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Fig. 1. Mechanical exfoliation and rapid identification of layer number for two-dimensional atomic crystal (2DACs): (a) Schematic

diagram of the mechanical exfoliation process of graphene, photos of the individual exfoliation steps ((1)-(4)) and optical images of
the sample ((5)), in which flakes with different layers can be observed™. Optical contrast of graphenel” (b) and h-BNM-3 (¢) on
Si/Si0, substrate with different thickness of SiO, for the incident light with different wavelengths, and corresponding optical im-

ages and atomic force microscope (AFM) images. (d) Optical
ably with the thickness of Si0,).
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Fig. 2. Exfoliation technique of large-sized 2DACs: (a) Schematic illustration of the ultra-large area Au-assisted exfoliation and op-
tical images of millimeter-sized black phosphorus and ruthenium trichloride (RuCls) obtained by this method®); (b) wet chemical
removal of gold films after Au-assisted exfoliation and optical images of large-area flakes®l; (c) schematic of Al,Os-assisted exfoli-

ation and device fabrication process, optical images and AFM images of Fe;GeTe, flakes!®.
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Fig. 3. Schematic of the transfer and stacking process and photos of commonly used probe station!5.
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Fig. 4. (a) Schematic of individual steps of the PMMA transfer process and (b) the corresponding optical images of the flakes taken
for each step!?; (c) topography and charge density maps of graphene on SiO, and h-BN[™; (d) transfer curves of graphene on SiO,

and h-BN substrates!?.
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4 BN (b)

Graphene/BN

: BN /graphene/ *
BN/ moslisne/

L
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« BN/BN
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—

Bl 5 (a) RA WL T B IS A AFM B BT, (b) R &G S0 0 2 2 5 00 2844062 IR 2 et ToURD Hl i
By S AR 2 DAy i T3 1)
Fig. 5. (a) AFM images of interfacial impurities and bubbles resulting from polymer-based transfer process®”; (b) optical images of

the devices fabricated with stacks containing bubbles, in which the complex top gate shape was designed to avoid the bubbles!™.

(a):

2 pm

‘/gate/v

K16 (a) pick-up ¥R LB B8 ZIE; Bl & 0B 2 4588 (b) J62 I\ (c) AFM BHEFI (d) B i TEM BME; () S FRH T
R ol £ P 20 ) DA 2 9 D1 B R T TR P 2 s 0k 2 2 B

Fig. 6. (a) Schematic of the pick-up transfer process; (b) optical images, (c) AFM images and (d) cross-sectional TEM images of the
obtained h-BN/graphene/h-BN stacks; (e) transfer curves of the device. The left and right insets are optical images of the device

and low-temperature electrical transport measurements, respectively!3.,
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Fig. 7. (a) Plot of the wavelength of the graphene/h-BN moiré superlattice (black) and the rotation angle of the superlattice (red)

as function of the rotation angle between layers™. The inset represents STM image of the moiré superlattice with a wavelength of

11.5 nm. (b) edges of the monolayer graphene crystal correspond to specific crystal orientation”). The inset shows the corresponding

crystal orientation denoted with dashed line in the lattice model. (c) optical images of h-BN/graphene/h-BN stacks before (upper

penal) and after (lower penal) annealing/®!l.
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Fig. 8. (a) Schematic diagram of the preparation process of graphene moiré superlattice by “tearing + stack” method and the cor-

responding optical images®; (b) schematic of the rotating the stage (supporting the underlying graphene) during “tearing + stack”

process™); (c) optical images of the graphene moiré superlattice prepared by “tearing + stack” method; (d) STM image of the ob-

tained graphene/h-BN moiré superlatticel*?.
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Fig. 10. (a) Variation of energy band structure of MoS, on SiO,/Si substrate, deduced from STM measurements!'"?; (b) Plots of

