Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

TR AE BLR BT R R S5 I & SRR R
EHT O RHIE RBA MO REL MR KBT ORKFF VYA X ETHE

The fabrication and physical properties of two—dimensional van der Waals heterostructures

Wu Yan-Fei  Zhu Meng-Yuan  Zhao Rui-Jie  Liu Xin-Jie  Zhao Yun-Chi  Wei Hong-Xiang  Zhang Jing-
Yan Zheng Xin-Qi  Shen Jian-Xin  Huang He = Wang Shou-Guo

5] Fi{i &, Citation: Acta Physica Sinica, 71, 048502 (2022) DOI: 10.7498/aps.71.20212033

TELR T2 View online: https://doi.org/10.7498/aps.71.20212033

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT RN A At S

Articles you may be interested in

THEROR RS Tk

Methods of transferring two—dimensional materials

PFEEEAR. 2021, 70(2): 028201  https:/doi.org/10.7498/aps.70.20201425

Y TN P B ) T A S O L
Controllable preparation and photoelectric applications of two—dimensional in—plane and van der Waals heterostructures

WIFREEAR. 2021, 70(2): 027901  https://doi.org/10.7498/aps.70.20201419

TR A A RS T R SO R TR T R T S

Recent progress of transfer methods of two—dimensional atomic crystals and high—quality electronic devices

WIFRZEAR. 2021, 70(13): 138202 https://doi.org/10.7498/aps.70.20210929

W HETE FLH TG R CaSiTe, U TH2G 1S
uasi—two—dimensional van der Waals semiconducting magnet CrSiTe, studied by using THz spectrosco
g mag 3 y 8 P Py

PIFRZEAR. 2020, 69(20): 207302 https://doi.ore/10.7498/aps.69.20200682

13 F7 45 BlueP/X Te, (X = Mo, W) FL e 57 5 25 opL 12544 BOL~A PEFTHIE A 5T

Tunable electronic structure and optical properties of BlueP/X Te, (X = Mo, W) van der Waals heterostructures by strain
YrH2E4E. 2021, 70(6): 067101  https:/doi.org/10.7498/aps.70.20201728

FL 3% graphene/InSey (5 7 FLH- 4757 46 H F k4 22 14

Tuning Schottky barrier in graphene/InSe van der Waals heterostructures by electric field
YPR=E4R. 2020, 69(15): 157302  hitps://doi.org/10.7498/aps.69.20191987



) 32 % 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 048502

TS R AR SR S M SRR 5T

ZHKVE ABEV HBAD AOED HERY B
KBED HAFEAD BLKY EWD EFE

1) (AEatRHE R AERRRRE 5 TR BRI 5624 &, dbat 100083)
2) (P ERE B YIRS /AL RS Y E KB, dLst 100190)
(2021 4 11 H 2 Hi®l; 2021 45 12 A 1 HUEEIEHR)

THEVERETU R (AT TR PR e R ) © S e R A S2 W E R BERL SR, T R AT AR 9 4R TR T
IR S S A M R B 8L A RE B R B4 B SR S BRI R R 2 U R AT S R 2 — . AP LR M R
SER SRR B 2R 00 Y 0N FURT AT () BRI G, LA KR T L 1 Y R A AR AL T SRR I N Y
T8 ASONZHEM B HORE T, I 48 “HEE S BRI ES A A 3T L PR RE BN T e, KR IR
R M TR M3 28, VRIS 210 4R J P8 FU/R W 53 B A B0 ol s BOR , WA LR SR R R sl o L
FHF RS Tk 0 BARIRAE P IR . e BRI " e R0 D5 1 L S BRI I . B A 2 4R TU R0 5 R A A
Ak RERISE Y, B A 20— SRR P Y08 BL R M7 52 S 4 A, 91 28— 248 VU7 B J% S0 i o 3 45 A1 B K R e s 9
SR DRI, AR R B B TR AL AR 1 — 5 B g A P B IR M e T R A A R 2 5 A

S BRI T ORGSR B R

KRR AERPRL JETETURI R A, R Tk, A R T

PACS: 85.40.Hp, 42.82.Cr, 68.65.-k, 79.60.Jv

1 3

ARSI KBTS T e 8 BRI (7T
TIFR —HERRL) BOBFTE R, PR B4 S5 i — e bR
B2 — IR RIS =2, YA = T

i

BEATERME, HLIN4JE (10 VSe, . NbSey, FeyGeTe,)

AR (F1A0 MoS,. WSe,y . B0 a2 (1540 h-
BN BiySes. WTe,) g1, [RlAf e ARG 6]
s 10, AR R R AT R AR B R
() LT 250 | bR TR | R0 A5 A IR R
AT BT DGR R iERE L B
& A AT AR 240y, (11131,

DOI: 10.7498/aps.71.20212033

TSR LR T S 45 H (two-dimensional
van der Waals heterostructures, 2D vdWHs) J&
JUA ) B e RhE i 2 [RS8 FUR 7 72
75 10) bR R HE B 00 S ST AL . ] 2 YA LR
W 5 B R AR A = WI3G — AT LORE SRR Rl
HHEBRAS, WA & AR R B L R 28
Z 1 YRR £ 2D vdWHSs $2 48 T —A4 [
URA R BT —HERTRE TR A R )R
JEE A RE R, RTLASR P i TR 1 B S o 2 4 o] 8 45
AR AR R A B 5 I T R H
P A5 51 2D vdWHSs. 3 Ff il 2 51 78 FU /R 0 5
JRAS A A RS BRI PRI F BT B 52, RE
FIREZ RS REHITIREZ, 1 HRE P i itk

