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AR PR R T 28 A8 R R R/, T o 3 55 e SR AN
K (graphene nanoribbon, GNR) [ 4# 4l 45 ¥4 I
]RGS I AN H bR, 24 g 5 A B0 0 ) —
YER GNR I, T8 7 PRI, R 2t RE 2k
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BT AT A AT AL ). PR, GNR W55 i) 22
T Sy L, Fei & T iR IR P28 Ho
524 I S5 Bh A F 5 1 2 B (scanning tunneling
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Fig. 1. GNR tailored by sono-chemical method (23]
(a) The STM image of GNR; (b) high-resolution STM

image; (c) Raman spectra.
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Wi VR SEAN A 4T F C—C 8, 7T LS 2K A
F4 pm. %N 100—500 nm. JZE1E 13022
A GNR. H FAHE S AR 2 AT & A
BREH LA S R ki, S B0 TR S —Rr
72 B2 F R T 2 2 5 & A R H GNR,
A IERCEA S, HIRAE T — AR AT Re k. o
P& BRI (Ni, Co, Cu) LB ) MWCNT 334,
FEIXAN B V) F v, 0 4 s R 1R S fEE A7,
¥ C—CHH -HEMMERE. AL, HILnT LMEA
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PER AR AL B, DRI s A HL 0L R af ke e . B 2 B
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JIEREB] CNT 4, i HAlAH R Tk, e
P2 AL 2 i B 0501 Ok R A T, STM Ji s
1 PS4 X R T A SR CNT 1077 K2
Sm PRI A A B, FE3RAS GNR (RIS, S5 Mk
DAL B BE R 2, 45 R AELURE Rz ). (Ho2
it H BT B GNR & J7VE T &, XI5 B8,
HE SN LA,
(b)
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(a) ONT 1 GNR H£5#R & K; (b) FE T2, (o) R (d) HZEHRE; (o) T

Fig. 2. Several methods of tailoring GNR[39]: (a) Structure of GNR and CNT; (b) plasma etching; (c) chemical

attack; (d) intercalation and exfoliation; (e) catalyzed cutting with transition metal; (f) final graphene.
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W BUK, 0T GNR #7410 gz, H
7] I T S5 AR R RS M LA, Fi S BEAR MRS LUK
RN

Folded edge

Opened edge

(

C:
v,

K3 CVDE#I%&K GNRI25]  (a) GNR 1 STM B (R~ A:
300 nm x 800 nm); (b) BB 2r#¥ ) STM LA K 1l GE s 45
FIREE (RPN 52 nm x 80 nm); (c) SE8 I 1) 5 43 % 1
KT A1) STM K (d) B THELIY 5—7 AL 5t

Fig. 3. GNR that using CVD[?%: (a) STM image (size:
300 nm x 800 nm); (b) small-scale of the GNR and possible
structures (size: 52 nm X 80 nm); (c) STM image of the edge
of the GNR; (d) calculated 5-7 reconstructed edge.
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FE# AT 1) GNR, M IMAERE ] GNR F 22 R
Cai %5 P71 75 2010 4E 15 YA A 13 7 VR e oh i 4%
N = THHF A SBEAKH (armehair graphene
nanoribbon, AGNR), H 58 7 H A FR. Wik 4 By
R, BTORAAF 1 (10, 10/-—7R-9, 9'- % DBBA)
S¥HILE 200 °C, 400 °C FEF IR .C—C #4545 L
FIEA, &R N = 7H AGNR. K 4 (a) 1
Kl 4 (b) &4 FEEM GNR [ STM K%, FIH STM
ST B, T DAYE AR M TR X Fh O V2 e R R AN [ e
BB S LI, K % B2 SR EE L (density
functional theory, DFT) [ Ja 384 %5 FE 1L (local
density approximation, LDA) fl GW iz fel (G &
MR R 2, W R & RO BAE ) 1H 545 3 1 45
REIR, PN =7 AGNR #5519 1.6 eV Al