MoS, mobility as function of temperature on SiO,/Si substrates('”. The inset illustrates the device structure. The mobility of MoS,

vs. temperature after screening the external disorder by (c) encapsulation with h-BN[%! and (d) passivation with HfO,/'07.
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Fig. 12. (a) Schematic of the one-dimensional edge contact process for graphene devices; (b) cross-sectional TEM image and corres-

ponding EDS mapping; (c) atomic structure diagram of contact interface; (d) Plot of the contact resistance as function of the chan-

nel length®d,

MoS, & fi2fiili s

InSe & ARG

d) . Top gat (f) 4 —=
(a) Graphene ( A — eInSe 1 ) S 15 -5‘\;4’\/\ 25K 12
e i
A A Meval hBN | 3t I -1p W\ 10
Si0, | 6L 12 14 16 1g
/ 5 B/T v=3 E
N\ [ & B ] Vew -*_ = 16 3
Metal ™ 5 tom hBN v=4 . <
- i i L i
SiOy MoS, 1125 K 1,
1 nm v==6
— 0 1 1 0
0 10 20 30
B/T

Rua/kQ

0 5 10 15 20 25 30
B/T

Bl 13 RS Y I SRR M AE A K v o s I ek 2

NbSe; & i SMiihs

(h) 80

60

(a)—(c) MoS;1%; (d)—(f) InSe'%; (g), (h) NbSe,!!'"

Fig. 13. Mixed edge contact configuration and the corresponding electrical transport measurements: (a)—(c) MoS,1%%; (d)—(f)

InSel''9); (g), (h) NbSe,/!'7.

138202-15


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. 70, No. 13 (2021) 138202

BHL [119-1220 g2 SR T 20, X A DX sk iy bR
PAT AN AR R AR ik FEL RELAG 6 TSRO, (HAN TS
AT el i, O m TR B s et al
RERC AR IR AT 1 2 R 45 b . RS 4k
TARIRTB IR C 2 HUS T —Seit e, (HiBk
FARA IR, B S5 ABSNCT. FIH 4 8 i i fd
2 fih DX ) 4 J 5 R R R AR SRy AR A 0280241
I A T S i ot A T A A R 4 %
JZ= 12 127) S5 B e — e R b m] AR 12 ok FiL B
ERIX LT IA R ZMELI IR A B TR A5, st
ARMER T s & 325 9 1k, BOYBRARRY
TR AR R i B R R R T A
TEFCHET R P S b S B e o O DR 4
o AR AR, AT L M S v R A S B SOK BEAT
FLAKN.

324 TR FMEMRITE

S AL G2 1 4 8 70 T2 1) 45 T P A 4
L 2F S ST T A 4G (1281900 ERARXE DA B
&R 46 SR m. LA TE /MoS, Hfilh
B, H TR (8K RS AE) T2 &7 ftmib
P AR I B L AR A JE TR, WA 14(a) AN
] 14(b) iz 131, 3 B8 T 2 7E 41 R e
FEA R RRRAS, WK ARETFL. Liu 4 131 44
T SE 240 10 4w FE AR e B 31 4 f SR Y R T
TGS FUET e, k0 T &R TR R T BES |
ABTERF (K 14(d) FIE 14(e)).

X P75 2 45 19 43 )8/ MoS, FHmi L TehkiA,
REA AR AORBEGETHLAN (8] 14(c) FE 14(f)).
Jung %385 K1 24k h-BN IR 4 @ 4 T 18
ARG A, P A FU BT B A 4 T T
WA WSe, #5048, HL 2203 7 Hh AR g 11 BRI
BefuhdebE (1 14(g) FE 14(h))132, i FE3EE 2
SEFE AT A ST B, X P S B a2
AT L T 253058 Ml 42 SR A s i T
53, BEAN, T HEESZM K T A0 EH T4
SEURA Yk )5 A, 140, Benyamini 55 114
FI X PSR ST T 512 NbSe, U SRR
3.2.5 JREMEIERFAEMR T T

H AT, e Sk f 2= s i 53 R G 2 2802
JEE F AR T O HT R A T2 ST AR T A L,

VS FL AW i 5 3 2 A R 55 R ) S A M S A
Movva &5 331 7E Si0,/Si #f % L HJe Ui Pt IR

