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Fig. 1. Multilayer graphene growth for the two different growth modes: (a)—(d) SEM images of SK-like

growth; (e)—(h) SEM images of VW-like growth; (i) schematic illustration of the atmospheric pressure CVD

graphene growth on copper in SK and VW growth modes. All scale bars = 1 um

(51,
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Fig. 2. Raman mapping and spectra revealing the stacking order distribution of graphene flakes from the

SK- and VW-like growth modes: (a)—(c) SEM image, Isp/Ig ratio Raman mapping, Raman spectra corre-

sponding to each spot in the Raman mapping image of SK multilayer graphene, respectively; (d)—(f) SEM

image, Iop/Ig ratio Raman mapping, Raman spectra corresponding to each spot in the Raman mapping

image of VW multilayer graphene, respectively. The scale bar is 2 um 151,
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Fig. 3. SEM images of the first and second layers in bi-
layer 30° GFs: (a)—(d) Typical SEM images of particular

structures of bi-layer 30° GFs grown on solid Cu, showing

the negatively curved feature for the second layer 61,
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Fig. 4. BLG domain size and stacking order control: (a), (b) SEM images of BLG domains grown at Pcu, = (a)

5 x 102 Torr and (b) 5 x 103 Torr; (c), (d) boxplots of 2nd layer domain size and Bernal-stacked area percentage

as a function of Pcy,, respectively; (e), (i) optical images and the corresponding Raman images (f), (h), (j) (1).
Note that 2D-band FWHM of 50-55 cm ™! (or 100-110 cm ™! for isotope-labelled regions) is the characteristic of

Bernal stacking. Each isotopic cycle was 15 min at 1035 °C and Pcg, ~ 2 X 10—3 Torr
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Pt 00, A S A B % s 5 A AR K
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JSZ s S I B AR B i8R 2%, Duan M)
WA CugO i P2 BE I D BtZ s R R, 7 i

218101-6


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 218101

W, A e R BRAE Cu B, IEH, Cu.OAZ
S %, 1RSSR SRR, 88 R K C,
FF A S R s AR Kfi SR A T A%, Duan 1OV g
— 5 RIUK Hy /CHy B ELAF) K 29 1466 $2 51 2 K
296600 I, AH LR A7 S8 05 1) A U BE K 2 103
A% 1 Jem? B BEAR R 4 % 5 Jem?. XN
SUSAEEN R RN A, S T ARG AR
2B . R o0 e RS PR S A R A KA
SR ER TR, XA /2 TE S b, Gl
e S RIS H], B A TR IR A SR
LR

SR, 7EA K RUZE A7 S5 )@ B, 6600 ) Hy /CHy
LB LA e AR K U A Sk, b b4 2
APV RUZ A s I, 28 2 0 s d i AR o
MRS, X TR NHE B A SR
P HC-PR 1 HLEE (diffusion-limited mechanism), 7%
PER T ENE —EaRENLgE N4 T
B OEARERAEK. Duan AN KIE — 2
B R A s AR K BT AR, BT DUER
— EECORH B A DU S R A SR B A KA
K 5 ik 3300 um. Duan ' @i $7 & mapping
SRAIE B BT 3R 15 S8 2 WUZ A s .l I 2
W] IZUE A SR 0 AB HEYEY, [ AB HEBE
) F s TR DR, BT bl G 5 ME S
K. A SR 2 TR FH 05058, 0 Je i 5% 3 1%
5 1290,

R EE R A — R KR A K 2 R A S
00 TAE. 10 Duan B4 78 2012 - 4R5E (f
FRE CVD A KXUZ A 280, &% 3K1F 17 90% I
AB MEE I WU A s 0, R I 78 25 2208 3 7 99%.
Duan (1A A A2 8 Hy /CHy LLBIFT 3 T 40 8B 4% 1
Cu EAEKE ) H BR 5] RN (self-limited effect), i
RE BV A AR H T — 2 E MR E AR
D)%) S 0, AE A [R) IS E G B AN 7 7 A v P i U
T AT AE T Ui 1 2 AR K ) S8 0 o 2 T
e AR AR B Y 7532 T A s 0

3.2 fEZFREWAEK

Liv B U508 7 R i 24 28 <5 B, 16
13 W58 73 i 9 CHx 724, 1% 7= 0l DALE T e b
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JefE SiOo/Si LU —E 48 Ni, Z J51ENi BT
—REEATREY. iR, @ TEE
Hh RS PE B AL B 098 NGB N R 7R IR (iR
T, SiO9 FEJK I, £ K B A 520
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or SAM

*— SiO,

Bilayer graphene

SiO9

—~

Intensity/arb. units &

2600 2700 2800

Raman shift/cm~—!