e

B4 JEFHRTIN N = 71 AGNR 4 SRR 5 451~ 2 B SR B STM ] (27

Fig. 4. The STM images and synthetic process of theatomic precision AGNR of N =7 (271,
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3.8 ¢V. AN, RAH6, 11- "R -1, 2, 3, 4-PUZIE =
W ZRAE AR BRAR 21, 7F 250 °C, 440 °C F&it i
A 0 R 2245 B 45 MRS B 9% SBUIR GNR. X Ry
A £ 1 GNR 25 F6 K5 1 w428, HoAth AS (5] 58 B2 AN
TESR AR (] & SE it T 558, ek, A i
R X R 7 vk ) 4% tH S5 RS B 1Y) 22 )2 GNR 1491 4iF
BH IR 5 iR A 4R FE B HRAT 2 B R, AR IX

Tobt 7 ¥k ) 6 8 A 45 ) JEL 5 JRORS A (19 GNRs, T
PR RS PERE A T 45 RAGAE T R E 4.

bR U5 AT Lh & A5 R 7E SR ) GNR, {H 75 22
FE R FL S AR P ) B R R R R ARG, AR
WD, AN IR AR IRG T A R, AR
GNR I 3% 5 %2 BIAL 5 i d5 B, 20T GNR 1 RE.
PR, BHASOR XM 2] 7 CVD AVER .

Furnace
Zone1 Zone 2
Heater fmmmem
i 7 Au(111)
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. [mass flow “, Quartz
controller . % 1ubg
Ar gas ',—' "*.- Rotary pump
J K Biradical
Zone 1 Zone 2
e T S Y
Biradical » 2 ' ¥ »
Monomer ‘ ‘ﬁ . A 3 Monomer
E 4 % e NR g ¥ »
x Au(111) ]

Dehalogenation

(e)

y " -‘_‘
10nm \ -y

-

at Al

Height/nm
s £ 8

o \J"r

N ozrnm A
ok WO,

87 MO" 20 90
Distance/nm

E5 RP-CVD i#l4% LR R GNR (£ #argE) 44

40 50 0 10

20

Distance/nm

30 40 50 % 70 20 30
Distance/nm

(a), (e), (i) 7P AHE =R DT (b), (£), (§), (c), (g), (k) XM

RO & AR AT I STM B; (d), (h), (1) XRIK (o), (g), (k) MR EEE
Fig. 5. Fabricating GNR with RP-CVD (up: the schematics of experimental setup) 4]: (a), (e), (i) Three kinds of precursor

molecule; (b), (f), (j), (c), (g), (k) the STM images correspond to the three molecules; (d), (h),

corresponds to the (c), (g), (k).

(1) the height of the GNR
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Sakaguchi %5 [ 5 F —Fh otk i R 2L R A 10 2
AP (radical-polymerized chemical vapor de-
position, RP-CVD) %, fEMCE 28~ FH Au(111)
PE R EEIR, & W LR AN [5) 58 R DL 2% 54 % 30
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[X (Zone 2) Wit 2. %t FH e v XHLWCR 1<
HIBN Ar SAESE N R AR E 78 1 Torr, FE
FE TSR AN X ) 531 I 31 200—250 °C &K,
283 I E Ty R G Zone 11X, AR LE I #4 2)
250—300 °C [¥] Zone 2 [X 35k * (1) Au(111) 2K I,
PRI 15 min, @I KA TR T8 SR 51 IR 4
3] 400—450 °C, FHRIR 10 min, £t il S N
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FLAE D (1) 11 BRAAR 53 (1 25 A AR (AN ) T SR R 21
M NEEEZS). B5 D), (), G) FES (),
(g), (k) ZHAMSTM K. MWEF ] LR B, 78
B S 2 R 5 A B s 1) 2, 1 Bk 4%
) GNR 2 Z 240Kk, B 5(d), (h), 1) 2E 5 (c),
(), (k) FRELRAL AT ML) ], T LA B, B2
GNR & 45 0.22 nm A10.27 nm I, X fh2E 5 a]
B A2 DR A (5] AT B A4 2 18] 776 A [R) A B A g
(). BT, GNR W7 B 5 H 08 BE Sl 7R 3 A
e 49461 B3R =R AGNR FH 't 2 W ISt 45 ok
AR AN 1.6, 0.8, 1.3 V.