KRB ES @S 51625101, 51971026, 52071026, 52130103, 12174426) Fl FF e @ 48 R A B BF L 55 28 (LS

06500140, FRF-MP-20-05) %% B AR
RN
t BIEMEE . E-mail: sgwang@ustb.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

048502-1


http://doi.org/10.7498/aps.71.20212033
mailto:sgwang@ustb.edu.cn
mailto:sgwang@ustb.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 048502

RE Y k2 A il i ] AR (BT A2

EFHMEA A ) S T A E AN [R], AR PR
S A AR B, TR )2 R RO R
NEEGIE ST IEsH, Pl B AR 52 i DL
BC A B . 8 2k mT AR B S s LA R 2 R
FER R, 3 5 (e il A 0 A ) L ELJC S e
TSR FL/R T S B A 1. A A S8 0a 0 9 oK B
G sRBCT IR I RE A, A BIEEAE N &R
FEL AR R 2 S A A ek 22 T ) 2 i LA U/ N 42 ik L
BEL, W Tl 2 e A e 22 fi ) A (141,
O 3 Ao B M B (A AR 5 Al AR RDE
IS TR T i, T 44 R FE A i Oy X BE S
RO 4ef AR i A i, BOR e E T =4k
PR L~ i Pk B, 81 ali ¢ 3] InSe A48
Bt TR JRRRON (19 NbSe, Fb -S4 161, T ELA
FH I = B R R AR, A S M VR A il F il
BBV /D21 AR BARE PN IR 1) 18 07, A AR AR
TSGR RN A A e 07 R 81 A X A
T FL IR $r S5 Jo 235 A0 1) 2 R R R Al AT DA 93 2 T 22
TR 1) 4 T FAN e B 31 — R b RE L sk — 4R A RS RS
B4 Jm Wbl b, AT B A PL R e i 1921 3k
G T AR G IR 4 T r AR T 2 A Ak = A K
SNBSS R Y HORIN AR, ATk G B R R 2
PSR RE R AT HL . R RETE b RS BE A58
PR R 5 005 1 . A28 IR B A5 i 2 e, Ry R
FHEZ ML T B ] fig 22, —4ibhklik B £ 5 10 fE
AR R O A0 £ R T B L SO /AR
(hexagonal boron nitride, h-BN) &¢ 4k 48 2 (A 1Y)
AR DA St I 4w A A T B
B 4271 PR A AR R REA S5 A detE, fif3 2D vdWHSs
TEV R i T T B A R R, B,
2D vdWHs /37 i DG L A BRI, AT 328 J2 45 il )2
FE . FHRDE A 2R | BB A5 A SRR, TEfRLR
s R B AT L S G T S B B sk (), R 2 2% )2
(AT HL AL DR, S B AL TR RE I TR AL R B4
P

B L RE S R H R AT SR
MR R4 SR 2D vdWHs, NIRRT 5 SR
LBy QIR IR M OE 7/ B LBUE 7 o ] I T R = S ]
H, iX#P 2D vdWHs & T #Y  E L W 1
S S A AT B s SIS , A T e
RE AN Dl e e 1 11225240 4R 22 H A, HoA B Al
WESE RS2 B FME RS 2D vdWHSs B 259 S B ek,

PR RERE S AR G ATINRY | 2B AR G
A HICSF, 76 ATER T2 JEH T2 B H T,
LR o I s R N T Y S SN O VA R
j'j [14,25—-28]

BT, ACE N E MR R R,
MEALE 2D vdWHs BYHl&HR: 8 54 | ki
BRI AR | = 4e B\ e bR 567
Ji. 2D vdWHs Y FHTHE . Bl 233 Tk fh
R R4 1 2D vdWHSs [ fE K v, 55
RVESE T Y-t e R A A 1) A R VOB PR
Hr RSG5, LR 2D vdWHS TERERR B 45 | B IR
s ke AT P AR .

2 2D vdWHs #y #| & A

MR RS BOR AT DI e R R AR
SRR B PRS- T R AR &, sl R S
Z R YRR R & 2D vdWHs. IUA BB+
ARAT G ARE R B AR M TR, TIEER
HARRIRTEH B R PP 0 R A 2
TR o EH R SRR W, BNz phi, 2 RYE
F RS A BT BH I AR R AT Y. IR
FR BRI R i Fe rh MR AR AR 5 )R
R B, MR — BERER, filan, fhS
FHUTEREE (chemical vapor deposition, CVD) 7E Cu
ol Ni IS FAE KA B2 A S il o A e A HoR
R3] Si0,/Si AT BRI, X PR L RS BRI
SR R R B AS [ R A BB AS [W] 9 £k
SRR, R DA ARSI WS
FoOR 20 BN Z h i P03 AR 1) 5
P B8 Mk sk B R B A 1k 1)
S TR RROR ] 73 B T IR R (Poly-
dimethylsiloxane, PDMS) #9441V 1k (AR
v PDMS | & 1) 5 #% 7k 5 PDMS Hi B (9 5% #%
o)L B R B VR T 4 B e 7% 1 (48]
PR PR 4 2 ) 77 35 (thermoplastic sacrificial
layer method)), %] (roll to roll) #4A%1k PO 4.

