, 45
HESTM [l (h) S2 A7 197 (1 BEIS AT 5, 2544 121

15 (e) 650 KB K&, KHBar ST AL AL Dy S2 M (F) (o) Hr AR5 HE X R 5 20 B STM AT (g) S2 A 20

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.

FHBL RS Ay e il i) = B HERRY H SR ) — RS
TARNIIZE RS R, SLPr Bz B LI
i} Bl?(vl/ﬁ) 16,

Wit Ag(111) Ehles i Scgem T LUZ B, i
95 55 46 I 1 RE ELAE AT AR 42 B () 25 A U 500
T B 1 Y R AT IR SR A T e RS 2R B, SRR E
HAe 254, IF B 500 Z R s VL o 23
XA AL AR B A 7 A S

312 Ag(110)

TE Ag(111) FHRATLARE A, hT Ag(111)
(7S X FRPE, LA S g B 23 = fAIE B
CTNERUES S(AE R SR a = LN LSO 1N i ol [ 7
BRI B 22 250, 244 AR BRI AN A o Bk A=
AT, A BRI AL K BRI T RE 2 BB B 2548
FUES. Ag(110) #F KA LS Ag(111) %), BA
AEBLAG fbks B BRI B X Rk (PR, DR T LA
TR ] P, AR A S — R gkaly . SERs I,
ZHIATE Ag(110) #HIE LS A B 884 ARk A
—YEGRAT (1) S 5] 14748,

T WHIE, Ry PR Raig] W 227
Ag(110) #HE A UG — e 9Ky . AT 1R A4
FHRAIMEFHEAE Ag(110) #fIE_EAEIREZ R 550 K
AR, TR A UGS Ag(110) AY[110] J7 W]
K R SERE 10 nm £ B FCA 9K 9k
FHIE (B 8(a)), JF HAPKAT T LA R Ag(110) BB
AR MR RRE S, XSGRy B R R —
AeJE k. it STM =R R (K 8(b)—(e))
FELSFEAL (F 8(f)—(@1)), ik A Ag(110) Y
WK a0 KA B4 P1, P2, P3 A P4 IUAP AR, H:
H P1 AN P4 BRI Sk S54, P2 F1 P3 N BETH
XFFREEH, HA AT UL Ak a5 4. H R AR Al
IR x5 (P1), B(P2, P3) Hl Bg (P4), s M4 15
Ag(110) R ILH P T 4548, 10 3 F1 Bg W T S AT —
SEFEFE 5
3.1.3  Ag(100)

15 Ag(111) #E EAE R AIBIMGA 81 A (vi/6)
E?A A3 *H (1)1/5) —W‘jﬁgﬁ*ﬁy ME%?&*@J:%, ﬁWﬁq‘
i s 2 AR AS Jo b X Sk AN () T JBE 8 o — 24 ) A
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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!

SR, FLY 6 TBE 1Y) A% 3 80— (0.3 nm). AF4
JEA AT LUK A AR B B B P AL A, TR
W 2548 7 25 R [ A  4% 22 T] 7 1) A2 B 4 IS
SERGIRZN, T LI 3 A A I X B St A 45
Ik Z [ TR A

ZWR K, RO RS2 PO 7E Ag(100)
R (DU XTFRPE) )& AR AR A T 1 B A TR
AL, W 9(b) F1 (c) Bias, Ag(100) %€ Y
WEA A, B, C =MURFEAE, Hrfh A, B A TE
Ag(100) A9 =5 %3 FR 7 1] [L10] 8R4 T A4, C AR
755 Ag(100) [y [110] J5 [ fight 74°. AnlEl 9(d)—(f)
S A, B, C =Rl AR R & 433 STM K. 38
1o FU AN [R) B 1Y) A B, BB R A FH A
ISR Bl 3=2:1 1R A 45, B A0 55 H
B1a Al AHF R, C AH I B 2 th Brg : xz=1:2 RAS
(K 9(g)—(1). M T8I Bio M (v16) B 43
(v15) TIEE AR 1] [R1HE AT Ag(100) 114 & 22 18] (¥ DG
AiOC R, TEIENL 2:1 BIRA R R A RE 54 IR AMAs
SEFVLHEL. CAHIH L2 TR A 45 B m Rl B 5
Ag(100) F[110] FhA% IR HL, BIIE R T A% VC L 23 16
P HA —E AR T A K. X2 T Ag(100)
R[] B S R BRI A , T AR S 4G 14 &y
ATy AR G- o 5.

SR ARAFHY A, C PFPBINE AR R AN AS [
FPE A TEE , 308 3 AN R] A 11 52 FLAPITR A i i A

19]

AP, I HaX PR AN R LG S R AT DURSE S
JRE B A ARTT T A3 31 3 85 SRR BEAR IR BIE A
BLEE, 200 5 I S Ag(100) % 1 AH B AF FH 19 14
i, PR 2 ) Y A DG ISC LA B BB A X T 4] TR A B
[i], X3 PIARR TR & AR I GRS A R A . 9 L
KARN G HH HCAEAN BN PRS2 A AE B/, SR
FROAR LA PSS, S B T oS I S A Y il
Wi, TSI A TED ST 5.

3.1.4  Al(111)

WVE R AT ABIC R, WM S5 B 2
I R e B IR A0 — ELA 32 QT . IR A B il &
T BT ARG M 2 7 A A b U AR PR R Y
HL 2540 SRR A S AR 228 A 1 PN, H
WNTC T AP LK T | R RN L T 45,
AR RN TP L. O HoS A e s IR G Y
R — e S W R AR, RN 2
H BCS i T4k MgB, #4718 = i 8 5 7 A8 L B
MgB, A fhRSEF 2 )2 = M B Mg J5F i E]
Je— 2N e A IR T2 . MgB, M 5%
B L O EN e o S N 1 SR I N A e s 4
SRR T2, TR T R B AR e T
FIFE T UL BRI, 7S5 4 5 IR 4540 1 A M iR R —
Y PR — MR RO
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(2)

Boron source

L}

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®.

I A A 475 1 e o 5 400 2 = s e o
D5 FLIR TR A5 548, IX P24 2 T LA RE AR E A7 7,
TE T =51 S A& BB 52525 75 J7 FLIR g B D 4 43t
THF, JF BREE S T RE AL, ST LI
A O L 2 A A A I ST AT LA TS B 4t
KA LT, SR SCBRAE Y 7S 7 s IR G /e ? 3T
I I8, S PR ORI BERE AL(111) #HRE K
TG S T e R ES AR B2, i STM A4
PSS 0 58 36 (75 i s R 254 (] 10(c)),
A TR 0.29 nm, 5 FRET O IE SRR
T ERANR 19 0.3 nm AR ST th TR
JRyBEUNE T B FEAE, TS TR S IR S R P = P
JRIRAREEH (] 10(d)), THXFE AT I A B
B S AR A

dE— A BT E R B, AL(111) W R
TR FHRARHIE 1A I AT R RS, O AU D
T W R A A AR 4 R B TR X S AR
IR EAAE R Bl PE PERPE . 1% T AR Rtk —2

BRI P BEAFAE R 27 S PR, FE ANk r ro 2k
PEREAT, BT AR RS At T 2R P,

3.1.5  Au(111)

Kiraly 25 P4 SZEE T7E Au(111) 4 A Rl
Rk, 518 Ag AR EAERKAINE AR, B i
550 °C TH HE] Au b, HAERKR B F IR 55
BRI Au RIHIE UG B 80 A A Kk e s T
Au(111) 44 i ) T E A, S S B R AR AL
(K1 11(a)) VR SR E R A =it (] 11(b)).
X = A AR AT BRI R I S Ak il
W/ By A A BRI TR . B B i v B A SR
A 3 T8 i o7 78 7S AR 1 = Ff IO A% 11471 A Ak T s
TBt, TS Al BB IR A K B . SRS = A A
W ECAR, Bk B T BUR W K, HwE il
Ak L4k