K5 —ZRIIMMERBECHERIE  (a) MKHIZE SiOo/Si bR 2> T80 H 4 25 A, 385 78 40/< /&< <U4R 1000 °C
TIBK 15 min R MXUZ A BH; (b) R PPMS 3K3 HIRUZ A SIa0 14 2061 (514 nm #06); (c) XUZI 2D W55
2D1p, 2Dja, 2Dgp, 2Dop ARG (BEEBE, NEEG); (d), (e) MZEAHEM (112 um x 112 pm) i =4EH; 2 mapping,
BB FEAR RARE (d) D/G IEELER (e) G/2D IELLIFERE, A7 T mapping B4, KAL) 90% X2 058 5 5, brR

920 pm (1]

Fig. 5. Synthetic protocol land spectroscopic analysis of bilayer graphene: (a) Bilayer graphene is derived from

polymers or SAMs on SiO2 /Si substrates by annealing the sample in an Ha/Ar atmosphere at 1000 °C for 15 min;

(b) Raman spectrum (514 nm excitation) of bilayer graphene derived from PPMS; (c) bilayered 2D peaks were split

into four components: 2Dy, 2D, 2Dsa, 2Dop (yellow peaks, from left to right); (d), (e) two-dimensional Raman

(514 nm) mapping of the bilayer graphene film (112 pm X 112 pum); the color gradient bar to the right of each map
represents the (d) D/G peak ratio or (e) G/2D peak ratio showing ~ 90% bilayer coverage. The scale bars in (d)

and (e) are 20 pm [13],
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72, TR T EIR TR, NNE SOK R R AT
¥ (Er); Dy #1 Dy, °F3E, 58 ORFEI R D,
FTAE 1002 A0 S50 1 72 8] ST SR PR, AT A2 e
THAERW R, WL OREE Dy M1 Dy, 2 ZNE, TERH
HiPE £ (charge neutral points, CNPs), fif{#%-F1y
HLEAFS, whn] DL SUZ A S T . 55— 5T,
L% D A Dy, P IE, 1R ZEEAA O |
HPLF, SEILAEA SR BRI LT, = A AR
WTENHL T BCE O R KRR AT . (E
SERR AT, I AR (drain electrode) A& 2 Hu [, Dy
H1 Dy, 43 591 e TOUR R JEC A 23 70 T 4%, At 1) A XA
Dy = +e(V (= V0)/dy M1 Dy, = +e,(V 1, — V) /dy,

P; (top gate) (c)
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12
(d)

Pristine Gated

N4

EF\..;}i

0

A

Resistance/kQ
=

(f) @ Experiment
— Line fit

—80 —40 0 40 80
Vi/V

K6 XHPRZAEE (o) WEA RSSO BEIEE (WEBILAA); (b) AR HALE; (o) TR AR (Dy)
AR A (Dy,) MR (d) 2709 BA i B R A XU A0 800 9 FL 7450 (ke ABR), AL 7 E S,
AR E S A T AR, JF LIRS By 77 T AL (e) FEARIRIURME LS Vi, T, 77 80 da B DATOOME B V3 AR

B (f) AR BB R BIUG ONPs i i (28]

Fig. 6. Dual-gated bilayer graphene: (a) Optical microscopy image of the bilayer device (top view); (b) illustration

of a cross-sectional side view of the gated device; (c) sketch showing how gating of the bilayer induces top (D) and

bottom (Dy,) electrical displacement fields; (d) left, the electronic structure of a pristine bilayer has zero bandgap

(k denotes the wave vector), right, upon gating, the displacement fields induce a non-zero bandgap D and a shift of

the Fermi energy EF; (e) graphene electrical resistance as a function of top gate voltage V; at different fixed bottom

[28]

gate voltages V4; (f) the performance of CNPs arrangement via formula form <1,
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Fig. 7. Bilayer energy gap opening at strong electrical gating. (a) Allowed optical transitions between

different sub-bands of a graphene bilayer. Curves are offset from zero for clarity. (b) Gate-induced ab-

sorption spectra at CNP for different applied displacement fields D (with the spectrum for zero-bandgap

CNP subtracted as reference). For clarity, the upper traces were displaced by 2%, 4% and 8% respectively.