TEdil# 2D vdWHs B3 B2 b, 3 2R
PR B A B CVD Rl &5 1 —4Ep B % 31 B A
PSR E 1B, FPREHE AN [ — 4 b4k 2 B
B U L. XA Rl R A
K TAEE R BMARS S = 4E R 548
a4, MEHATTE MR E, DR EY

048502-2


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. 4 (2022) 048502

EAVE R B HED, A LR ILECE R G
R BHIIENIAGIR TS (polymethyl methacrylate,
PMMA) /M4 )2 (542 — Mk Bk v n 2 5
)y, SRIBIERE W) B RESHMERY PDMSH2 &
A HRAY) PDMS/PPC 174853 5f PDMS/PCH. H:
Hh, PPC /2Rl (poly-propylene carbonate)
RTRIFR, & — PR AL I AR 3741 °C p#Ja
P PC IR RARERNE (polycarbonate) Y TRIFK, &
PRI EETE 150 °C A4 9 — 20055 & A i
FRERZS I = o TR EW. TSRt i, R
B EVER LA T RE RS 4 A RS AR Y B
Hedfoh, —HEpPRnT DR R EE BN B R R TUA
BN —HERRNI TS 3. LA PMMA /454
AR AR AT T, W 2 — R T RE RO A i 1 7K

W2, W, B MR (Polyvinyl alcohol, PVA),

Mitsubishi Rayon aquaSAVE. 74 e 3CHkH, T
BB HRE ONTE R i B R RS 1) — 4E bt
BHE A 2 iR o R B A2 D, I
i HH BRI g R E T Tk
AR B FEASCH, IRATIEEFE AL R v I BIK W
B RIS TR HOR.

TEX — 843, FATHA A4 2D vdWHs 1
THEMPREE S HOR ) WS EOR TR il T 5
F, AN B i s 2T ik . =i
Y\ RHEERS ik 2D vdWHSs Y ST I,
R ANEZERI) 2D vdWHs $#2t AR 2%

2.1 HBEAMNERLZE

T HERR R AR R 2k T E H E
Bl 1 RS, B IR G = 4ERdR ) &R
GGG, 7 A — G Ea KYs
TR B R AL B B AR R &
(W] XY J7 mWhoT8%) | 5688 48 (SRt A
Bt 1l XYZ =ihi#%3h) . onds . Bk L. H
Hh, W E ) & IR G Ho ik B2 R R B
SEATIRFER, Fe B8 WA T IATR A RE WA
R RS- AW T TR, itk
ESQII

1) ZE bR A LR 2 B R A W R A
L, s AW RS A SR B R A 4
R

2) FHEF 5 _EWCE & B —A e AR R
JECHE i

KB G

LiZis s

Je R

K1 TR RS R B
Fig. 1. Schematic diagram of the experimental setup for dry

transfer.
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Fig. 2. Substrate etching method with PMMA as transfer medium.
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Fig. 4. Liquid wedging method.

Yy BEAIF 5T T 5K ) R AR A A ) Ay T A 67 7
2017 4EHF— R T X R 2R RS B Rk, A
F PDMS BB M ELEAN B AE MoS, R I,
A EE VAR RRA WL, SCBE T AR
JE L BRI MoS, WA 563 H T b4 #.

R, WAL R (HRR k3 T R Bl
PR RS %) 38 PRI B L & CVD A K A7k
1B Z R0 AR RS, AR B, THFE
Bf e, R iR Tt i, TR AL L) e (i
R T A o BB R AT IS ) AR

2.3 FHEEBRA

Xt 2D vdWHs il 25, & LAY [R) R ST
LT BB | T TR 8 LA R B A 3 R P R T R
Z R FR ER ) 05701 X B 2ot KRR 7 FLR
Wi A RS, AT BER R AR 25, I,
TR H AR R T v Y B R U S o B
. B2 N R A TR R T E LR
145 2D vdWHs IR,

2.3.1 X F PDMS #94&FHi4k

HT PDMS M2 TR (AT#xA PDMS
SIS AL 1k, B0 PDMS S B 0EERS k) Bacih =
w4 A RS . PDMS & — Rl k2
(A DLEEY R, LR R S) B R, VR Rk
PR Ty R AT AR Z IR A 2% A il PDMS 3

AR R e A B sl K. AF R0 i) PDMS
JINERL TR E H FR S PDMS E 2 (PDMS stamp).
W RFEF PDMS ARG SR, 8 4Rl B
B3 PDMS i |, /5 F IR &%) PDMS fl—
A PRl Z I ARZIK R B0 2 5, it REY PDMS
AR AT U bR — AP RLE 25 76 B Rt ic L.