12 Au(111) RHE & i— 2 004 B i )
1 & T Ag(111) ER—"Egt, KRR 12
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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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VRTE Au(111) B, & 11(d) R, 78 Au(111)
P b = R TR E T, JEAL XPS 1] LG i & 2
Bls BB YU, (FL B4 1R B T e T 2k, Rk
TR B 7 5 3 T B, IR AR Au(111) . B 11(f) AR
AT HMETE Au(111) #1E B RK SIS R, #IK
T AR, B A A AR R I, B A Y
TR A ), BV A BT IC D, SR BE R BE Ve HI1 B
WEES #) Au(111) E 1, 78 Au(111) F i O 4h 5
B B RCR T, FERR T HOY B 4. X Leis
KT S AE i B2 Au(111) h, BRSHIREEIA
K vy 1o G5H. SEIEXSIE IR AR SHT (B 11(g)),
S BRI R F A Au(111) A A fige AR 2 T WA A ) i
OB E TR T7E Au(111) T 2% I 1A ff 19 g
. B T IS 8 R T, SRR A A T
Au(111) R BUZ PR &, JFH G G iR
2L, AT ILETE Au(111) ERyAE KRB
5 Ag #E i E AR

3.1.6  Cu(111)

BIRTE Ag(111), Ag(110), Au(111) #PE R
oSN A TS | AR B4 /M R BRAE 4K R

‘ ‘ﬂ

BE, Sl g an R I 2 | fA O AR
WP S T AT R R BB, F e T4k —
ANH Ag, Au TETERE SORZE T 5808 Sk &9 84t
JIE. FET IR, LEHEE R Gozar HAZIREIL )
KA Cu(111) Fei EAEKME. A Kad i, 418
TS 770 K, LA 0.05 ML /min #ERGUEN, If
fii AR g H 7 . i (low energy electron micros-
copy, LEEM) FUKAEH F 174 (low energy elec-
tron diffraction, LEED) #F47 SZHH A4 Wl A £ 25
)45 FIZAE . ABATHE Cu(111) R 38 TR
i5 100 pm? KA ER 5L (5] 12(a)). B0 D0 SC 7
Cu Bk, M gAE K EE (4
97 A/s) HIEE IR (2920 A/s) PHRZ. STM
G PEEFEUREE G BT, JONTE Cu(111) Rif
ARG v, 5(06) =75 LIRS 451
(F 12(b)—(a)).

T Cu(111) B RSBV E B 5T, AMERT
AR . W 55 PO 85 52 A R B AE LK
(9 Cu(111) WERR, P FAE RO, AT e e R A
PR AlbL AR KA A AR Cu(111), BRSere
WA LUURAE GRS Cu, SRJ5 AR KA 45

' 1179 s
iy -

K12 (a) Cu(111) #HJE L0 09 2B K 3h A B (b) MM A9 STM 5543 BEIEL; () BB THA DI 09 18 5% 25 s I S5 B i ; (d) B0

B J5 - 25 4 157

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-

HA 22% KeAAA, iR B 208 e R, X
ERAE BUZ I L 2 ia i et 2R iR 2, AT
SEPRG RRE e LS PR T i ) i ) Tl

3.3 CVD EH&EREME

2021 4, FERB TV RS Auwirter Z45z1A1BA 70
PR TR CVD Kbl g il . ila- 2 A &
T B 5 B, AR RN A 16(a)— () P,
Z ARG &I BN 7E =il T AT 53 A8 il 2R 2 0
I 1=, Auwérter 242 Z 11 1) TAE R BsN3Hg
e R R A B hBIN B 8081 i A K i AR R
72 CNGE BoH, T FHARAE RO P RTIRAA. ]
TE Tr(111) Al Cu(111) w507 1073 #1773 K
MR, BoHg ZEAEALFINE T & A SR A=
I (E 16(d)), I HLam i a8 i OB BoNgHy
F1 BoHg ST, AT 845 A A - A
TR AT BT L T As, WKl 16(e) () fr

—~
o]
~

o

(18

Borophene

wn
S 0.4+
§ hBN valley
- 0.3F /
<
~
= 0.2
0.1 1 1
—1.0 0 1.0
Vhias/V

(h) hBN-covered Uncovered
borophene borophene

4— O exposure

XPS intensity/arb. units

192 188 192 188
Binding energy/eV

(a) Ir(111) % 1 1 BoHg 2 K AR O RERL A (b) AR

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!™.

108104-15


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 10 (2022) 108104

7~ WNE S hBN 5 RE & hBN BAE 1Y XPS i
FATLIE H, RE SRS S S %E R BO,,
T 56 ABN e s ) AT e AR (K 16(h).
AR A KA 18 7 2 R T R i L gz L ok
S AU T AR SIS TR T T A K, (HX Ry ik
MBS E T AR T AR E S, B2 ByNyH;
ER AR K hBN, RTIRAK 20l ke BoH 1k B 5
HAR, AR BRI R AR, AMET K
B 7= HBA — 2 R 1.

ME R BN B R B SE I AT LE ) i
A5 A A R Rt A A S A AR A T ARk, X AT LA A
1B 3 SR f B 182 N A W7 25 4 v U n k2
BRI, AR 5T 55 () 7 B o L T 254 vh s
TN 2R FE AR 7S FLIR s s i —
JET, FEAS A RS R E it R s
T =AM B PR A R AT, A
— AR T A 2 TR FOR IR R 2B A
3SAMMETF. BT, &A ZRIE TR sk
A BRI, T LA R R T4 R W R . SR, R
TR BRRE S, T B AN I -, X
SRR 4 MYE T, B 3 MR T, R
AN 1A TR (B BNRE Z 4R
T) KR FIHEARAS, ST HBSNRING Z/3 4~
R S FE BN LI, AR R R L 3
¥+, IBAa—ILIEG 2 Z A AR AR,
T A5 S 20 0 25 4 DA T e 2T B S 1Y
LS. BB AR A R e I 25 Fa B 1 38
HL).

4 RAEEERZ

o Tl 280, &BAIK S Z MAEER
FHEAEF, Qs DCIC . A far e 3% 5 23 52 i 445 1)
SERREAN. R 41 HRAMEF AR 8 ST L,
WAL TR, BT s HAS R 251 1
. Hean, Ag(111) %) I Byo FHAN s AHIEAF Y
ik, Al (111) #5E B RESHG B4R, Ag(100)
R EHE—AEERIRIE S AN, Ag(110) R IE -
I A0 oK AT, Au(111) I A [R) AR A< ALY
Ji, Cu(111) FS IS b il g R MIARBIA , Tr(111) %
JEE A T AR . T (R e 25 K Bt Ao G ) e
ART & A AR, T LA B 1B 24D AR

bR 720, L TE Ag(111) A1 Cu(111)

FFIRE b R A A XUZ 0. B S U2 0
S PIET AT, AN St %), ks s ),
TR KT 172 FE e AL AR 8] A (EAHE T Ok
RABIGE. MeAh, BUZ I B A Hm iR e M AHt
AR, T AR B AR I S A A, A T A A
15 G AEA N T RE.

