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J& 7R T Gr/Ru 3 [ (1) 47 4 B% 38 & 4 84 (scanning
tunneling microscopy, STM) %, 1] LLE BIFE M

Epitaxially-grow graphene
on Ru(0001)

Deposition of silicon
on graphene/Ru(0001)

Silicon-layer-intercalation
into graphene Ru(0001)

K1 B Ru(0001) R AMNE A BIEIEEZE  (a)—(c) BEfMESRERER; (d) Ru(0001) 2 H 4 84451 STM K 4%
(40 nm x 40 nm); (e) A =MRMPIAEEE T /E R STM Ef& (2 nm x 2 nm); (f) 43di8 k58 42 5 1 STM EBlR
(25 nm x 25 nm); (g) FHEEE/NEE STM B (6 nm x 6 nm); (h), (i) kLS AR =4E STM B4 (3 nm x 3 nm) [29;
(j) #FEE Gr/Ru [ LEED E/&; (k) Ru(0001) FififE:## 1 LEED K% (30)

Fig. 1. Silicon intercalation of epitaxial graphene on Ru(0001): (a)—(c) Schematics of the silicon intercalation process;
STM images of (d) graphene on Ru(0001) (40 nm x 40 nm), (e) silicon deposition on the graphene (20 nm x 20 nm)
and (f) Si intercalation between graphene and Ru(0001) after annealing (25 nm x 25 nm); (g) zoom-in STM image
of Gr/Si/Ru (6 nm x 6 nm); (h) and (i) three-dimensional STM images of the Gr/Si/Ru surface (3 nm x 3 nm) [29];
() LEED pattern of Gr/Si/Ru; (k) LEED pattern of silicene/Ru [0
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Fig. 2. Silicon intercalation of epitaxial graphene on Ir(111): (a) LEED pattern of Gr/Ir, spots from Ir(111)

and graphene adlayer are indicated by the dashed-line and solid-line arrows, respectively; (b) LEED pattern

of Gr/Si/Ir, a group of new spots appear within the circle of Ir(111) diffraction spots; (¢) STM image of

Gr/Ir, inset is a zoomed-in image with atomic resolution; (d) STM image of Gr/Si/Ir, showing two distinct

ordered domains (marked as A and B); (e) and (f) close-up STM images and corresponding FFT patterns

at the domain boundary of areas with and without silicon intercalation (28],
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(a) #% I K Ji 1, Gr/Si/Ru 1 A 54 i1 7 4

#9129, (b) Gr/Ir #1 Gr/Si/Ir #ER I AT/ AV i 28] (¢) Gr/Ir #1 Gr/Si/Ir #£4 f Raman il (28]

Fig. 3. ARPES, STS and Raman characterizations of silicon intercalated graphene: (a) Electronic struc-
ture of Gr/Si/Ru along the I'-K direction [29); (b) dI/dV spectroscopy measured for both Gr/Ir and
Gr/Si/Ir [28]; () Raman spectra of Gr/Ir and Gr/Si/Ir 28],
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SUSRERR 2 X S 1075 B B 409 STM R (4.5 nm. x 4.5 nm) [290; (d) Tr(111) 8 SRR L4 AE7S B 0T 42 127)

Fig. 4. (a) STM images of thick silicon intercalated graphene, in ML silicon intercalated region, the moiré pattern can

be observed (12 nm X 7 nm); (b), (c) high resolution STM images at the bilayer silicon intercalated region, showing

clearly each carbon atom of the graphene lattice (4.5 nm x 4.5 nm) [29; (d) silicon intercalation of epitaxial graphene

grown on single-crystalline Ir(111) thin films (271,
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1.6 . 0 0.2 04 06 0.8 1.0
X /nm X/nm

F5 g Ir(111) REAMEE KA BIEGH HEE)Z  (a), (b) Hf JEFHHZA0H STM #1 LEED Ei%; (c), (d) Hf JR 7251 STM
A LEED BIf%; (e)—(h) HE 4 22 1 A7 5 1 5 7 53 3 5 139)
Fig. 5. Hafnium intercalation of epitaxial graphene on Ir(111): (a), (b) STM image and LEED pattern of graphene before

Hf intercalation; (c), (d) STM image and LEED pattern of graphene after Hf intercalation; (e)—(h) atomic resolution STM
39]

image of graphene on intercalated Hf layer [

Bl 6 i Ru(0001) RHEAMNES SBMGHK Pbik)E  (a) Gr/Ru, (b) VI Pb Z JGARIB K, (c)—(e) TEAREIE FiB KK LEEM
KR (A)—(B) 2 (a)—(e) HLHI LEED F{% 44 (f) 4 Pb JR#I STM EIZ; (g) FHHIAL Pb 2 ) 4 SRR [49]