Absorption peaks due to transition I at gate-induced bandgaps are apparent (dashed black lines are guides

to the eye). At the same time, a reduction of absorption below the bandgap is expected. This reduction is

clearly observed in the trace with the largest bandgap (A = 250 meV) in our experimental spectral range.

The sharp asymmetric resonance observed near 200 meV is due to Fano resonance of the zone-center G-mode

phonon with the continuum electronic transitions. The broad feature around 400 meV is due to electronic

transitions II, III, IV and V. (¢) Theoretical prediction of the gate-induced absorption spectra based on a

tight-binding urate determination of the gate-tunable bandgap at strong electrical gating (28],
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Fig. 8. Bilayer graphene device and typical optoelectronic response: (a) Schematic of device geometry and electric-

field-effect gating; (b) optical micrograph of a bilayer graphene device, for clarity, the image shows the sample before

top-gate dielectric and metal deposition; scale bar is 5 pm; (c) photoresponse of DGBLG, the sample is gated to

a charge-neutral position with a displacement field of 0.45 V-nm~1!, blue squares are the photo response AV, red

circles are the electrical resistance change AR = AV /I3, (311,
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Fig. 9. Comparison of photoresponse and electrical heating of DGBLG at charge neutrality with D = —0.65 V-nm~1!.

Optical and electrical measurements were performed simultaneously with dc and ac currents and photon illumination

from 0.658 pm laser light.

Left inset: optical (blue) and electrical (red) responses as a function of dc current at

T = 5.16 K. We extract the slope of these traces near I3, = 0 and plot them as a function of temperature in the main

panel. Right inset: data in log-log scale (311,
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SPECIAL TOPIC — Hybrid silicon/graphene and related materials and devices
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Abstract

Due to its unique properties, graphene is a promising two-dimensional material in optoelectronic and energy ap-
plications. While the mobility of single layer graphene is extremely high, it has a zero bandgap. This feature restricts
various applications of graphene in the field of semiconductor devices. Bilayer graphene, despite the nature of zero
bandgap in its pristine form, can be tuned to open bandgap via a dual-gated vertical electrical field in a controlled
manner. However, the size and layer number of mechanically exfoliated and liquid phase exfoliated graphene are poorly
controlled. Controllable synthesis of large-sized bilayer graphene is an important research direction.

This review summarizes a series of work including the controlled synthesis of bilayer graphene by chemical vapor
deposition method and bilayer graphene devices. Specifically, growth mechanism of bilayer graphene is dependent on the
type of supporting substrate and experimental condition. In the case of Ni substrate, bilayer graphene is grown along
the segregation route. On the other hand, graphene growth on Cu is a surface-mediated process due to the extremely
low solubility of C in Cu bulk. Depending on the concentration ratio between CH4 and Hsz, the growth mode of bilayer
graphene can be tuned to be similar to Volmer-Weber or Stranski-Krastanov mode, in which the second layer is either
grown under or above the first graphene layer. The dynamic growth of bilayer graphene can be further understood by a
“chemical gate” effect and the process in a confined space. Moreover, here in this paper we present several approaches
to realize the better control of bilayer graphene growth by modulating the experimental conditions.

In terms of device applications for bilayer graphene, in this review we mention two typical applications including
field-effect-transistors and hot-electron bolometers. Compared with conventional silicon-based hot-electron bolometer,
the bilayer graphene based hot-electron bolometer has a small heat capacity and weak electron-phonon coupling, leading
to high sensitivity, fast response, and small thermal noise-equivalent power. Such a bilayer graphene bolometer shows an
exceptionally low noise-equivalent power and intrinsic speed three to five orders of magnitude higher than commercial
silicon bolometers and superconducting transition-edge sensors at similar temperatures.

Finally, the outlook and challenge for future research are also given. While significant progress has been made in the
past several years, the controlled growth of bilayer or multi-layer graphene is still a key challenge, and the growth mech-
anism of bilayer graphene is not yet understood clearly. There is still much room for controlling graphene layer numbers,
twisted angles, size, quality, and yield by optimizing the conditions. On the other hand, for the device applications of
bilayer graphene, it is highly desired to develop high-performance bilayer graphene-based electronic devices.
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