TR, DA — A5 1) 2 anfar i
I A AR L8 G o] IS B0E QR 9% A 48 JB I
R ORI R LS L BT, G0
KA HEPTESEAIE b, SRR IERATE T A
74T STM, 43 HEEH T-RETE (angle resolved
photoemission spectroscopy, ARPES) 4§ 5 4 Jill
i, (HELESAE IR i i S i S L s
DL RSt i Sk 1 I B ) L 2 R v
o SO IR AR KRTE L G IR EaCE el s B T
WA 4 JE A IS BRI R ok, HEOC X Jr T Y
TR RV R ST 2 FUIRE, BE N LG
T BN sl n] DASCEBEIAR 9B 1, B BN RIS
B T 18 i 9% 1) B T 1) 7K B e S o 45 17
HWH BN &30 54 . Bk DS By %
ZYERAREAT LB 1 AR AR S PS0STL BRI AT DR
M MBE 8% CVD Ui K AHUZ BN B, 1
BN TEm i~ Ao i 2 s 7= 5 s s
P SO S5, A BBAE AL St IS /K S B AME
AR R EUZ . 53 A48T AT A0 I8
ST DA 4B b IS b R B AR S B IS I
BB —Fh S A AR EAE AR KRB & AT,
Fban Au wF i E B2, B3E 2 Cu(111) #JIIK
BRI . SR IG S D EUZ FeyGeTe, HUffEE
D7 ¥ 81, T A e S N R i A B Bl AR
K1 ALO; R, FI T ALOs 5 W4 0 25 B
PR, WA B ALO, HAFRIENE. 534h, Wl LIE
TR A RS R TMD MR T B, Tl mE
23 N A DU G, il D4 8w ie 13
B R R Aol iE . HETZ T A & — B
RUCPIPRAER, 75 2L ML A — R R,

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

108104-16


http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://doi.org/10.1038/nnano.2013.240
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

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

108104

3]

(4]

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

(1]

(12]

13]

[14]
[15]
[16]
17]
18]
119]
[20]
21]
[22]
23]
24]
[25]
[26]
27]
28]
[20]
30]

31]

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

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

LiLF, Wang YL, XieSY,Li X B, Wang Y Q, Wu R T,
Sun H B, Zhang S B, Gao H J 2013 Nano Lett. 13 4671
LLK,YuYJ,YeGJ,Ge Q Q, Ou X D, Wu H, Feng D L,
Chen X H, Zhang Y B 2014 Nat. Nanotechnol. 9 372

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 1

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

Jiang H R, Lu Z, Wu M C, Ciucci F, Zhao T S 2016 Nano
Energy 23 97

Gou J, Kong L J, He X Y, Huang Y L, Sun J T, Meng S, Wu
K H, Chen L, Wee A T S 2020 Sci. Adv. 6 eaba2773

Rastgou A, Soleymanabadi H, Bodaghi A 2017 Microelectron.
Eng. 169 9

Liu Z, Liu C X, Wu Y S, Duan W H, Liu F, Wu J 2011 Phys.
Rev. Lett. 107 136805

Wu X J, Dai J, Zhao Y, Zhuo Z W, Yang J L, Zeng X C
2012 ACS Nano 6 7443

Zhang Z H, Yang Y, Penev E S, Yakobson B 1 2017 Adwv.
Funct. Mater. 27 1605059

Kong L J, Liu L, Chen L, Zhong Q, Cheng P, Li H, Zhang Z
H, Wu K H 2019 Nanoscale 11 15605

Yang J, Quhe R, Feng S Y, Zhang Q X, Lei M, Lu J 2017
Phys. Chem. Chem. Phys. 19 23982

Peng B, Zhang H, Shao H Z, Xu Y F, Zhang R J, Zhu H'Y
2016 J. Mater. Chem. C 4 3592

Novotny M, Dominguez-Gutiérrez F J, Krsti¢ P 2017 J.
Mater. Chem. C'5 5426

Vishkayi S I, Tagani M B 2018 Phys. Chem. Chem. Phys. 20
10493

Li D F, He J, Ding G Q, Tang Q Q, Ying Y, He J J, Zhong C
Y, Liu Y, Feng C B, Sun Q L, Zhou H B, Zhou P, Zhang G
2018 Adv. Funct. Mater. 28 1801685

Verma S, Mawrie A, Ghosh T K 2017 Phys. Rev. B 96 155418
Mannix A J, Zhang Z, Guisinger N P, Yakobson B I, Hersam
M C 2018 Nat. Nanotechnol. 13 444

Oganov A R, Solozhenko V L 2009 J. Superhard Mater. 31
285

Zhang Z, Penev E. S, Yakobson B I 2017 Chem. Soc. Rev. 46
6746

Zhai H J, Alexandrova A N, Birch K A, Boldyrev A I, Wang
L S 2003 Angew. Chem. Int. Ed. 42 6004

Kiran B, Bulusu S, Zhai H J, Yoo S, Zeng X C, Wang L. S
2005 Proc. Natl. Acad. Sci. 102 961

(32]

[49]

[50]
[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

108104-17

Li W L, Chen Q, Tian W J, Bai H, Zhao Y F, Hu H S, Li J,
Zhai H J, Li S D, Wang L S 2014 J. Am. Chem. Soc. 136
12257

Boustani I 1995 Chem. Phys. Lett. 240 135

Boustani I 1997 Surf. Sci. 370 355

Zhai H J, Kiran B, Li J, Wang L S 2003 Nat. Mater. 2 827
Alexandrova A N, Boldyrev A I, Zhai H J, Wang L S 2006
Coord. Chem. Rev. 250 2811

Li W L, Chen X, Jian T, Chen T T, Li J, Wang L S 2017
Nat. Rev. Chem. 11

Evans M H, Joannopoulos J D, Pantelides S T. 2005 Phys.
Rev. B 72 045434

Kunstmann J, Quandt A 2006 Phys. Rev. B 74 035413

Tang H, Ismail-Beigi S 2007 Phys. Rev. Lett. 99 115501

Yang X B, Ding Y, Ni J. 2008 Phys. Rev. B 77 041402(R)
Zhang L Z, Yan Q B, Du S X, Su G, Gao H J 2012 J. Phys.
Chem. C'116 18202

Liu Y Y, Penev E S, Yakobson B I 2013 Angew. Chem. Int.
Ed. 52 3156

Liu HS, Gao J F, Zhao J J 2013 Sci. Rep. 3 1

Zhang Z H, Yang Y, Gao G Y, Yakobson B 2015 Angew.
Chem. 127 13214

Zhang 7, Mannix A J, Hu Z, Kiraly B, Guisinger N P,
Hersam M C, Yakobson B 12016 Nano Lett. 16 6622

Aufray B, Kara A, Vizzini S, Oughaddou H, Léandri C, Ealet
B, Le Lay G 2010 Appl. Phys. Lett. 96 183102

Feng B J, Li H, Meng S, Chen L, Wu K H 2016 Surf. Sci. 645
4

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

Buzea C, Yamashita T 2001 Supercond. Sci. Technol. 14
R115

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
Geng D, Yu K, Yue S, Cao J, Li W, Ma D, Cui C, Arita M,
Kumar S, Schwier E F, Shimada K, Cheng P, Chen L, Wu K
H, Yao Y, Feng B J 2020 Phys. Rev. B. 101 161407

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

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

Wu R T, Gozar A, Bozovi¢ 1 2019 NPJ Quantum Mater. 4 1
Vinogradov N A, Lyalin A, Taketsugu T, Vinogradov A S,
Preobrajenski A 2019 ACS Nano 13 14511

Cao Y, Fatemi V, Demir A, Fang S, Tomarken S L, Luo J Y,
Sanchez-Yamagishi J D, Watanabe K, Taniguchi T, Kaxiras
E, Ashoori R C, Jarillo-Herrero P 2018 Nature 556 80