Chen % U7 /N> 76, 11-3R-1, 2, 3, 4-IU
ARE=ZH (DBTT) VENETIRIR, FH . CVD EY

(b) STM sample-holder DCT applicator

> B s GNR powder
Silicon Fiberglass

5 nm

E—Ey/eV

Sample bias/V

—3 p———

K points

B6  H:Si(100) I EARMLCR GNR 28] (a) BTIEMAS T RIS SCIRGIK A 45 MR B (b) DCT HorEK; (c) 40k GNR
BIER STM; (d) & (c) FRIRMEBCRH STM B; (o) IS BN dI/dV i%; (f) HERH# RS
Fig. 6. GNR on H:Si(100) [?8]: (a) Precursor and synthetic diagram; (b) schematic of the DCT; (c¢) STM image and it’s

small-scale image shows in (d); (e) dI/dV maps of the selected points; (f) calculated results.
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Dl & N = 7 AGNR, FFH4 i & 57 805 i
&% (fielde ffect transistor, FET) /B H ¢ AT
L& 2 6000. 1 A0 AT IZ A 77 V5 A D ) 46 H N
B UL N IS SE[RB 2% B SUIR ) GNR BB
IR 4. 2017 4E, Chen &8 481 DL 3/, 6/- R -1,
1: 2 1"-=Hk4 (DBTP) SN AT IRAA, i Zh i) 4 H
N =9 HJe #2008 1.0 eV [ AGNR.

Radocea % PSR A 7 —FlB A S BE FIT
A R (dry contact transfer, DCT) 1. 2 ¥
GNR %8 244k (1) H: Si(100) 2 E, FIF UHV-
STM (ultra high vacuum scanning tunneling mi-
crocope) X ¥ %% J5 1) GNR #4758, 3K T 5+
PILSA EUR, I GNR [F B PR REREAT 7 I &
K6 (a) 2 BT 354K 73 75 BLSOTE BB S0 GNR
g s = B 6 () N2 ¥ GNR ¥ # 2 H:
Si(100) F=JE K DCT i m = B, B 6 (c) MTE 6 (d)
AW LSCIR GNR I STM K. E 6 (e) A& KB 26 Ab = 55
) dI/dV k. GNRUL M YE B HEFE,
LEEI6 (e) MR 13 1 0% — M (B 4 B4 )
i dI/dV i r) S5 RAE NS AE, A HAT BE N
2.80 eV (1 H I JE 501). 8] 6 () v 2r (o gl 2% e 5
T DFT ) LDA ST AATHEAT B el 454, FLBRZ)
N 1.6 eV, Wt 22 Sy HERS I HERL T GW IE 1L
THEAGRIM TS, WA 3.6 V. T GW
M ALh T SR 45 R B 0 T GNR B A A7 B, 10
dI/dV w45 210 45 F 52 203 R A ERET 1 2R RE i,
RN 2. AL, T AR W )& GNR AN
A IRE G 2 AR SIS G, BRI R S A
FLA LT 15 21 GNR B 7 BRAE A > 1V 2 90 (2
2.0 eV) P11,

7 N =501 AGNR 4 55 & 53]

3 KA
3.1 FIRMRE AR

GNR H T &1 BRI HER, 24850 B IE H L
M B 5 9 A 5% 49461 GNR [ B it 5 58 2 1)
PN K, 24 AGNR [ R SF /N B 2 nm B A7
BRARALIH & N = 3p, 3p + 1, 3p + 2 BB WIPEIR %2
R 2 B M Cai 25 PR E R B Al 445 Bl
ST EHWEBEITERS N = T AGNR 2 5, Hih
5 £ 1¥) AGNR B il 8] 4% ok 93 —00) ) Bk
WAFH| T HETT.