W, FK WSe, 58 5| Pt fi M T8 ol 7 50 H-
s, A0 15(a) I 15(b) s, Wil 15(c)
Kl 15(d) fis, af e e = IR FIRE T #8ms t
bR B9 R 47 P . Fallahazad 55 134 i — 20 7F h-
BN b EHEDUBUR AR, DT 4 T RS AR Ak 1)
WSe, %8 )2 a4 R A S5k — 2P R A%
PERTEIY, 25 FWEEE] T WSe, H1iY SAH #k%
(1 15(e) FRIEN 15(5)). R “Ji AR 4 XUAT S5 AHAR
M ESE R, AR NTE 2E40E T MoSe, Fl MoS,
B F 2 i T i 25 2R (18] 15(g)— (& 15(k)) 130137,
BY2 4Ry 1k, el S A A i i BEL ) AT AR AT RS
fifi, G ARAE A AR O B RO TR IR A
N7 P LA T 25 s FH TR 2 AU A A R,
Fatemi 55 138 48 17 IS A AR 422 ik 1) B )2% W e, £
1, FEaraE T HAB FAE (K 150)—K& 15(m)), 7E
HLZ NbSe, 18 FHFPERFFT Hh 2% R R L
2 fil st Ay 26271,

3.3 JLFhFrBRELEM

T8 BT IR B il 4 1) B2 B SR E A RE A
RIEFEARA R ICF?, A5 2 7 S A f 2
IBFFYERTFEHAT T — RSP BEE. B4R Hall bar 558
Jed W A FEE R, (R LA~ I B RS AR AR B
kR T Ak, — 2O TR s R T B
AN T AR A (199 S5 T00k AR T & R 5 5
4. ARk, JURPHTRL R a8 PF A5 F Rl 2w il e
IR R RO | B0 - 2 D ST R ELE B LA A
L A TR T 05 T AR R IR 7 B tH 10
I, XLEARPFLE R Z [IFARSE el Sy, S5 bl LA
HHEZS A

3.3.1  TTMARA L L 00 B

RIS X JC P S MK 0 B 2 8 J2 4540, #R0FAil
GATIREANETC MG BRI 2 —. AR H 7253
HAZ NG AR, 17 W T HL % . Corbino
(58] 25 L % Je B AR, 5 2o 1 25 A 4w LA 5 43
O TR RN RS AN 25 ). T L A SR I AT i
Y NMEARTENAMTBZ —, 78 U1V G54
e e e S B I W a7 T T R B
WA T b A 25 0 2 e (13— 100] EE R
Z 22 F & E PR R TT) T, g SR AN A
NEER VR, A5 TR AN A 5 B R s M A
AT DA — S P 2, AR ) TE 7 A R

138202-16


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

I8 =

R Acta Phys. Sin.

Vol. 70, No. 13 (2021) 138202

(a) Evaporated Au :
(b) Evaporated Au

(c) 3
— 300 K

Evap. Pt

Diffusion and i
Defects layer broken ~
=
Bonds and
Defects Diffusion strain
_— s
N .~ W L L L
1 nm —60 —30 0 30 60
(f)
(e) Transferred Au Trans. Pt
<
» » =
% 1 nnrn"",: 3
uﬂ!. ll ..iu Ilz:ixl e );‘U —_— 300 K
270 K
— 240 K
L F T Rl R L R 210 K
— 180 K
Wy e rBPSLans B g B0 d S I,
R etk Rl = T —60 _‘30 (.) 3.0 60
'1\105‘ SRR ok S SR T Lo Vgs/V
(h)

(g) Exfoliation Etch Metalization

‘ h-BN | - -
\ Si0,/Si

Pick-up WSeg 4 Transf?f <

Glovebox

Bl 14 T ARG PUH- 4l T2, 7E MoS, R H IR (a)—

Formation of
top gate

emersarssEraa
AmEeseE A ERRE R

In/(pA-pm~")