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

Wang L, Shih E M, Ghiotto A, Xian L, Rhodes D A, Tan C,
Claassen M, Kennes D M, Bai Y, Kim B, Watanabe K,
Taniguchi T, Zhu X, Hone J, Rubio A, Pasupathy A N, Dean
C R 2020 Nat. Mater. 19 861

de la Barrera S C, Sinko M R, Gopalan D P, Sivadas N,
Seyler K L, Watanabe K, Taniguchi T, Tsen A W, Xu X D,
Xiao D, Hunt B M 2018 Nat. Commun. 9 1427

Cui J, Li P L, Zhou J D, He W Y, Huang X W, Yi J, Fan J,
Ji Z Q, Jing X N, Qu F M, Cheng Z G, Yang C L, Lu L,
Suenaga K, Liu J W, Law K T, Lin J H, Liu Z, Liu G T 2019


http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1038/nature04233
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1126/science.1137201
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1038/nature26160
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nl301047g
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1021/nn4009406
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1038/nmat4384
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1021/nl4019287
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
10.1038/ncomms13352  https://www.nature.com/articles/ncomms13352
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1038/NCHEM.2491
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1126/science.aad1080
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1126/sciadv.aba2773
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1016/j.mee.2016.11.012
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1103/PhysRevLett.107.136805
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1021/nn302696v
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1002/adfm.201605059
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C9NR03792F
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C7CP04570K
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
http://doi.org/10.1039/C6TC00115G
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
10.1039/c7tc00976c  https://pubs.rsc.org/en/Content/ArticleLanding/2017/TC/C7TC00976C
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1039/C7CP08671G
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1002/adfm.201801685
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1103/PhysRevB.96.155418
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.1038/s41565-018-0157-4
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.3103/S1063457609050013
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1039/C7CS00261K
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1002/anie.200351874
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1073/pnas.0408132102
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1021/ja507235s
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/0009-2614(95)00510-B
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1016/S0039-6028(96)00969-7
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1038/nmat1012
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1016/j.ccr.2006.03.032
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1038/s41570-016-0001
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.72.045434
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevB.74.035413
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1103/PhysRevLett.99.115501
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1021/jp303616d
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
http://doi.org/10.1002/anie.201207972
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
10.1038/srep03238  https://www.nature.com/articles/srep03238
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1002/ange.201505425
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1021/acs.nanolett.6b03349
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1063/1.3419932
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1016/j.susc.2015.10.037
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1103/PhysRevMaterials.1.021001
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1002/adma.202005128
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1088/0953-2048/14/11/201
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1016/j.scib.2018.02.006
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1103/PhysRevB.101.161407
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1021/acsnano.8b09339
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41565-018-0317-6
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1038/s41535-018-0142-z
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1021/acsnano.9b08296
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
http://doi.org/10.1038/nature26154
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
https://www.nature.com/articles/nature26160
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41563-020-0708-6
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-018-03888-4
http://doi.org/10.1038/s41467-019-09995-0
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

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

108104

(63]

(64]

(65]

(6]

(67]

(68]

(69]
[70]

(71]
(72]

(73]
(74]

(75]

Nat. Commun. 10 2044

Regan E C, Wang D, Jin C, Utama M I, Gao B, Wei X, Zhao
S, Zhao W, Zhang Z, Yumigeta K, Blei M, Carlstrom J D,
Watanabe K, Taniguchi T, Tongay S, Crommie M, Zettl A,
Wang F 2020 Nature 579 359

Tang Y, Li L, Li T, Xu Y, Liu S, Barmak K, Watanabe K,
Taniguchi T, MacDonald A H, Shan J, Mak K F 2020 Nature
579 353

Jin C, Regan E C, Yan A, Igbal Bakti U M, Wang D Q,
Zhao S, Qin Y, Yang S, Zheng Z, Shi S, Watanabe K,
Taniguchi T, Tongay S, Zettl A, Wang F 2019 Nature 567 76
Alexeev E M, Ruiz-Tijerina D A, Danovich M, Hamer M J,
Terry D J, Nayak P K, Ahn S, Pak S, Lee J, Sohn J I, Molas
M R, Koperski M, Watanabe K, Taniguchi T, Novoselov K S,
Gorbachev R V, Shin H S, Fal'ko V I, Tartakovskii A T 2019
Nature 567 81

Seyler K L, Rivera P, Yu H, Wilson N P, Ray E L, Mandrus
D G, Yan J, Yao W, Xu X 2019 Nature 567 66

Tran K, Moody G, Wu F, Lu X, Choi J, Kim K, Rai A,
Sanchez D A, Quan J, Singh A, Embley J, Zepeda A,
Campbell M, Autry T, Taniguchi T, Watanabe K, Lu N,
Banerjee S K, Silverman K L, Kim S, Tutuc E, Yang L,
MacDonald A H, Li X 2019 Nature 567 71

Gao N, Wu X, Jiang X, Bai Y, Zhao J 2018 FlatChem 7 48
Nakhaee M, Ketabi S A, Peeters F M 2018 Phys. Rev. B 98
115413

Li D, Tang Q, He J, Li B, Ding G, Feng C, Zhou H B, Zhang
G 2019 ACS Omega. 4 8015

Xu S G, Zheng B, Xu H, Yang X B 2019 J. Phys. Chem. C
123 4977

Zhao Y, Zeng S, Ni J 2016 Phys. Rev. B 93 014502

Liu X L, Li Q C, Ruan Q Y, Rahn M S, Yakobson B I,
Hersam M C 2021 Nat. Mater. 21 35

Chen C Y, Lv H F, Zhang P, Zhuo Z W, Wang Y, Ma C, Li

[76]

[77]

78]
[79]
[80]
81]

(82]
(83]

(84]
(85]
(86]

(87]

(88]

108104-18

W B, Wang X G, Feng B J, Cheng P, Wu X J, Wu K H,
Chen L 2021 Nat. Chem. 14 25

Cuxart M G, Seufert K, Chesnyak V, Waqas W A, Robert A,
Bocquet M L, Duesberg G S, Sachdev H, Auwirter W 2021
Sei. Adv. T eabk1490

Farwick zum Hagen F H, Zimmermann D M, Silva C C,
Schlueter C, Atodiresei N, Jolie W, Martinez-Galera A J,
Dombrowski D, Schroder U A, Will M, Lazi¢ P, Caciuc V,
Blugel S, Lee T L, Michely T, Busse C 2016 ACS Nano 10
11012

Allan M P, Berner S, Corso M, Greber T, Osterwalder J 2007
Nanoscale Res. Lett. 2 94

Petrovi¢ M, Hagemann U, Horn-von Hoegen M, zu Heringdorf
F J M 2017 Appl. Surf. Sci. 420 504

Corso M, Auwirter W, Muntwiler M, Tamai A, Greber T,
Osterwalder J 2004 Science 303 217

Sachdev H, Miiller F, Hiifner S 2010 Diam. Relat. Mater. 19
1027

Tang H, Ismail-Beigi S 2009 Phys. Rev. B 80 134113

Zhou X F, Oganov A R, Wang Z, Popov I A, Boldyrev A I,
Wang H T 2016 Phys. Rev. B 93 085406

Ma F, Jiao Y, Gao G, Gu Y, Bilic A, Chen Z, Du A 2016
Nano Lett. 16 3022

Zhong H, Huang K, Yu G, Yuan S 2018 Phys. Rev. B 98
054104

Ahn S, Kim G, Nayak P K, Yoon S I, Lim H, Shin H J, Shin
H S 2016 ACS Nano 10 8973