Zhang %5 PSR B4y 77 (1, 4, 5, 8-PU R ZE,
TBN) {E AT IR 7+ (B 7 (), 73 HI7E 370 K
470 K &3 B i SR B, RN = 5 (1)
AGNR (p = 3n +2), K7 (b) Bl 2% STM K1Z.
KN = 51 AGNR [ HL2ZE2PERE, 90K 10 &
DA AE Au(111) B X EE A A RE ) dT/dV i
B, Wil 7 (o) . HRASALT —0.7 eV, AR 45
BMALT 2.1 eV, 1FEIH BN 2.8 eV, I L5 R 5K
I GW L H 5 25 B (1.32 V) ZEBR#OK, X 7]
fE/E N = 51 AGNR 5 Au(111) 28 A STM #£4+
2 10 B A EAE R (Eeni ik /R ) S8, 2R
M, X—25 38 5 2 J5 Kimouche %5 (54 38 i 512 5645 3]
PR FE K E R N = 51 AGNR 4 B (/N T
1eV) A EKER, XA 5852 2 A F GNR K1
S, IR TR IC A Fh R 2R, B 2 R SER 2%
BGAUE (A07E GNR FIEE R 2 (B IR — 2 NaCl{E 2%
ME, gk R A LA BRIE).

Bias voltage/V

(a) ATIRARSF; (b) STM BE; (c) Mt S5HRM dI/dV i

Fig. 7. Structure and band gap of N =5 AGNR [73]: (a) The precursor; (b) STM image; (¢) dI/dV maps of edge and substrate.
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SR, MESHR. Hrh, E8(a) 2N =T7H
AGNR HIHTIRAAK (737 8) LA S Mo = s B 8 (b)
S LB IR S5 BT A5 1 409 K i ) STM 7 = K
L8 (c) 73 ) 0 N 35 40 K 7 B e B (40 k) A0 <6 s
Au(111) LK (FELR) 1) dI/dV itk & )8 5L Bl
BB ES EHN = 5 g BIEA 2, 1

(a) Br

152830

B8 N =7 AGNR O]

dI/dV/arb. units

K RSB BN — R S,
AL T —0.7 eV, W JRALT 1.6 eV, HAr AN
2.3 eV. XA R R A GW I AT 5545 21 (1 45
F(3.740.1) eV E/MRZ. M GNR YIS JE &
JiE b, R AR A I BRAR 7 GNR BB itk
Ab, B2 ma prill ) 45 2R, T GW Al 5

25 JLRPNALI GNR 1T B/,

(c)

0 1
Sample bias/V

(a) AR EE; (b) T AR, () AGNRMEE LK dT/dV

Fig. 8. AGNR of N = 7[56]: (a) Diagram of synthesis; (b) distribution of electronic states; (¢) dI/dV maps.

Br

Br

dI/dV/arb. units

1
0.5
Sample bias/V

9 N =9/ AGNRIT]

(a) GHURERE; (b) dI/dV El; (c) STM El; (d) AFM

Fig. 9. AGNR of N = 9[57]: (a) Diagram of synthesis; (b) dI/dV maps; (c) large-scale STM image; (d) high

resolution nc-AFM image.

2017 4, Talirz 25 PR Sh ] & H N = 910
AGNR (p = 3n) JFB5E 7 H B MERE. W 9y
IR, BTORAAR 7 11 (IR A8 =) I8 R Ui
B4 @ 3R Au(111) b, 7E150 °CRAE T IR X
i, 7E 250 °C, 7 FAERMY BY, JE7E H &4 &

YN

shity, TRy FEE 12, 3B i 350 °C I, 4
TFHEENRETBRAKUIER N = 91 AGNR, K
ROEFEUTE 9 (a) Frox. B9 (c) & STM B, iTLLE
H, BT L5 B BT bR R S R R B A, A A
Fise . B9 (d) 2 GNR & 20 #F AFM K14, AT
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DAV B R F R ML R, FIN = 9/ AGNR
g oK 58 B, X5 WP as R —8. B9 (b) 2
dI/dV i, i, B RIR A dI/dV i, a4k
MJ2iZN = 9 AGNR I dI/dV i, ME AT LA
F FNGRA A  TA S 37 R 2 AL T —0.3 eV
M1.1 eV, BB N 1.4 &V, Ml dik 7 GW ik
TR A B8 2.1 eV, W 1 FRR 5 W b4 7
Z A )R DL R e B S A s f5, &t