—50 0
Vbs/mV

(c) 4 FLAR N (d)—(f) Fe R 4 Jm FL O B B 200 i i 454 7

SRR P TEM BGORUEAS etk il 2, JHr BT (£) o 94 P S R AU T ) o A P T 2 0920 () e h-BIN 5 45 14 #Y
T P AR 3 8 FU H0r 3 b 254 9 T 20 Rt TN 5 () ik T T P A S 7 T - 30 3 ok ) W See 8 11 A il 1 A0 2 i £ 1

Fig. 14. van der Waals contact between the top electrodes and TDACs. The schematic of atomic structure at the interface, the

TEM images of the interface and the corresponding transfer curves of the contacts formed by (a)—(c) the direct deposition of metal

electrode and (d)—(f) transferring metal electrode on the MoS,, respectivelyl®?. The inset in panel (f) is the output curves.

(g) Schematic of the fabrication process for top electrode with van der Waals contact structure, compatible with h-BN encapsula-

tion. (h) Output curves of WSe, device with top electrodes!4.
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Fig. 16. Quantum capacitance measurement of devices based on stacks: (a) Schematic of quantum capacitance measurement of
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Fig. 17. Electrical transport properties of Corbino devices based on graphene: (a) Schematic and optical image of the Corbino device

with metal gate; (b) relationship between the resistance and displacement field™; (c) schematic of the fabrication process of

Corbino device with top and bottom gatel”?; (d) Corbino device with the electric double layer (EDL) structure; (e) variation of the

longitudinal conductivity with filling factor, in which a series of emergent fractional quantum hall states corresponding to the com-

posite fermion model appear(153l,
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Fig. 18. Electrical transport properties of graphene devices with locally defined graphite gates'”: (a) Locally defined graphite top
gate structures and optical images; (b) Relationship between the longitudinal conductivity and the local gate voltage, and a large
number of fractional quantum Hall states can be observed within the N = 0 and N = 1 Landau levels; (c) schematic of Corbino

device with local graphite gates; (d) Relationship between the longitudinal conductivity and the local gate voltagel!™.
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Fig. 19. Coulomb drag effect of graphene electric double layer (EDL) in zero magnetic field: (a) Schematic, (b) optical image, (c)

measurement setup and phase diagram of drag resistivity of graphene EDL device prepared by polymer-based transfer method (d) [16%);

(e) structure diagram, (f) optical image of the stack and (g) final EDL device fabricated by the pick-up transfer method,;

(h) curves of drag resistance as function of total Landau level filling factors of two layers of graphene!!¥l.
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Fig. 20. Tuning the ground state of electrons in graphene by changing the dielectric environment and proximity effects: (a) Schem-
atic of the fabrication process of graphene stack based on two-dimensional periodic gate dielectric pattern; (b) STM image and (c)
Landau fan diagrams of graphene under the applied periodic electric field'™; (d) schematic of graphene stack with one-dimensional
periodic gate dielectric; (e) relationship between longitudinal resistivity and carrier concentration with periodic gate voltage in the
graphene devicel'™; (f), (g) the Landau fans of R,, and R, respectively; (h) schematic of the device based on a high-~ gate dielec-
tric; (i) relationship between the resistance of main Dirac point with the temperature and magnetic field"?; (j) schematic of capa-
citance measurement for WSe,/h-BN/WSe, stack and (k) optical images of the device; (1) relationship between the quantum capa-

citance of the main Dirac point with the displacement field and carrier concentration!!94,
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Fig. 21. Electrical transport properties of graphene/h-BN moiré superlattice: (a) Hofstadter butterfly fractal spectrum reported by

Geim'’s groupl™ and (b) Kim’s group!"®®; (c) SdH oscillations observed near room temperature?!l; (d) observed quantum Hall ferro-

magnetic states and (e) theoretically predicted Landau fan diagramP”; (f), (g) quantum Hall state with integer ¢ and non-zero s*;