Li L, Kim J, Jin C, Ye G J, Qiu D Y, da Jornada F H, Shi Z,
Chen L, Zhang Z, Yang F, Watanabe K, Taniguchi T, Ren
W, Louie S G, Chen X H, Zhang Y, Wang F 2017 Nat.
Nanotechnol. 12 21

Deng Y, Yu Y, Song Y, Zhang J, Wang N Z, Sun Z, Yi Y,
Wu Y Z, Wu S, Zhu J, Wang J, Chen X H, Zhang Y 2018
Nature 563 94


http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41467-019-09995-0
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2092-4
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-020-2085-3
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0976-y
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0986-9
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0957-1
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1038/s41586-019-0975-z
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1016/j.flatc.2017.08.008
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1103/PhysRevB.98.115413
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acsomega.9b00534
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1021/acs.jpcc.8b12385
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
http://doi.org/10.1103/PhysRevB.93.014502
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41563-021-01084-2    https://www.nature.com/articles/s41563-021-01084-2
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
10.1038/s41557-021-00813-z  https://www.nature.com/articles/s41557-021-00813-z
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1126/sciadv.abk1490
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1021/acsnano.6b05819
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1007/s11671-006-9036-2
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1016/j.apsusc.2017.05.155
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1126/science.1091979
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1016/j.diamond.2010.03.021
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.80.134113
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1103/PhysRevB.93.085406
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1021/acs.nanolett.5b05292
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1103/PhysRevB.98.054104
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1021/acsnano.6b05042
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/nnano.2016.171
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://doi.org/10.1038/s41586-018-0626-9
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 10 (2022) 108104

SPECIAL TOPIC—Scalable production of two-dimensional materials

Experimental synthesis of borophene”

Li Wen-HuiV?2  Chen Lan V23t  Wu Ke-Hui )23t

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) (Songshan Lake Materials Laboratory, Dongguan 523808, China)

( Received 21 January 2022; revised manuscript received 7 April 2022 )

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

PACS: 81.07.-b, 73.22.-f, 68.37.-d, 68.55.—a DOI: 10.7498 /aps.71.20220155
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Fig. 1. (a)(b) Ruoff et al. from the University of Washington in the United States used AFM tip to push graphene away on a

graphene columnl; (c) The thin layers of graphene was exfoliated from tape, which reported from Geim's group at the University of
Manchester in the UKP); (d) folding and unfolding graphene using STM tips!*.
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Fig. 2. (a) Fluorescence spectra was observed in the first monolayer MoS, material'?; (b) high switching ratio current response was

observed in monolayer MoS, FET!; (c) transport characteristics of thin layer black phosphorus devices under electric field regula-

tion[8 .

108201-3


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

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

108201

(a) Hexagonal boron nitride (c)
Twisted bilayer

_ | graphene

TV

E/meV
=

Si0u/Si
b))

3 eSS R BE

Fig. 3. Band structure and superconductivity in magic-angle graphene superlattices('92 .
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Fig. 4. (a) Monolayer graphene and Bi2212 samples prepared by an oxygen plasma-assisted exfoliation method®; (b) superconduct-

ivity in a large-area of monolayer Bi2212 crystal24,
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Fig. 5. Mechanical exfoliation of different monolayer materials with macroscopic size: (a) Illustration of the modified exfoliation pro-
cess; (b)—(e) optical images of large-area MoS, exfoliated on different substrates; (f)(g) a variety of large-area two-dimensional ma-
terials obtained by exfoliation; (h)—(j) Raman and photoluminescence (PL) spectra of heterostructure and suspended 2D material?.
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Fig. 6. (a)(b) STM images of monolayer WSe, and MoTe, exfoliated onto Au layer; (c) LEED pattern of monolayer MoTey;
(d) ARPES band structure of monolayer WSe,; (e) electrical measurements of metal films and superconductivity of MoTe, ob-

served on thin metal films/29.
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Fig. 7. Schematic illustration of the layer-by-layer exfoliation procedure of bulk TMDs single crystals. (a) Method: (1) Depositing
gold on ultraflat silicon wafer; (2) spin-coating the surface with a layer of PVP; (3) using thermal release tape (TRT) to pick up the
PVP and gold; (4) pressing the ultraflat gold onto the surface of a bulk vdW crystal; (5) peeling off a monolayer and transferring
onto a substrate; (6) removing the TRT with heat; (7) dissolving PVP in water; (8) dissolving gold in an I,/I" etchant solution; and
(9) obtaining the single-crystal monolayer with macroscopic dimensions. (b) Schematic of the layer-by-layer exfoliation technique to
yield even and odd layers from an AB stacked TMDs crystals. (¢) Optical images of six monolayer samples (on SiO,/Si substrate)

sequentially exfoliated from a centimeter-size WSe, single crystal shown at the upper left corner®.
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Fig. 8. Fabrication process and characterization of suspended 2D materials. (a) Schematic images for preparing suspended samples.

(b)—(d) Optical images of exfoliated graphene, MoS, and WSe, on different patterned substrates, including rectangle, Hall bar and

circular hole structures. (¢) PL mapping image of suspended monolayer WSe,. (f) PL mapping images of Chinese zodiac signs,

which were collected on suspended WSe, flakes. Some details are added artificially, such as eyes and mouths. The scale bar is 4 pm[*3.
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SPECIAL TOPIC—Scalable production of two-dimensional materials

New progress and prospects of mechanical exfoliation
technology of two-dimensional materials”

Huang Xin-YuY?  Han XuY?  Chen HuiV® Wu XubY?  Liu Li-Wei!?
Ji Wei*  Wang Ye-Liang V?T  Huang Yuan D2
1) (Advanced Research Institute of Multidisciplinary Sciences, Beijing Institute of Technology, Beijing 100081, China)
2) (MIIT Key Laboratory for Low-Dimensional Quantum Structure and Devices, School of Integrated
Circuits and Electronics, Beijing Institute of Technology, Beijing 100081, China)
3) (School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, China)
4) (Department of Physics, Renmin University of China, Beijing 100872, China)

( Received 6 January 2022; revised manuscript received 7 February 2022 )

Abstract

Since the monolayer graphene was first obtained in the year of 2004, mechanical exfoliation technique has
been widely used to prepare various two-dimensional materials such as transition metal dichalcogenides and
black phosphorus. Among a variety of preparation techniques of two-dimensional materials, mechanical
exfoliation technique shows advantages in its simplicity and universality. More importantly, the exfoliated two-
dimensional samples are the ideal ones for many novel phenomena. This paper introduces the background of
mechanical exfoliation technique and summarizes the problems of conventional mechanical exfoliation technique
in the development of two-dimensional materials. In order to solve the problems of low efficiency and small
sample size of conventional mechanical exfoliation technique, some modified mechanical exfoliation techniques
have been developed, such as oxygen-plasma-assisted exfoliation method and gold-film-assisted exfoliation
method. As a commonly used “top-down” preparation method, the new exfoliation technology is still full of
vitality in basic research and application of two-dimensional materials. In the future, larger size and higher

quality will be the development direction of exfoliation technology.