ISR 1.1 eV, X —Z R G LI 4 RO R

J8h, AR B8 FE 30 5Ok R 9 oK 2
)ALl i A R A C—C g &, TR
7 B 1) gl oAty 9,001y dhi) 6t — 2 A B FEE 11
GNRs (% 1), FFit5H 7R, SRS, sl
AR OK T AR B8 S5, AT DA P2 L R AR RIS, (BT
SR VF 2 HA 58 B2 1) GNR ZEHi & EIR & A, &
LRI TAREA LR 7%

®1 AR EMAER GNRs
Table 1. GNRs with different widths and band gaps.

b
LY G NRIZE N ik
s s PRI GNRIBEHY " /v HERV Sk
B B OO
5 3p+2 2.8 1.3 (GW) (53]
Ly LS
6 3p [55]
1.6 (LDA) [27]
7 3p+1 23 3.7 (GW) [56]
9 3p 1.4 2 ESIVEV; [57]
13 3p+1 1.4 2.4 (GW) (58]
15 3p (59]
21 3p > 1.2 [60]
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3.2 MARRNFMW
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Mg B0 — B DOk, BT RSB 1 ZGNR 45
8. Ruffieux %5 CUIRE T N = 6 I ZGNR &
B 7 PR RE (X LA V2 T T KA
Ji i b C R RN ). Al 10 Bros, #igRAR o> 1
14 (2, 12- 7R -14-(3, 5/- ~FFIEM -[1, 1V-BE2K]-4-
)T [a, ) B) T A LA R R R
il % k. AT IR AR Sy F LA 1 A /min () TURLR
DURLE] Au(111) 2 E. AR 475 KB, A&
Iy R I By TR A R 15(18 10), #E—2n

(c)

10 N = 6(f) ZGNR [ B 53 i 2 =4k (64

Moy 7 E R 625 KN, it S AL S B AR IR A%
N = 61 ZGNR, K 10 (b) &£ STM E &, AT LA
BULE Au(111) 2K _E 19 ZGNR AR TS0 56 5 100 |
B —2, AT DA E % GNR TESR 5 &0t — 2L 18
B 7RG, B0 () & R HE AFM B, 1]
DL 48 A 2 5E B2 (1) GNR 1) 45 46 R85 U5 284 1 7
(Hh TA) 78 5 1) R AL S A R R K], X it ZGNR
17 dI/dV AR BRON 1.5 eV (W& 10 (d)
L4 PR), B DFT iH5 8 RIS % (local den-
sity of states, LDOS) 73 A1 Al {3 HA B 9 1.4 eV (40
K10 (d) ARG TR, ATRAKIN, Seie g R 5 30
THHREMGHRIERL. T HAM R ZGNR, £
WL, 7 BRBEE ZGNR, T8 FE 48 i i A 691,
BEAN, B T IR TR G 3L A 9K AT s T
PERI AR AT AT % GNR L 45 1) 1 % 7 224k 4
RN 7T 106:67],

ol !
Az/nm

20 nm

dI/dV/arb.units

1 1 1 1
—-1.0 =05 O 0.5 1.0 1.5
Bias/V

(a) N = 6 ] ZGNR & n = Bl; (b) ARIZEEEEE | ZGNR

F1STM K; () Bk ZGNR B ne-AFM [ (d) STS # dI/dV il (4th) SEBTHEME TR (KH)
Fig. 10. Synthetic progress and morphology characterization of N = 6 ZGNR [64]: (a) Synthetic progress; (b) STM
image of different gradients; (c) high resolution AFM image; (d) dI/dV maps and calculated DOS.