2006 4F Meit] 55 M 4 1, SRtk i) 2 A
ML FRAY (H1a0 PDMS) 544 i1 Y &
TR (BIANERAE AR A PSR4 ) He il )5 A7 1E
KB 77, AN TR R 3 PDMS B 5 5 fik A
PP TRE B, H o B R 2 R ARSI AT
—EBRR. FTIRW], Kt PDMS BN &5 Z4ibf
L] RPRG R 0 32 20 0 B RS, X AR R T H]
T ¥ 4 AN B IR R R 5 7% 2 B AR+ R L
2014 4F Castellanos-Gomez %5 44 $E H T —Fp LT
Hidtk PDMS EDEE () & T 1R R, S0l T —
Fh AR S B O —Fh 4R R O LUE L
JRE5H, SR AR AN 5 TR . AR AN F AT AT
WA= T B, ATTERE = R R A [ B s D i T
o PAFRE AL K E PDMS B EE AU AT
VERFI B A BN, RIS AR e R840 ot S
PUASTR) —4EpE R S B 45 H 10 B i 2% AT
PDMS & TP B o SC 8 7 N T 5 451
(BN, A 884 /BN S ahf) fl A fE 7R 7
JE 5 DL R —4EM BT BRI EREERS, S
AEATR LS TR T R B AR AL R S
AL T AT R
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Flakes are transferred
onto the stamp by exfoliation
with tape

The stamp is pressed
against the substrate

—

The stamp is turned
upside down

The stamp is peeled off
very slowly

The flake is alligned on top
of the target substrate

= |
==

_—

The flake has been
transferred

=

e

B 5 3T PDMS A4 #5535 1
Fig. 5. PDMS-based fully dry transfer method*4.

T PDMS B4 TP ik 0 F 2 AE an
T E S, B AR LR 25 2] PDMS B L,
PDMS [RI VRN EE 441 it SR 5 J0 41 By
PDMS ) — A WG 7R 8% v |, O 81 8 e 6 T 5%
V6 SRS S b FIHIEE RS T SRS i wT e, (0
PDMS Jii b B —4ep LS T 07 1 HARRTIE (853
—DHEMR) WG BETE—E IR T Z R R
PDMS Jf#B i — 4 a1 B 7E B bR ie (807 —4
THERORL) B, RIS R AR RS 3] H AR R
(B PR —ZEATRHY R B 24 15441,

R PR A TR e MR, 1R R
P, T RS fG —4EpP Rl s R B gty s gL [k
MR H AR, 7k ARG & AR
PR H bR eSO = 4EAR - (H A S
AU A RL 2 — WA S5 sl 2 2 10 5 T 45
F 2L oAb, BEIRTERZE  WUZ DR ER A S
FULZJER h-BN H i FHae A B, X 0& i T
FH PDMS AU B Fak — AER R (RS R 145855 ,
MELATE PDMS b ARAFECHE T — 4Eprk}, H 25
PDMS [ 2 AR nT ULEEAIR. ANl sk fa i, 5655
1) e RLER AT 2247 PDMS 5% .

Uwanno %5 (™ f§ PMMA Ut PDMS, & f1
SR B F) PMMA B L #8805 Al {15 A 85078
JES PR 45 B /D 3R RO PDMSS (3% 284k 5% AR Vi
JE (~120 C) tk PMMA [ (~100 C) /&, PDMS
L PMMA BB 28R, 8L A B A E L2

2.3.2  SEAERRIAER A BB EAS L

TE 2.3.1 AT PDMS i) & T
TRRENSHE 2R A ki 1 PR U RS BT Ao B Frded

JiE L, fEJEAAE ] PDMS #ELLSZELFA B (pick-up)
ANTRN ) Z AR e 22 5 1) S I 4. YA R R
WiVE D48 B ny % %% 7% (van der Waals pick-up
method) i % K PDMS 584+ FZ R Y PC 5§
PPC 4 A5 i PDMS/PC 5 PDMS/PPC,
PRI AT 53 T PDMS /PCH—40 5 PDMS/
PPCHW I [ 575 77 . X L5682 ] PDMS/PC 5§
PDMS/PPC % # A BT Se 4/ WUk IS Y — 2 b4kt
(140 h-BN, Al 85 4 BN), FA AR bk
Z[E] (R4 BLIR T ) RAR IS — A e pb R}, 7T
2R HAR BUR R b kL, e 3-A5 22 103
TR R 7 S B A5 48 . 0 A% B 1k e T4 4% b-
BN 32 1 “4EbR sl 2 Fh — iR RIS Y 5 TS
F4, #5[f1 h-BN /graphene /h-BN [46-45] h-BN /WSe,/
h-BN 1873 h-BN/Crl;/WSe,/h-BN[™, 3% il % %
T A AR ) R B e T A A
MR RN SRR G, TR T
ST ST S .