Keywords: two-dimensional materials, mechanical exfoliation, graphene, MoS,
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Tl ZHEMERERE &

EER EZHEMSEHNELESERRE
SRR E SRR A

mHELX M HABR

A Rt

(CHTINS R PR TR 2, MORIRLSE S TRE2EBE, sk 639798)
(2022 4E 3 H 4 HIRF; 2022 4F 4 A 26 HUEMERR)

P AN T2 AR e R R AR % VA T IO R (4 I BB RSO A SN D1 S R AL AR AR
FARE. 2 SR DR LD - 00 14 JBE R LA R 9 7 0 S0y 3R A 52 06, AN A B R P e R R R
S DA B AR 25 O T Sl B4 1 — . SR, LA A% 32 B RCAR 7 A 1 R, S B M B R OR . AR SR
FAAL 2 SO DU B A Rk 2R A 8 B A 25 wmix 51.0 o (J52 ) 4 — 4 i 48 Ak 4k, 33 3 7 2 ok
TR WA PR B X PRI X HEAT RAE. [ R, 3 5 RO A A A S 1 DA
A% N 80.0 cm?/(V-s) LA KOt L R ISt L AT 2.45% 10* A/W G 7 B2 A 6 10* (63 25 55 e ag th &
FIZREL. AR TFREER R, SEHI RN T 56 AR (2500) LI A B G IR I REUE (5x101° Jones). H L
AL, R R B R BN T R AR R 2B AR, I R 22 AR R I

SEHIA: CLRBORE (L OUUR, W, e S A

PACS: 61.82.Fk, 81.15.Gh, 85.30.—z

1 3

Ha, SN T T2 RSB 44 £ g
YO A% (fin field-effect Transistor, FinFET)
JEAR 5 nm T 2705 51 (SEPRF4 s i 2 nl e
24 nm)Y. BEE N T T RSP #E— 0 &, 110
T ) 2 A FE AR} (Si) ™ Y J YA TE R0, L4
1o R R AT T B 22 AR L 2 SR TR A 45 21,
HAT R (S5 SR AT OC UG | BB FE = 45 m) 8, B
il 7 RS MBHE 4 8 A A - AR 800 A

& (metal-oxide-semiconductor field-effect transi-

stors, MOSFET) N . REILATE & TIRZ
KT AR (GaAs)BAI, = (GaN)P R BFSY
TAE AR AETR 3450 1 Tl i, E 2 DU AR i
SIS E TR A] RS ) B R, DT TR AR

il

* WIS AR BT B R
t BIEMEE. E-mail: Z.Liu@ntu.edu.sg

©2022 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.71.20220388

VA AN Y (R, AR SRR 2 R0 40
HURAT 2, B/ INAE 77 T 200 o 7R 1 S Y TE R
IR T AERAR 52 0T R ]

TR, R IR LR NG I
FHMRF (VNTF 10 nm) 7Y, 3T H4F K8 & BLIY)
RG> AR 6100 PR Ry L Ay S B D B st it
FLHAR B R 0y R, S H B R 2
PR B R A 1 DA S o 22 1 36 ) M 2 ] g L 5]
mn, — el IR T HAER (MoS,) 12, H#iE |, Hf2
25K (monolayer) FARGAERERTLUKZE 1 nm!,
B RESERA R AT 7 R AR AR R, RN, AR
LB IR FEA % (100 cm?/(V-s)) tHEL A
fkE (1350 cm?/(V-s)) M4, WIEAH2ZE T — 1249, 7
CHGE ) 4B Sk Ba% (black phosphorus) !
DL S — Ak (InSe)) & B A 8 = iE # 3 (1000
em?/(V-s)) FPRIALRL (R, 3822 miae v,
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M TR E UG T, B SRR H A&
Ji& B — KBRS 1 Al fL 4 (PdSe,) o), i fk 40
(PtSey) ', BARARAFFREE, U AR ER %
(200 cm?/(V-s)), 1H 54 J& = & ) A L R ] 1 H:
KA AT REME. B, T4k bR v
i HA IR A0 Y AR, o TR R AT

YRR A AL L (BiO,Se) R T & B A —Fh
A 2 R R A DL SR AR e R 4k SR
RS2 HA PR IR A T ATIA 450 cm?/(V-s),
[F] I RETE 25 AU PR E B . L a il R, 4k
BiyO,Se TEIEFS R, Fa e M LA S AR PR 2R 0 24 iy 1
Vo AR HAh — 22 S, R, AN RS [
F, 07 40U, — 4 BiyO,Se 7EGHLIFIN | AR
D, R, R | ZBH AR A4, A B B
TS PERR 2. SR, LT 4 Biy0,Se A K,
SR E R ARG, RRT RSB (-
mica) LA S EKEREE (STO)22 &5, SRTTX I —
Jr AR AT, 5 — 5T, FEEAS B 1 KT AR
PR, NIRRT AR 28 LA )2
M. AR BB AR B Hag KA E 7= T2 R 5
S, [FIRTRESS & 34 MAE LM R T 20000, AL
KK TE 4 Biy0,8e MR TG, R AR, i
R B AT A X A S A e R LT, AT
Z R T FIHRK W (polystyrene, PS) B TC 4
TEERE I, I =B AR R 48 BiyO,Se %
R 3 AR /RERLE (285 nm Si0,/Si, fiFREE A
FOR) b, IR RO T HOGHL I v R 22
RBEIE— 25 B A RE R 1E N LR, 4T 4
Bi,0,Se Bfb2= SARTIBE A, IR A A&
S R AR R, SIS AT s — 4k Bi,O,Se HY
N & .

ASCH b2 SARDURR I A A R B
AR T 24 BiyOySe, $2 (Raman) g2 T
HAFHEIETE 159 em !, JiF 127 iAdE (atomic for-
ce microscopy, AFM) #fixE T HJE 224 51.0 nm.
KA EE R IE A B AL, ANRE T2 Biy05Se
HA Y 2 7 e iR, BRARAE K S AR RE, BT DAAE
il AR R Sl P o i 80 A S AR s
Bl PTG RIS TS 2208 80.0 cm?/(V-s),
FE AP AR R T RN B, AH L2 R
dl, BB HE R AR, 7T RE R A R B R
K, WHEASREXS V4 18 AT A S I A B, [l A

SEERA RIS IF L (2500). @i M G HLER
PBE A5 HOGE AR 0.5 V RYTRTRELE R, ik
£ 9.69 pnA, S ny s ] LAAE] 2.45x 101 A/W,
DI 25 ATIA 6 10%. X SEIAJE A 6 i D FE AR
FIL, SRR T ROR A B S 2R G L, (]
e AR R AL E (5101 Jones) Ay, M5,
Tk AT T 2N TR R, LR S At
TR BRI B AR, AR 2
1k, BEIR =4k Biy,0,Se HIERE, 152 4FAOTEREZRIN.

21 HESHARESMK

GUERHET, F EEAE A AR KRR E kAT
SEKALEE. B 5 H Piranha Solutions! (M i iR 5
LA B 3:1 IR G I 30 min, 42
EMNEE KRR TG, REHEEE TR )
100 W, i & 20 sccm, standard cubic centim-
eter per minute, FES 7K /438h) Zb3E 15 min,
RIAT A5 21 SR K M R b i ek 5.

mE 1 R EEFTR, SE5 A I BRI K
IR 0 (Thermofisher Lindberg/Blue
M™ 1200 °C Split-Hinge Tube Furnace HTF553
22C AP RSE K 1200 mm, 4ME 50 mm. L5
JIr Tl Ak b F1 AR AR B By R ¥ B Sigma-Aldrich,
KRG FE— DAL SCE R WD AR T
FALER I D, oA S A R R E T8 X
il D ], A AL HE A TECE T B, P A
M2 A2 10 cm. Zead SRR AR RE B LG E T
et (1 emx2 cm) b, BCE TAESN, BT
TUF2EAZ 10 cm Ab. 5%, HIH A R0 A
£ 5%x102 Torr(1 Torr = 133.3 Pa), #EEHA 130—
170 scem PY/STE 18 T ARG L R 80 IR
B A, A RN 1 R SR 4EREAE 100 Torr 42
A R IAFYTCE S 25 min WIHRZE 615 C,
SRJGTE 615 °C fHE 5—30 min. AR EAERK
I TR T4 BN [A] O RE i SRR B B A28 R o0 A T T
W, RN SEZ I, B ARRERR 2= IRMT, A5
KPR, PG S s A o 28 e, BB R .