3.3 BRASRRE

AU T H2 235 2 0] DUFT A S50 (s B, [RARE XS
GNR #E AT 2t ] DL 4 H i 45 M A R, A
H_ERTTVEX GNR 4528 T 24 N, BAIS A #R
AN TR BB 5 44, Bronner 2 51 i 58 T 4331
M 2N JEF R B 0T IR 4> 16 (6, 11-—

IR-1, 2, 3, 4-PUZKIL -=WK). ArgRfk s Tl 4
BRI AT AL 7 B AR B RN B &1
BAUR I GNR. T8 & 4 # i1 g B4 2R 15 A58
HMGHLTREE I FE RN, e 45 M B A 15 A T 0
WAk, BEFE B2 NECH B3, 5 B LA B 2R 1 g
AN, Cai LU AN R B 2000 T 17 (5,
5-(6, 11- -1, 4- I =W 2 -2, 3-FUQHE) =

218103-10


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 218103

WENE) 5 ARB IS T 16 AT IR G 2R UTRA, TE
BRI IR SCR GNR 74 (W& 11 (c)
~). Bl 11(b) 27 Au(111) | p-N-GNR 5 Jii 45 1)
STM El& (45 2 40K 5 7R N N-GNR, K5
ZEIGK AR p-GNR), A STM EIZ A AR e A L

Apparent height/arb. unis

Max

Apparent height/arb. unis

Min

11 N BB LeRgK 57 45 P

BRSRBRMOGNRIZER. BEENMWB R, K
g (137 B S IR PR, &5 & DFTHISTHH S
SEIGMAF ) AT/ AV i B — SR B R G KB R
YR AT [ LTS5 M AR B, B 11 (d) A2 A
43 )52 p-GNR A N-GNR FIH 7458, 7l LR IS

Max

Differential conductance/arb. unis

A

_,'7_.,..1 0.65 V Min

(a) VLUK FRES A HoR B, (b) BEECIRS FRLS I STM [ (¢), (d) B4kt

FIB 2 M85 LU B SRS B 545 R (e)—() p-N-GNR AEARFHREFH dI/dV &R
Fig. 11. Heterojunction of N-doping GNR[°!]: (a) Synthetic progress; (b) STM image of GNR heterojunction; (c),
(d) calculated results; (e)—(j) differential conductance dI/dV maps of p-N-GNR heterostructures.
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A5 BN HT IA BRICR B R B IK T 0.1 eV, Uik
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TRET 0.55 eV. 11 (e)—(j) —AF H & (—1.8—
+1.8 ¢V) TR AI/dV i& B, RAEAF B IE T K
HH ILRT Y 2 (A DL, 49 260 T (VBM) A3 717 i
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AT AR X)) dT/dV K. 75 1.35 eV i,
p-FI N-GNR X 35 #5 e W 42 1) 45 e 138 43 (A1 /dV
fHKRE #F ¥ B A & LDOS). %41.15 eV i 7F p-
GNR X 3% 43 73 FF 4R 987>, 0.85 eV B N-GNR

(a)
OO 180 °C OO 400 °C
T LS e
W, W, W, W,
20

q)

a\

(b)

<
) O

<

raxax:

p A 200°C
J | e—
= Au(111)

|
Y-
2]
7y
Nt

Ry

3

N/

=
W e
QW
N ()

w

IAu(lll)'
—— B-GNR: C_center
L —— B-GNR: B_center
— B-GNR: C_edge

B-GNR: B_edge L
Band gap = 2.4 eV

dI/dV/arb. units

Magnified

dI/dV/arb. units

Sample bias/V

12 B, S#B4 GNRIT071]

DX 5k 1) 46 G0 70 IT 46 AR K JF HAE 0.65 eV N 45 (1
AR R T (WONTE L AR & N p- A N-GNR (1)
A7 X)), E & A R 45 p- AT N-GNR () CBM [
B A7 B 4> B AE 1.25 eV AT0.75 eV i (FH % 1
0.5 eV). X —g5 R BT #Hw i H A [F
VBM 4L B 5318 —0.75 eV Fl —1.25 eV (EIR %
). BT AR BRI N R F I A 5 GNR
e RGu L, BRI R B K /N (19 5 ) B 35 159,
BN 7 T 5, i 5 S AL B A R
K s).