1) 5T PDMS/PC W4 )5k, 5T PDMS/
PC B ks & 6 Frx, L4 h-
BN/ 5% /h-BN S EZ5 1 011, AR BRI
T {8/ PDMS Fll PC 4L A B &7 TR
KGRI R b, B A e % SR A
7+ PDMS/PC # T, 2% T PDMS /PC, HIPDMS/
PC# N 448 1 F A h-BN #E, RO
JiR s AERFIE 14 860 80 A SR RIS 2,
PDMS/PC/h-BN 7EM#IREE 70100 °C yuHE A
FIH h-BN 17 254 18] 45835 10 0 48 LR i g 4 B
A8, WAL BRO@ITR; BiS HE ARSI 2 46 17 2K
A h-BN HERHE 3, {8 PDMS/PC/h-BN /£ 5
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PDMS
PCJE

%K1 ERh-BN l —
@® @
AR AP C,

Ve TS5 5h-BN/
T80 /h-BN S F 2y

>

_ ]%Elh-BN —

® | @
FERPC/h-BN /1 54 %
I THIES EMh-BN g Q{?gﬁ l
®

B 6 H:T PDMS/PC W#E# 71k
Fig. 6. PDMS/PC-based transfer method.

WA 7E 53— h-BN #E L, NG 2= PC I
1 (150 -160 C) VA Lf#15 PC BRALAERTE 3 I,
B 5 A 3% A /PDMS, WIFEHRTE 3 _EH#L PC/
h-BN /A 24 /b-BN 2544, WP RGO TR ; 04F
e 3 E ARG, CrE ST W T R L PC
B, ek 5 LT h-BN /7 8804 /h-BN [ 5
JE4ER, RISCEE h-BN BN 3800 4 8RB0, Q02 5%
DFR. 16 BLEERS 5 b vl DU At — 4 b1 R} 5
e h-BN Flf a0, DAl & AR H 228 2D
vdWHs.

2) % T PDMS/PPC ) #% % 7 1% . 2013 4%,
Wang %5 W7 428 17 —Fh 438 936 A8 FC /R T 145 HL
BEREOR, Wt Z5 T PDMS/PPC 155 )7 .
IR 7 R S TR A ) F) 91 B JR 34 A
HAEM DT, TEA SAEMER G Y S o0 T 58—
AEMPRL IR PR RS, B e e R R Y [ I A R A
FE B T AR B 5 L. 2T PDMS/PPC
BRIk 5T PDMS/PC 8 )5 15 B BEARM,
A BROTT LA A, 3T PDMS/PPC ##
T AR E 7 R, BARBRAEL BT OFF
RER LHEARZY 1 um 1) PPCCRINMRBRNS) MK, K
h-BN 5% BT 4 SWL A ) 25 2] PPC WK | ; QBE
Ji INEE R EF-3h3E PPC % PDMS EiFE B,
£5 h-BN 8 L, [FEEE PDMS 55 — 1S U 3%
BRI A L, B PDMS/PPC/h-BN #5E %
@@H PDMS/PPC/h-BN ¥ £% E) % 8] B J5 2 3%

TERERE SO, R S48 Y h-BN 5 F 5wl ik |
(AT SR ERE A 6 v, T S G R B &=
45 °C (PPC MZBEALE AR IREEZY 40 C) J5 22 184R
LA T, BERT h-BN 577 880 ] 5 58 19 Y5 7 FC
IR 3T 1 (A5 A B0 ARS8 B T 8 h-BN 43 5
G5 AT 2 #5817 h-BN #1453,
2 PDMS/PPC/h-BN /47 8% Xt W 5 78 55 — 4
h-BN #E | @#ARHIK S 2 90 C LIk PPC
B LA AT 3 1, HASBREIE i /PDMS EN 3,
D JG AN h k£ 4 R 45 F iy PPC
JIE5, BIJE % h-BN /47 8804 /h-BN 52544,

2019 4F Kinoshita % ™ | /] PPC (1) #4 %8 14
SCEEE | WE A ARG 0 2 h-BN 4 Tk R
%, kA PDMS/PPC & &4 Bl £ 11 h-BN
BRI A BRI AL 880G /D2 h-BN /1 8506511
T H I8 45 27 7. Pedrinazzi 55 9 F| | PDMS/
PPC/h-BN A HU T # 2 7E PMMA /PVA &5t
IS A BRI h-BN B i B gk, 5
RERTE A L, PMMA /PVA B4 Wt I v] B AR 0
A FB LA BRI 2 AF 152 . Banszerus 55 (7779
PR TEAR PLR I I A UL RS CVD R A KA
HGE A BRI k. % AR T PMMA
A TR ZI I, 8 TR L F R T
FIH PDMS/PMMA /PVA /h-BN B3 WEITE L4
By A d, AT 2 A S 2k iR R 1 A SR
k. AN, 3T CVD B4 KA 0 880,
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Fig. 7. PDMS/PPC-based transfer method.

AL AT LSS FH R 20 ol koo B2 0 B M i 7 22 e
Ji§, £ H PDMS/PC/h-BN 44 HUJ5 £ %% F h-BN
w79 {H I 5 AR S R A A 2 M 5 ) S T ) AR
AR S Y Fr R AN RS

048 FC R T 0 A8 B B 7 T vk, i T
PDMS/PC 5 PDMS/PPC {568 4k, S8l T &
RUOREE , TR B YRR AT BRI BLIR S 5
FREER Il 2, S O PLOR i e B 45 A AH OGBS |
Fh H L Tk