2.2 MBIRIE
SEA B A, 23 DG A (opti-
cal microscopy, OM), i H T B 4% (scanning
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Fig. 1. Schematics of synthesis setup and crystal structure: (a) Schematic of chemical vapor deposition process; (b) schematic of

Bi;0,Se crystal structure; (c) schematic of the impact of polar and nonpolar substrates to the sample thickness.

electron microscopy, SEM) LA X HIZRREIEYL (en-
ergy-dispersive X-ray spectroscopy, EDS), i &
Hi#{Y (Raman spectroscopy), Ji§ 7124 Wi EE X}
T4 Bi,y,0,Se A THRAE. Yo BAE R ETE Olym-
pus BX51 Wi FRAER). SEM KIURLL L EDS %1
& 7E JEOL JSM-T600F [ 3R75 /Y, Jinisk v e 43
52 15 KV R 20 kV. HLEGHEEAE Witee hrEot
TR IER, AR BIRFOCEE R 532 nm,
PBE TR AERCA 100, SEHER 600 line/mm. AFM
B HE7E Asylum Research Cypher S FHHL,
fi#i=>h AC air topography.

2.3 FFHIE, @SR SERERN

AR ZEMZ G, HXUZ PMMA(T)ZEA
Oy ¥ 495k, ¥R A3, EJEN 950k, MBS A5)
HEATERR, #% % 3000 rad/min, B[E] 2 1 min, &
YNFEA 150 °C R 3 min. LR A HLF R
Z| 1 Raith REFEITEE, SR )5 44 MIBK (me-
thyl isobutyl ketone, H &5 T JEE) &2 F1 IPA
(iso-propyl alcohol, 5F N EE) & 5. L4l 5 %
BN AR BRI I, PR 22 B R e
5nm Cr/100 nm Au {EN & M. 1z
P DL G BRI FE MicroXact #4841 & RGBS
FAF T A B1500A 2 SRS S 505
PGHATINEE, BT DGR A O

%R Rt

B AEX 4 Bis0oSe 1Y fty AR 45 ¥ 3547 ) ALK
. JZ2 R A AL S N8 T 14/ mmm =3[R #F 40
K 1(b) Fizr, HiEl i O BT 2T MU 5 1 R 7 A5

M, EF 2R Bl R4 A2 T O J55 e E] B
B & DY J7 A s P — &, AR BT 2
Se i 4l S A —Efi . Bi O IR FIE LT 2
AR [Bi,Oo* M2, ZEAY Se Ji 38 i 1355 i
MO B2, ZHBER 0.61 nm. Z8 A1, —
4t BiygOqSe FFAIE ™M 1 S F 012 BL H- btk
(8 1(c), HRNAETE T oA ik — L i),
X FECHD ZRE A TR 3825 1 IR R T R 201,

WA 2(a) Bz, 8 45 6 85N B 8030 &=
(130 scem) FNEEHE (4 R W B [E] (5 min), AT DL B
TERE 7 HR EA5 22 1Y BiO,Se A . Ll TR
AL (] 2b), HAR AR RS ATIA 20 pm, A ATEAR 2
SAMI AL, X5 fmica b K 0 ARG
JE 1Y PY 7 L S AN TR] . I O i i AR S £
mica A K STO HENEA—HEFE. 8t 454 73 b
AL, f-mica F1 STO JZhIa] (2 77 1)) MEHLE, X
TEAAC AR, T DARRAR IR 2 AT 2 J5 T Al i —
4t BiyO,Se DJEAES BYTHALEE. T, —4E Biy0,Se
ARG FE fmica PR STO R B # ML IR AL
BV R A TG —4E BiyO,Se A it 5 15 K
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Fig. 2. Optical characterization and growth mechanism: (a) Optical image of thin-layer Bi;O,Se with low magnification; (b) optical
image of thin-layer Bi,O,Se with high magnification; (c) optical image of multilayer Bi,O,Se; (d) optical image showing thin-layer

sample as growth substrate of multilayer sample; (e) possible growth mechanism of stepped sample.
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Fig. 3. Characterization of Bi;O,Se: (a) Raman spectrum; (b) and (¢) AFM characterization; (d) topography height profile reveal-
ing the thickness of the stepped sample is about 51.0 nm; (e) SEM image; (f) EDS spectrum.
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Fig. 4. FET and Phototransistor performance of Bi;O,Se: (a) FET Iy-V, curve, inset is optical image of FET device; (b) FET I;-Vy
curve; (c) phototransistor I3-V, curve; (d) phototransistor on/off sensing Iyt curve.
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Fig. 5. Analysis of Bi,O,Se phototransistor data: (a) The relationship of photocurrent(Z,,) with light source power under different

P!

backgate voltages; (b) the relationship of photoresponsivity (R) with light source power under different backgate voltages; (c) the

relationship of photogain(G) with light source power under different backgate voltages; (d) the relationship of detectivity(D) and

on/off ratio with backgate voltage.

166101-6


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

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022)

166101

M 1 (photoresponsivity): R = In/P (H
PROGIRA D) 3) FEAS R R T 5 D A8 B 19 ¢
Z. W 5(b) ATAL, #E-60 V AUMHERE, BLSRER
I RE A 200 A/W, ABELJE IR 107 B2 A Bl 2 R 4 5
RS, BEWY T B 2k 26 2 LU KOG HL % Ak
YR R 60 VR B, G i B2 AT 5k
2.45x10* A/W, 5 3CHR-h4GE I BUE AR . {H 2k
TR G, BT S R B RO R R
VL] TR DA R G AE R R G 5R. X Fioa S R
R BLFE G 18 25 (Photogain): G = Rhv/ng (Hr
nIEANE TR, B FHAT R, bR R
B, v R ASHGRIER) Ak, 7E-60 V M
B, BRI 25 HA R E 500, (HZANfifi D) #6385
RS . 1T 2480 60 VB, HOG 14 25 7T 34
6 10%, {HJ2 B 2 G r 38 I ini R B HR000 S AR
(detectivity): D* = RAY2/(2elgn)'? (Fith, R 2
W A AR, e JEFAN TCHAT, [y 2
HL U R/ ) A HL AR F 08 0 — DS
wE 5(d) s, BEEMHEBR-60 V Ir 60 VAR {L,
1555 TR B, DA 11010 Jones 3 K 5|
5x10' Jones?*2%. {H DA b SCRkHE A9 EUEZE /)N
B2, MG IR, AT B R A i L I R K S
PRI 3R SRR DR R s U e A il PR iy, |
e gieiRst. FEe] LA, SR G 2R
RAY, T EAR S At 5.5 BEE 1.7, BiIHHOGH
DA R He ], JEAS B s v S G AR B2, TR R 2
MR 58 AR RN R,

4 %

A TAE I AERE R i R A2 SR DR
EAK T 25 um K, 51.0 nm B 1 — 4k Bi,0,Se,
Jf /1 AFM, SEM, EDS, Raman Y% % RE 247
TRAE. 0T T RER SRR AR, 2 R R
JEFERRI A, AT BER PR ik i B AN i 1
WS, B VA il 2R S A B B A Y 2 07 [l B AR
PE, MR AE R BE A RE. R0 R i 125 37 2k g 7
Am AT 4k BiyO,Se BA TH I MR BT I, 153
FEG TR RN 80.0 cm?/(V-s). X J— A~ 4k
SRS R EUE, (FUZAH LU HEZ ARE I8 2 D
I, FTREAR PR AR it JBEBE RO, M AN RE X 1) 1
AR S TS, B BRI SE LT (2500).
XF 4k BipyOySe [5G M BB HEATHRIN, O HEL R

7 0.5 V B R T, BBILE] 9.69 pA, SEma Ly
JFE e AT LIAF 2.45% 101 A /W, JE25 A 3k 6% 10
S LA G HL B R B SR P TR A I el
T BRI TF I H, RIS R RAERE (5% 1010
Jones) A, S H Z, i 7 BERERHE T8 m T
AR, DL Z2 b ) 2 6 o 3 32 B 25 1) °F
&. R ERREH S, R Rk
PSR, REdE— 2P AR — 4k BiyO,Se MRS, MMiFH
SR AR IR S P Be.