(h) quantum Hall state where ¢ is a fraction and s is zero observed in the capacitance measurement/202.
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Fig. 22. Graphene moiré flat band system: (a) Schematic, (b) electronic phase diagram and (c) energy band structure of a monolay-
er-monolayer graphene moiré superlattice (magic-angle twisted bilayer graphene, MATBG) device®; (d), (e) orbital ferromagnet-
ism in MATBGP?%; (f) schematic of device geometry and (g) relationship between the resistivity and the displacement field of the
twisted bilayer-bilayer graphene (twisted double bilayer graphene, TDBG) moir¢ superlattice?”; (h) schematic and (i) relationship
between the longitudinal resistivity and the displacement field of the ABC trilayer graphene/h-BN moiré superlattice device. The
inset in panel (i) is the corresponding optical image?'?. (j) Schematic of device structure and (k) relationship of the longitudinal res-

istivity with the displacement field and the filling factors of the moiré unit cell of the twisted trilayer graphene moiré
superlattice/2.
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Fig. 23. Correlated electronic states in a twisted WSe, device®!: (a) Schematic and (b) optical image of the device with bottom

electrode; (c) curves of the longitudinal resistance vs. the carrier concentration for devices with different twisted angles under zero

magnetic field. The resistance of the half-filling state is marked. (d) The phase diagram of the twisted WSe, device.
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Fig. 24. (a)Schematic of the graphene/h-BN moiré superlattice in situ controlled by AFM tip; (b)—(d) AFM images of the stack
with different twisted angelsi>'%; (e) relationship between the secondary Dirac point of graphene and the in situ controllable twisted
angles®®l; () top, cartoon of the piston-cylinder pressure cell. Bottom, schematic of the graphene stack under ambient and high
pressure. (g) optical images of the device; (h) bandgaps as a function of pressure; (i) schematic of the magic angle graphene
deviceP?; (j) plots of the conductance (left penal) and resistance (right penal) of the half-filling states as function the pressure;
(k) dependence of longitudinal conductivity on the carrier concentration and the corresponding filling factors of the moiré unit cell
with (blue curve) and without (grey curve) high pressure.
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Fig. 25. Tuning of interaction between electrons in twisted graphene devices: (a) Interaction between electrons can be tuned by ad-
justing the thickness of the h-BN between the MATBG and the graphite gate in the stack; (b) with enhancing the Coulomb screen-
ing effect, the correlated insulator phase is quenched®?. (c¢) Schematic of the device utilizing Bernal bilayer graphene to tune MAT-
BG; (d) under different carrier concentration in Bernal bilayer graphene, plots of the conductance corresponding to v = 2 filling vs.
temperature and (e) energy gap vs. carrier concentration in bilayer graphenel!; (f) schematic of MATBG /monolayer WSe, stack;
(g)—-(i) superconducting transition observed in the three twisted devices with non-magic angles®?; (j) schematic of the device to
tune the MATBG using the proximity effect of monolayer WSey; (k) curves of the transverse (upper curve) and longitudinal (lower
curve) resistance vs. the carrier concentration (the filling factor of the Landau level). Orbital magnetic measurement of the electron
states corresponding to (1) ¥ =1 and (m) v = 2 filling?.
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Recent progress of transfer methods of two-dimensional
atomic crystals and high-quality electronic devices”
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Abstract

Two-dimensional atomic crystals (2DACs) are the layered materials that can be exfoliated into the
thickness of one unit cell, and attract extensive attention in current condensed matter physics. The atoms
contained in a 2DAC are completely exposed, thus rendering them extremely sensitive to the external
environment. Therefore, the exfoliation, transfer, rotation, stacking, encapsulation and device fabrication
processes are particularly important for the electronic device quality and electrical transport properties of
2DACs. We review the recent progress of the transfer methods for 2DACs, especially the milestones in the
improving of the transport properties of these two-dimensional electron gases (2DEGs). For electronic devices
based on 2DACs, the quality of the devices is evaluated in terms of the disorder of 2DEG, contact resistance,
carrier mobility, and observed quantum Hall states, and their corresponding transfer technology, device
structure and fabrication processes are also discussed in detail.

Keywords: two-dimensional atomic crystals, transfer methods, two-dimensional heterostructures, electrical

transport
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