2.3.3 M MAnAE R ALK

PRIBPERGRE 20054 7715 T 2011 4FH Zomer
S O GRS O I AR R A WA
B AR RS A . LA 45 41 BB M /h-BN 5
RN, AN 8 s, R TR R R
ML RYZ | S W (Pritt) F3ERS 403 A
PR TLZR) 2 iy Y RN A T Y T 0 R S T A R LE
TR (Elvacite 2550 PUMSERINAR) 7 T H 3 5 T &
fii] (Methyl isobutyl ketone, MIBK) ¥ & i 14 1M
B e, RME W R R TR A Ay (R
SRR, R I e LILRYE, B =2
A R R B S 2 B T 120 °C T 4L 10 min
DL = 4L 2 P iy MIBK FIE# ALYy, SR,
SR FHTIUIR] B A 85 ALY 2, PRl R S
R IR SR b G B[R] B 2
RBYZE LA BE S TR E A h-BN # R X
e, WEAEEY G IR 75—100 C, X4

LR Y JZ BB AR T IS SRt 5 R A
JREHE O B, LS A 3 B A R A I T BT
Y E A BIEE h-BN 7 B8 58 UG T 8
LN R 2RI, B N R RS RS A 5 0/
h-BN 5 5igh#4). Hunt 45 B0 F 2013 4R T —Fh
e T, RS I IR A R RIS I PDMS
BNz, JFHH RN EIR P IR (MMA) REU1ERY
— LIRS R /PDMS /847 /MMA /
AR S Al A

(a) (b)
Polymer = Graphene :
=y Mask/i :
Tape . h-BN

SiO,
Si

Glass

68 FRIB PRI R BB RS 1 1

Fig. 8. Thermoplastic sacrificial layer transfer method!49.
ZHRN _EM RN A

FIHFCNIE, Z4EAPRHE R HOR 325 )5 FRAE 1]
BRI A BORUBS TR . (B, YO T FL/R W S5 I 454
M ALK, T2 & T Z UIRe ) b g
Jiids, B gAY TG | W SR B SRR
2020 7R 3 K241 Tomoki Machida 2R EI41
Al T —FP AR R = AR Ty ik B S
HMHIE R EY) (microdome polymer, MDP), A%,
DISEEL T —4epr Rl nd i = 4ede g, wHsig s 3t

24
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Fig. 9. 3D manipulation of 2D materials using MDP[®!l,
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RUEHB R R BOR AT R AR nl Tl s 4
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AP A Y FL /R B S B 4, (H R ER
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LR R ARAEAE S AL 1 B rh A AR fh 21755
WS I A= 2 BTG e, BN, R 20 ok it
Jo B ZHEA LR T2 A 20 Dk 48 B PMMA
BRREW, 520 ZHER R BT S AR A R
RSB AR SR LR R rp MBS S5
Tl FIE R AR SR e A VR WO B AR B A FH Tk —
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TETC/R I E I 4R USRS 1 | IR PR 256 7
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I 5 S B SRR A TR R JE ) 3R 5 Wk
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2 fh I d 308 3 1A S R A S B A BT Y
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5 YR A, (BT PMMA 1900 T
SEE R FET PDMS M4 T M5 R 1k v — 4k 41
BHS PDMS JBHfh, o —Em M REWIRE.
2.5.2 ZHFRF@EHE

ST I VA A 1 SO A 1 M B R B S B 4
PSP OCHE. B REHES S A f ik 72, R 1A L
WHIFR GRS, kS 61 = E0K %
15 YWy T RE W T A B, U LA B ROR R
AN 1 JRy A IR B KR A R TR S
B BR R 2 WAV S B 235 40 1) Jo £ 05 1 S B i A7 R
SF (GEE Y 1—10 pm) FPERE. B, FF A& R 5t
THT VA T H R A5 JC hy E

Kretinin &5 04 X7 Ssdfk e B A 15 1) 10
4% (atomic force microscope, AFM) FIH# & i )
BT HER (transmission electron microscope,
TEM) £AE53HT, nl WS E A 2802 HA I 5 A
SRR, BB TRl 2 P | ) T v
S, X AP TR s A R AR SR, BT
UL )T T S T 45 TR ) 7 125 2 ) ) 6 1) S i 24
PSR KA B, 2T 2l ST Y Bk
VR 7 Bas a5 % X 4. Uwanno 45 82 1fF 58 T
AN [) ek B AR KT h-BN /Ay S50 5 ot 3t 1 Ak /<o
FIFZIR, 200 °C 1) Ar/Hy AR B k2l /N
BESR R, 3B Kl IR F) 500 °C Ik
24 SRR, J5 IR A B A AR 0 R R AR
RIS HH DI, T 5 e 4 4 LA A1
PERE. Haigh 55 B S407E M ] AFM 2800
1, 5o iR AR T AL AFE P PR
A AR B B, TR OB A9 <. Ak, HLAK
BB A A 778485 GRAE T 8% R — 4 59 o0 L1 Y
SRS G, B s S B2 R i ) it I

Br T EREER IR KA, AR R R
ARS8 FL 7R 357 47 YU R 12 M A Akt e 4 3R 5 W)
PDMS/PC 5 PDMS/PPC 5 ] — 4 b4k} ) %
fi, 48 SR AR FR, PRI R A & T A
JEITRIAL T S B4 A i i 2. Pizzocchero 5% B9