[1] 2021 IRDS Lithography Report
[2] Winstead B, Ravaioli U 2000 IEEE T. Electron Dev. 47 1241
[3] Hooper W, Lehrer W 1967 Proc. IEEE 55 1237
[4] Sze S, Irvin J 1968 Solid-State Electron. 11 599
[5] Asif Khan M, Kuznia J, Bhattarai A, Olson D 1993 Appl.
Phys. Lett. 62 1786
[6] Novoselov K S, Jiang D, Schedin F, Booth T J, Khotkevich V
V, Morozov S V, Geim A K 2005 Proc. Natl. Acad. Sci. U S
A 102 10451
[7] Lee Y H, Zhang X Q, Zhang W, Chang M T, Lin C T, Chang
KD, YuY C, Wang J T, Chang C S, Li L J, Lin T W 2012
Adv. Mater. 24 2320
[8] Zhan Y, Liu Z, Najmaei S, Ajayan P M, Lou J 2012 Small 8
966
[9] Duan X, Wang C, Shaw J C, Cheng R, Chen Y, Li H, Wu X,
Tang Y, Zhang Q, Pan A 2014 Nat. Nanotechnol. 9 1024
[10] LiL, YuY, Ye G J, Ge Q, Ou X, Wu H, Feng D, Chen X H,
Zhang Y 2014 Nat. Nanotechnol. 9 372
[11] 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
[12] Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A
2011 Nat. Nanotechnol. 6 147
[13] Li W, Zhou J, Cai S, Yu Z, Zhang J, Fang N, Li T, Wu Y,
Chen T, Xie X 2019 Nat. Electron. 2 563
[14] Cronemeyer D C 1957 Phys. Rev. 105 522
[15] Bandurin D A, Tyurnina A V, Geliang L Y, Mishchenko A,
Zoélyomi V, Morozov S V, Kumar R K, Gorbachev R V,
Kudrynskyi Z R, Pezzini S 2017 Nat. Nanotechnol. 12 223
[16] Chow W L, Yu P, Liu F, Hong J, Wang X, Zeng Q, Hsu C
H, Zhu C, Zhou J, Wang X 2017 Adv. Mater. 29 1602969
[17) Zhao Y, Qiao J, Yu Z, Yu P, Xu K, Lau S P, Zhou W, Liu Z,
Wang X, Ji W 2017 Adv. Mater. 29 1604230
[18] Wu J, Liu Y, Tan Z, Tan C, Yin J, Li T, Tu T, Peng H 2017
Adv. Mater. 29 1704060
[19] Wu J, Tan C, Tan Z, Liu Y, Yin J, Dang W, Wang M, Peng
H 2017 Nano Lett. 17 3021
[20) Wu J, Yuan H, Meng M, Chen C, Sun Y, Chen Z, Dang W,
Tan C, Liu Y, Yin J 2017 Nat. Nanotechnol. 12 530
[21] Li T, Peng H 2021 Acc. Mater. Res. 2 842
[22] Tan C, Tang M, Wu J, Liu Y, Li T, Liang Y, Deng B, Tan
Z, Tu T, Zhang Y 2019 Nano Lett. 19 2148
[23] Fu Q, Zhu C, Zhao X, Wang X, Chaturvedi A, Zhu C, Wang
X, Zeng Q, Zhou J, Liu F 2019 Adv. Mater. 31 1804945
[24] Seu K J, Pandey A P, Haque F, Proctor E A, Ribbe A E,
Hovis J S 2007 Biophys. J. 92 2445

166101-7


http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/16.842968
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1109/PROC.1967.5817
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1016/0038-1101(68)90012-9
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1063/1.109549
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1073/pnas.0502848102
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/adma.201104798
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1002/smll.201102654
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.222
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1126/science.1102896
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/nnano.2010.279
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1038/s41928-019-0334-y
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1103/PhysRev.105.522
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201602969
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201604230
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1002/adma.201704060
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1021/acs.nanolett.7b00335
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1038/nnano.2017.43
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/accountsmr.1c00130
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1021/acs.nanolett.9b00381
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1002/adma.201804945
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
http://doi.org/10.1529/biophysj.106.099721
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 % 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 166101

Liu Y, Guo J, Zhu E, Liao L, Lee S-J, Ding M, Shakir I, [28] Gong X, Tong M, Xia Y, Cai W, Moon J S, Cao Y, Yu G,
Gambin V, Huang Y, Duan X 2018 Nature 557 696 Shieh C-L, Nilsson B, Heeger A J 2009 Science 325 1665
Grinvald A, Steinberg I Z 1974 Anal. Biochem. 59 583 ) ) .

Furchi M M, Polyushkin D K, Pospischil A, Mueller T 2014 (29] Liu S, Wei Z, Cao Y, Gan L, Wang Z, Xu W, Guo X, Zhu D
Nano Lett. 14 6165 2011 Chem. Sci. 2 796

SPECIAL TOPIC—Scalable production of two-dimensional materials

Synthesis of two-dimensional Bi,0,Se on silicon
substrate by chemical vapor deposition and
its photoelectric detection application”

Fu Qun-Dong  Wang Xiao-Wei Zhou Xiu-Xian Zhu Chao Liu Zheng |

(School of Materials Science and Engineering, Nanyang Technological University, Singapore 639798, Singapore)
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Abstract

As the scaling-down of semiconductor processing technology goes on, it is urgent to find the successor of

silicon-based materials since the severe short channel effect lowers down their energy efficiency as logic devices.

Owing to its atomic thickness and van der Waals surface, two-dimensional semiconductors have received huge

attention in this area, among which Bi,0,Se has achieved a good trade-off among the carrier mobility, stability

and costing. However, the synthesis of Biy;O,Se need some polarized substrates, which hinders its processing and

application. Here, a Bi,O,Se layer with 25 pm in size and 51.0 nm in thickness is directly synthesized on a

silicon substrate via chemical vapor deposition . A Field-effect transistor with a carrier mobility of 80.0 cm?/(V-s)

and phototransistor with a photoresponsivity of 2.45x10* A/W and a photogain of 6x10* is also demonstrated,

which hpossesses quite outstanding photodetection performance. Nevertheless, the high dark current and low

on/off ratio brought by the large thickness leads to a fair detectivity (5x10'° Jones). All in all, , although silicon

substrate brings convenience in device fabricating, it is still needed to further optimizing the growth and

integrating more applications of various two-dimensional materials .

Keywords: two-dimensional materials, chemical vapor deposition, Bi,O,Se, Photodetector
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