400 C

Au(111)

(d) Computed DOS (e) STS
— 13-AGNR
i==2 13-AGNR — 5-13-AGNR
= S-13-AGNR
[ = Sulfur
DOS dI/dv

(a) B H2:1 GNR & nEE; (b) S#HBAH GNR KIREE; (c) STS TS B

B GNR 1) dI/dV i&; (d) HEAREI S B DOS Bl (e) STS WA SBAI GNR I dI/dV i%
Fig. 12. GNR of S-and B-doping, respectively [70:71]: (a) Synthetic progress of B-doping; (b) synthetic
progress of S-doping; (c) dI/dV maps of B-doped GNR; (d), (e) computed DOS and dI/dV maps of

S-doped GNR.
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200 nm

1079F  — As fabricated, in air 203 K
~ Annealed, vacuum 77 K /

Va/V

13 H Fifi &R GNR #l g FET [75,76]

(e)

Va

100 nm

(a), (b) N = T FET KHER (A4L%) MET (44) T I-V E;

() N=9M N =13 FET; (d) & HikmEH# b7 k&
Fig. 13. FET fabricated by bottom-up synthesized GNR.[72:76]: (a), (b) FET of N = 7 GNR and I-V image of
RT and vacuum; (c) FET of N = 9 and N = 13 GNR; (d) scanning electron micrograph of the fabricated Pd

source-drain electrodes.
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Graphene
constriction trans @
Cr/Au electrodes /_ Al,Oy
SiN, membrane ——
with a nanopore

Si—

DNA molecule

14  DNA it i & )

Fig. 14. The schematic of DNA detecting device [9].
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Fig. 15. Schematic diagramsof investigating the trans-
mission of spin-polarization based on ZGNR [31]; (a) A

pair of gate electrodes; (b) two pairs of electrodes.
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Abstract

Graphene, as a typical representative of advanced materials, exhibits excellent electronical properties due to its
unique and unusual crystal structure. The valence band and conduction band of pristine graphene meet at the corners of
the Brillouin zone, leading to a half-metal material with zero bandgap. However, although the extraordinary electronical
properties make graphene possess excellent electrical conductivity, it also restricts its applications in electronic devices,
which usually needs an appropriate bandgap. Therefore, opening and tuning the bandgap of graphene has aroused great
scientific interest. To date, many efforts have been made to open the bandgap of graphene, including defects, strain, dop-
ing, surface adsorptions, structure tunning, etc. Among these methods, graphene nanoribbon, the quasi-one-dimensional
strips of graphene with finite width (< 10 nm) and high aspect ratios, possesses a band gap opening at the Dirac point
due to the quantum confinement effects. Thus, graphene nanoribbon has been considered as one of the most promis-
ing candidates for the future electronic devices due to its unique electronic and magnetic properties. Specifically, the
band gap of graphene nanoribbons is strongly dependent on the lateral size and the edge geometry, which has attracted
tremendous attention. Furthermore, it has been reported that armchair graphene nanoribbons possess gaps inversely
proportional to their width, and numerous efforts have been devoted to fabricating the graphene nanoribbons with differ-
ent widths by top-down or bottom-up approaches. Moreover, based on the on-surface reaction, the bottom-up approach
shows the capability of controlling the width and edge structures, and it is almost contamination-free processing, which
is suitable to performing further characterizations. Ultra-high-vacuum scanning tunneling microscope is a valid tool to
fabricate and characterize the graphene nanorribons, and it can also obtain the band structure information when com-
bined with the scanning tunneling spectroscopy. Taking the advantage of the bottom-up synthetic technique, the nearly
perfect graphene nanoribbons can be fabricated based on the organic molecule reaction on surface, which is a promising
strategy to study the original electronic properties. To precisely tuning the band engineering of graphene nanoribbons,
the researchers have adopted various effective methods, such as changing the widths and topological morphologies of
graphene nanoribbons, doping the graphene nanoribbons with heteroatoms, fabricating the heterojunctions under a con-
trolable condition. The precise control of graphene synthesis is therefore crucial for probing their fundamental physical
properties. Here we highlight the methods of fabricating the graphene nanoribbons and the precise tuning of graphene

bandgap structure in order to provide a feasible way to put them into application.

Keywords: graphene, nanoribbon, band engineering
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