3 3 A v TR A IO ¥ S B T O PR B S o 4
P A e A8t e ) 45, UESE T AE 110 °C F AR
BT R% SR T bR AT R A e .
ARSI K B AT AR B, LI
JE SR IBCHRE | RS R B VIR G, i Ay s 7t
T R A W) 7 B0 S B0 B AT RE Y BR . Zomer 55
A Purdie 45 57 {ff FHERBRIRAR (PC, HIEHS L% A8
HREERRE 150 C) 1% PPC, TERff 4l 5 A if
T8 T 1A ) IR 58 e Jo 2 5 S 2 R 1 il 2. b, U
DRGNS YR ADRE 4 fk AR AL T LAA S8
SIS G, R SR 7 A SR R I
TEERS AT BB TEAR LAl N U b AR, AR 3400
il S o A A, i, PDMS il T etk Ep
7= (lens-shaped stamp)®, PDMS/PPC EJ [
DB RREERIE 2GR 9. Toyoda 45 3 3@ 14 PDMS
[E6]1k Shy HA S 5T AR ) e % B A i/ N e T AR
TEFR AR P A BB A I, 553 T AL e
TR TE PR T S BT A i il 4. A ME A HA
W7, Jain 55 W9 K 1 —F ] UV-O, HiE ik
B PDMS K, FHE 4 RHE R 2 3] PDMS
FM, XA F TN R PDMS #5885 — 4t b4
BRI AR Y5

3 2D vdWHs ¥ g & 5 F

I AR R R R , N [RI —4ER R
HRMEBIEM 2D vdWHs, #RFEE T FIRgs s
BRI, FTLATE 1 H AR FIEA AR A BRI
SN TR W AR SE i £ S T 4 Al e 2 I 3 ik
OGN RGBS | AR MESE RAUYL S, BT
TR R EL2s EHORAR R, 2D vdWHs ROl £ HoR B
RIGTE. BT, 2D vdWHs B A iFsT — ikt
1) FEF- 1, BEE RO A AR R 4k
PR R IR, KB P 4 A R A P RE A
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BT Y e R 0 A R MY PR

SEIREER), L 2D vdWHs FOP:RE AR FAFSE.
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Fig. 10. Three typical two-dimensional magnetic materials and their properties. (a) and (b) show the structure and magnetic prop-
erties of Crl3": (a) Crystal structure of Crls; (b) magnetic field dependence of the MOKE signal in monolayer, bilayer and trilayer
Crl; at 15 K. (c), (d) and (e) show the structure and properties of CGTI: (c) crystal structure of CGT; (d) optical images of CGT
with different layers; (e) temperature dependence of the MOKE signal of CGT in (d); (f)—(h)®! and (i)—(1)1? all show the structure
and properties of FGT: (f) crystal structure of FGT; (g) temperature dependence of the longitudinal resistance of FGT device. The
upper-left inset shows an optical image of the Hall bar device; (h) temperature dependence of the Hall resistance of FGT device;
(i) thickness dependence of the T of FGT; (j) conductance as a function of gate voltage V, measured in a trilayer FGT device
covered by solid electrolyte LiClO, and the inset shows the structure of the device; (k) Hall resistance of a four-layer FGT flake un-
der a gate voltage of V, = 2.1 V at different temperatures.
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Fig. 11. Two-dimensional magnetic van der Waals heterostructures fabricated by all dry transfer method based on PDMS: (a)—(d)
FPS/FGT and FPS/FGT/FPS heterostructures®: (a) Optical image of FPS/FGT heterostructure; (b) Atomic force microscopy
image of the FPS/FGT heterostructure in (a); (c) and (d) temperature dependence of the Kerr signal between two kinds of hetero-
structures and individual FGT, and it shows effective enhancement of T because of the fabrication of heterostructures; (e)—(h)
CrBry/graphene heterostructurel®: (e) optical image of CrBry/graphene heterostructure; (f) diagram of non-local measurements for
probing Zeeman spin Hall effect; (g) the non-local resistance R, as a function of the back gate V, acquired under different external
field; (h) temperature dependence of the non-local resistance Ryy; (1)—(1) CGT/WS, heterostructurel”: (i)optical image of CGT/WS,
heterostructure; (j) Photoluminescence spectra (PL spectra) of individual WS, and different CGT /WS, heterostructures; (k) schem-
atic diagram of Kelvin probe force microscopy; (1) measured surface potential or work function of CGT, WS,, and the heterostruc-

ture at room temperature.
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Fig. 12. Two-dimensional magnetic van der Waals heterostructures fabricated by van der Waals pick-up method. (a)—(d) WSe,/
Crl; heterostructure'”: (a) Schematic of a monolayer WSe, and trilayer Crly heterostructure; (b) polarization-resolved photolumin-
escence of a WSe,/trilayer Crl; heterostructure at 15 K and zero magnetic field; (c) schematic of a monolayer WSe, and bilayer
Crl; heterostructure; (d) photoluminescence intensity plot of ot (left) and o (right) polarized excitation and detection as a func-
tion of magnetic field and photoenergy; (e) and (f) WSe,/Crl; heterostructurel'”!: (e) optical image of WSe,/Crl; heterostructure
and PL intensity in boxed region; (f) circularly polarized PL spectra at selected excitation powers; (g)—(j) CrCly/BLG heterostruc-
turell?: (g) schematic of device; (h) optical image of an actual device; (i) quantum Hall effect at perpendicular magnetic field B, =
~14 T, showing typical quantum Hall plateaus of BLG; (j) magneto-transport nonlocal measurement results at zero and perpendicu-
lar magnetic fields.
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Fig. 13. 2D van der Waals magnetic tunnel junctions. (a)—(c) Spin-filter effects in layered-antiferromagnetic CrI;"%: (a) Schematic