Fig. 6. Pb intercalation of epitaxial graphene on Ru(0001): (a) LEEM image of Gr/Ru; (b) LEEM image after Pb deposition
before anneal; (¢)—(e) LEEM images of sample annealed at the marked temperatures; (A)—(E) are the corresponding LEED
patterns of (a)—(e) [*4; (f) STM image of graphene after Pb intercalation; (g) structure and corresponding theoretical model
of intercalated Pb layer at the interface [45],

AR A G A BAT SR 1 (B SR A PR 5 AL S B T 2248 5 (Andreev) SO 431 5@
SRR 5, AR X AR XS 18 Dirac 97K LA SR R AT LUK 3 3 AN B SR A R
THAREAE SRR ZFHIE TR, Lk ZNH], NI AT SRS S 5 0 4. Jin 5 ) 94
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fy3 2 (47)

Fig. 7. STM topographic images: Pt (a), Pd (b), Co
(), Ni (d), Au (e), In (f), and Ce (g) intercalation
structures at the interface of Gr/Ru (47,
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P HL AU A A R IR K. X B T AME
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HhIE AT SR EARIE B BUIRES, FIR A 2R L
XA SR A I REHY S5 A REAT TR, TR T R R
T E WL ), — B DR AR AT SR
M. CAREREEHLEA 8 S AT 4
J 0 A8.49) i el A B0 A B A AE R AT 4 2 )
DA K 7t 5 JE - S - S e R L ) 1) 4 (H R X
SEHLH] I AN RE AR X B R A2, O Ru s I
R A HE A A A 880 o AR e, SR AR D, X
LR S BT JR T DL o B R A SR T O
NG TN FAE R

WEFEN 52 LA SiAE Gr/Ru S 1 4 J2= R 4k
&, B RGH STM B LI 456 DFT 5, $2 i
T FAHT I S IE R E AL P2 8 (a) 48
H 7R B T AE Gr/Ru ik & 4 2 AL KR &
2 Si AU B Gr/Ru KT &, BT SiJE 75 Ru
SERRHI P FIAE R, A2 — 2 W T A SR R AT B
A BEAL AR 2 S BRBE . X LB R IE 7 A AR A T
Si AT W R 4, SRk SR TSR L Si
JELF ) T3 5 3 A 2 ik 4 5 38 R P [ A
(2t AL, 1 Si 57 AL T Gr/Ru 5t H AR X AL T4 8
W 2RI 5 A2 — A NS E M 45 k. 72 F 1 A Si
JEL5 AT DAFE A 2 i BN 4 BOR BA 7] (R 4 2 S5 4,
55 RN R A4 A B S 723X — T 51 mT Al
B S AR AE B A AL, XAE AN W A
BREE LSBT R Si BT ST A K B 12
BN TS BESIR T HELRE. FEE
R A R 2 SRR A L SR T B4 = DA AR B 12
RS REAE AR 2 R R R A AR Y, BIBR AR AN
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Fig. 8. (a) Schematic diagram of silicon intercalation mechanism; (b) STM image of Gr/Ru with deposition of

0.05 ML Si at room temperature, followed by thermal annealing at 400 °C for 10 min; (c) atomic resolution image

revealing a carbon vacancy; (d) STM image of the sample in (b) after another thermal annealing at 450 °C for

30 min; (e) and (f) calculated energy barrier of Si intercalation without and with Ru substrate, respectively

216803-8

(52)


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 21 (2017) 216803

&I DFT tH 5, H RS A BG4 — Ao
P B ) 35 22 N 8.09 eV, SRIMAE — A Si Ji T 47 1F
FR S L R B T R RE B N 0.26 eV, 254825 FE LI
A1 Si R SR EE T A AE N 0.23 eV, 7] I Ru 3K 5
Si i T [0 A7 15 35 R A% A A 55 045 25 67 Sk B 1D T i
B, I B T A P 3 2 AR 11 R B R gl mT LA sz
L. FERIEAL B TFIEN R OO T SRR AR )
HEH 2, WES (e) FE S (f) 154, =ALF Ru 2
JEIAELE I BE R R HE PR JZ 1 3 22 R R AL
I, 2 35228 0.66 eV; T [F I 25 18 7 23 A7 Ru
BIRMIFAEZ G, HEH L2008 0.33 eV, B FE
(4 2 AR TE IR SR S T o 58 4 i) LA EIL ).