Magnetic field Barrier thickness

of magnetic states in bilayer Crls. (Left) Layered-antiferromagnetic state suppresses the tunneling current at zero magnetic field;
(b) schematic of graphene/Crl;/graphene sf-MTJ, with bilayer Crl; as the spin-filter tunnel barrier; (c¢) tunneling current of a bilay-
er Crl; sf-MTJ at selected magnetic fields; (d)—(e) a tetralayer Crly tunnel junction devicel’?!): (d) optical micrograph of a tetralay-
er Crl; tunnel junction device. The dashed line encloses the tunnel junction area; (e) conductance through a bilayer Crl; tunnel bar-
rier as a function of an out-of-plane applied magnetic field with 500 pV AC excitation; (f), (g) FGT/hBN/ FGT MTJs!*4: (f)
schematic representation of the van der Waals heterostructure; (g) Tunneling resistance measured at 7 = 4.2 K with B applied par-
allel to the FGT c-axis. Very sharp resistance jumps are observed for B = + 0.7 T, showing the variation in TMR is ~160 %; (h),
(i) the MR effect in FGT /graphite/FGT heterostructures!'?: (h) optical and AFM images of an FGT/graphite/FGT heterostructure;
(i) Schematic diagram for the transport behavior of a typical GMR effect; (j), (k) CrTe,/graphene/CrTe, MTJs!?7: (j) structure of
1T-CrTey/Graphene(3 ML) /1T-CrTe, vdW MTJ; (k) TMR ratios of two vdW MTJs with graphene and doped graphene as barrier,

showing TMR ratios increase with layer numbers of B-doped graphene.
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Fig. 14. Electronic structure and unconventional superconductivity of twisted bilayer graphene (TBG). (a) The moiré pattern in
TBG; (b) the mini Brillouin zone (MBZ) is constructed from the difference between the two K (K’ ) wave vectors from the two lay-
ers!®; (c) electronic band dispersion with a flat band of b); (d) measured conductance G of magic-angle TBG device with 6 = 1.08°
and T = 0.3 K. Dirac point is located at n = 0. The lighter shaded regions are superlattice gaps at carrier density n = 4+ n, = £+ 2.7 x
10'2 cm 2. The darker shaded regions denote half-filling states at + ny/2; (e) schematic of a typical twisted bilayer graphene device

and four-probe measurement scheme and (f) unconventional superconductivity of a magic-angle (§ = 1.08°) twisted graphene moiré
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Fig. 15. Moire superlattice and topological magnetic structure in two-dimensional magnetic materials. (a) Schematic diagram of the
proposed Moire pattern in Crl;/CrGeTe; heterostructurel'3; (b)—(e)[!33: (b) an ferromagnetic (FM) monolayer on a layered antifer-
romagmetic (AFM) substrate with lateral Nee¢l order and perpendicular anisotropy; (c) The moire pattern between the FM mono-
layer (gray) and AFM substrate (green) arises from the lattice mismatch and/or twisting; (d) phase diagram as a function of moire
period A and the magnitude of interlayer magnetic coupling; (e) schematic diagram of the formation of skyrmion. (f)—(h)
WTe,/Fe;GeTe, heterostructure!'™l: (f) optical image of WTe,/Fe;GeTe, heterostructure; (g) magnetic field dependence of Hall res-
istivity, showing a peak and dip near the transition edge before the magnetization saturates, which is a sign of the topological Hall
effect; (h) Lorentz transmission electron microscopy observation of skyrmion lattice from under focus to over focus on WTe,/40L
Fe;GeTe, samples at 180 K with a field of 510 Oe.
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Abstract

Two-dimensional van der Waals materials (2D materials for short) have developed into a novel material
family that has attracted much attention, and thus the integration, performance and application of 2D van der
Waals heterostructures has been one of the research hotspots in the field of condensed matter physics and
materials science. The 2D van der Waals heterostructures provide a flexible and extensive platform for
exploring diverse physical effects and novel physical phenomena, as well as for constructing novel spintronic
devices. In this topical review article, starting with the transfer technology of 2D materials, we will introduce
the construction, performance and application of 2D van der Waals heterostructures. Firstly, the preparation
technology of 2D van der Waals heterostructures in detail will be presented according to the two classifications
of wet transfer and dry transfer, including general equipment for transfer technology, the detailed steps of
widely used transfer methods, a three-dimensional manipulating method for 2D materials, and hetero-interface
cleaning methods. Then, we will introduce the performance and application of 2D van der Waals
heterostructures, with a focus on 2D magnetic van der Waals heterostructures and their applications in the field
of 2D van der Waals magnetic tunnel junctions and moiré superlattices. The development and optimization of
2D materials transfer technology will boost 2D van der Waals heterostructures to achieve breakthrough results

in fundamental science research and practical application.
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