X — W50 R B R T AN 4 R R R P R
R B, T SEBLE 2. R, SRR
THEZ G, A SRR IR RS B I i, T B
FEEHMASGELEI T BREE. AT RIUEX —id
&, AN SR AR R & 7 % i LA Gr/Ru #f
w7 AR (A RE W A6 R B I R B, SR S R X
FE At AEAN ] (R F IR K 30 min (B9 (a)—9 (c)).
M— ZRFI 256 45 o] DUE B, Bl A IR T
WG SEE (Fo(d). LR IE R BE
700 °C 4T 30 min (IR K RIAME R JL-F B i 6k
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I 3ok R A 2 R A N I B SR T AT AR 9 B,
TEIR Kk A2 H e b 21 Ru B AR SR T, SIS A 6l
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R, BT &I 43 N atop, fec Mlhep X4, AN X 3 ) A
SRS R B B AN ] < aF B KNS, R AT
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ZJ5, B2 P HeE A e SiE 1 el 7 fee
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Y atop A fec AL F hep 7 N 77 3545 Si Ji FIE A5,
AL T — 2 Si i 462 (K9 (e)—(h)).

=
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# atop, fec Fl hep LB TR, 4 L ARG EE MR E () 26 R HANE R T 72810 52 ik (52

Fig. 9. Removal of vacancies on Gr/Ru and the evolution of the intercalated Si layer at the interface: STM images
of the Gr/Ru samples annealed at (a) 25 °C, (b) 300 °C, and (c) 450 °C for 30 min; (d) relation between defect

density on the Gr/Ru surface and annealing temperature; The intercalated Si atoms can sequentially occupy the

areas below atop sites (e), fcc sites (f), and hcp sites (g); the inset shows the corresponding structural configuration
of the intercalated Si atoms; (h) a full ML Si is formed at the interface [°2],
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Fig. 10. Superstructures of epitaxial bilayer graphene
on Ru(0001): (a) STM image showing a moiré pattern
with a periodicity of 3 nm and an additional moiré pat-
tern with a periodicity of 21.5 nm, the white rhombus
indicates the unit cell of this additional moiré pattern,
inset shows the FFT pattern; (b) line profile along the
black line shown in (a), the red dashed line illustrates
the modulations of the apparent heights of atop re-

gions (571,
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Fig. 11. (a) High-resolution STM image of bilayer
graphene on Ru(0001); (b), (c¢) Close-ups showing
the honeycomb and triangular lattices of the regions
marked with blue solid and black dashed squares
in (a), respectively; (d) structural model of bilayer
graphene grown on Ru(0001). The top layer graphene
is free-standing, whereas the lattice of the bottom layer
is stretched by 1.2% with respect to that of the top
layer. The two layers are AA- and AB-stacked in the
regions marked with blue solid and black dashed cir-

cles, respectively (571,
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SPECIAL TOPIC — Hybrid silicon/graphene and related materials and devices

Intercalation and its mechanism of high quality large
area graphene on metal substrate”
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Abstract

Graphene, a two-dimensional material with honeycomb lattice, has attracted great attention from the communities
of fundamental research and industry, due to novel phenomena such as quantum Hall effect at room temperature, Berry
phase, and Klein tunneling, and excellent properties including extremely high carrier mobility, high Young’s modulus,
high thermal conductivity and high flexibility. Some key issues hinder graphene from being used in electronics, including
how to integrate it with Si, since Si based technology is widely used in modern microelectronics, and how to place
high-quality large area graphene on semiconducting or insulating substrates. A well-known method of generating large-
area and high-quality graphene is to epitaxially grow it on a single crystal metal substrate. However, due to the
strong interaction between graphene and metal substrate, the intrinsic electronic structure is greatly changed and the
conducting substrate also prevents it from being directly used in electronics. Recently, we have developed a technique,
which intercalates silicon between epitaxial graphene and metal substrate such as Ru (0001) and Ir (111). Experimental
results from Raman, angle-resolved photoemission spectroscopy, and scanning tunneling spectroscopy confirm that the
intercalation layer decouples the interaction between graphene and metal substrate, which results in the recovery of its
intrinsic band structure. Furthermore, we can use this technique to intercalate thick Si beyond one layer and intercalate
Si between graphene and metal film, which indicates the possibility of integrating both graphene and Si device and vast
potential applications in industry by reducing its cost. Besides Si, many other metal elements including Hf, Pb, Pt,
Pd, Ni, Co, Au, In, and Ce can also be intercalated between graphene and metal substrate, implying the universality
of this technique. Considering the versatility of these elements, we can expect this intercalation technique to have wide
applications in tuning graphene properties. We also investigate the intercalation mechanism in detail experimentally
and theoretically, and find that the intercalation process is composed of four steps: creation of defects, migration of
heteroatoms, self-repairing of graphene, and growth of intercalation layers. The intercalation of versatile elements with
different structures by this technique provides a new route to the construction of graphene heterostructures, espectially
van der Waals heterostructure such as graphene/silicene and graphene/hafnene, and also opens the way for placing
graphene on insulating substrate for electronic applications if the intercalation layer can be oxidized by further oxygen

intercalation.

Keywords: graphene, silicon, intercalation technique, scanning tunneling microscopy
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