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Figure 1.1 Structure of graphene



1.1.2 g /5 7 = OETIREE

75 7 = AXRFR LB E - ETEVIT 1200 T 7= T B A2 3 O 0 sp? IR S
ENLTUEFREETHZ LI A= D AT EHATHERY > T D (K 1.2)
TT7774 MIZDT T 72 NEEREE LT-bDOTH D, sp? RFE TIHRMRIZEFS Ly
p.HE () 231 OFEL, 2O p, BN sp* IRAILEIZ K 0 FEE Lo IRFEFR 0
p BVE EFHEAEH T 5 2 L1220 CFHAICIEREL LB 0l (n 5 5R) 2T 5,
sp? IR B DTERTFME 2 R > TR I A TWDZ T 7 = 03, T OBERER L O 3eV
FREDOKRE SOMBAEMAORER, ARO TR —IEO I ZE M BRI LA - 72 18
A L OZHORIE (T u v RIRRE) 25TV FiEE KT 5, BARMIZIZEE)
BIBOENERIZR20 | FFENANEDLIEEZ 15628 ) p BuBDOME &% Tk 72
E TS B (w2 R) SREANV R (N R) BT 2L I =RV F—Ep fHEIZB5 0T
RS D, £z, n o'\ FICBRT 2E FIIFC n B L XN D,

L7TERo T, 72V =R X —AHEICBIT 577 7 = OB HEX sp? IR LTz kFE
JRF O p, il (niE) ZHWTRRESND, 2FEV, HORFBRFICHESNIKEE (p,
HE) (2 2EFPHEERICE - TS 5 RFERF EOHFEIREBIC - E DR CERE T
HETI, TIRDOHLEA ML T 4 7 ETATRIBEND,

EBRZ, I 7T 2 DRV F =R R ESIA ML T 4 7RV RD D, 7
77 = ANIRFBIRF B AN=H AEEEZ TR LHAIELSESI L TEBY, ==y ML EK
120X512EDZ2ERTESL, 2=y FEAZDOL DEAKE T MrEa B L Pay &
Lo = NRITIFMSI 2 REBR . AL BAEENTEY ., JRT A K L Tl s
BT B EEESRT MVEL t, t; T D,



Unit cell

a
Lattice conStant

Figure 1.2 Structure of graphene and definition of a4, a,, t4, t;, t.



777 2B FRBRFRIVEEZ M LBE, VT 7 =BT L MiETIE
ZOBENBEN SR INS b DL T D, ZDLE VT T = OE T ORBIBEIL.

Ya) = Cy ) e*Fag(r—Ry) +Cp Y eRo(r = Rp) (L.1.1)

Ry Rp
ERT, RRBELORgIE. ZNZEFNA YA FBLOB YA MWD REIRTDALEZ 7~ LT
W5, F72. ekRats T RekRe L = OB N 7 0 v RO 2N 7= 72 DI 5,
ZOWEIRIEIL. Y2 LT g o — R

Hi(r) = e(K) (1) (1.1.2)

Zi 723 O T, (1.1.2)RUZ(L.L.D)AZ AL T,

CAZ eikRAHd)(r - RA) + CBZ eikRBHd)(r - RB)
Ry

Rp
(1.1.3)
= Cue(k) ) e*Ragp(r — R,) + Cpe(k) ) e*Rep(r — Ry)
A RZA A B RZB B
(113 DLEN B G*(r — Ryy) & 0T T,
(p(r — Rya)|H|hg(T))
=G4 ) e*RaG(r = Ryl HIB(r - Ry)
Ry (1.1.4)
+Cy ) e*Ro(g(r = Ryp)|HIG(r - R))
Rp
PLFDO L2z 2 &izT 5,
(p(r — Ry ) |H|p(r — Ry)) = ap pa
(p(r — Rp)|H|p(r — Rp)) = a'®8s8
(p(r— Ry )IH|P(r — Rp)) =B AA & B Dfcilthz
=0 TNt (1.1.5)
(¢(r — Rgp)|H|p(r —R,)) = BB & AWSRaliz
=0 il

(p(r — R)|H|p(r — Ry)) = 61,5
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(@(r — Raa) | H|r(1))

= Cyexp(ikRy, @)

+ CB{exp(ik(RAA + tl))ﬁ + exp(ik(RAA + tz))ﬁ
+ exp(ik(RAA + t3)) ﬁ}

(1.1.6)
= Cyexp(ikRy, a) + Cgexp(ikR )T (k)
=(d(r — Ry)|e(B) [Yr (1))
= Cpe(k)exp(ikRy,)
L%,
Lo T,
Ca(a — (k) + CgT(K)B =0 (1.1.7)
ZZT.
['(k) = exp(i kt,) + exp(i kt,) + exp(i kt3) (1.1.8)
L7,
[EE= 30N

(L13):RD DB d*(r — Rpp) % 21T T AP (r — Rpp) | HY (1) = (@ (1 — Rpp) e ()| (1) &
AETD L.

CuT*(K)B + Cg(a’ — e(k))+=0 (1.1.9)

L70B, CfyCpt0DE X

a—ek) THEB |_

et | rp o —elk) =

0 (1.1.10)
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THH. (1.1.1DHRIL,

(k) = a+ BIT(Kk)| (1.1.12)
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NURGEER, (1112 kY, EEOT T T =Dy RERL, £, 79720
D=y hENVEDL BEAKTXI MMEra,BEVa, &, EERTFE2ESX7 by

ty, ty, t3l2DOWVT, 2IRICERE TR T &

a, =(a,0)

a-(-

_a V3 1
=383

t, = %(0,1) (1.1.14)

_a V3 1

LD, Flo, BEAKTFNT Mk a s X a2kt 4 2 kg~ 27 VI,

V3 ) (1.1.13)
" a

N Q

2n(a; X az)
b =—"""—
la,azas|
PHWB L.
21 1
by = 7(1'—3)
, , (1.1.15)
A
b = 7(“@)
L s,
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Figure 1.4 Brillouin zone of graphene



(1.1.8) & (1.1.14H) A& (1.1.12)RITRAT D & |

Y
exp{lﬁ<7k Ek >}+exp{i%ky}

sl e in)

ek)=axp

(1.1.16)
=atf exp{i(ka 2:1/§ )}+exp{ \;%ky}
+exp{i (—%kx—mky)}‘
ORI, Ty = 0,ky = 0), M: ey =5, ky = ), KiQey =T ky =0) ZRATHET
ML M, KICBT 530 ROZRALFX—TZhZh,
e =a+3p (1.1.17)
= fonl (g el ]
+ennli(~32 - 57 v5a)
:aiﬁ‘exp{ig}+exp{ 3}+exp{ 2:}‘ (1.118)
= ai[)"5+§i
=a+f
= sfen (5D 1+ (22
=aiﬁ‘exp{i2?ﬂ}+1+exp{—i2?ﬂ}‘ (1.1.19)
=axp -0
=a

LB,



INHONY RERAX—0DM%E 2RO Re(k) = a £ BINR)|BFESE T, 7T 7=
VDO RaHER 1.5 O L 912 Mathematica 2 H W TR T 5 2 ENTE 7=,

[

Figure 1.5 Energy dispersion of graphene
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Y, 7z VITZRXNX—FIEr=aTHE2AbND, V772 DE, ZO7 2L I TR
NF—ICBWCIHELHAREBONS R K RTETL2OT, KAV RBHFHERL TN D,

ZOKETHETDHINA RiTa Ny RE ooy REEERTWD, ZNHDORY REET 5
NET AT I RELE, T4 T v 7 SO VX — 58 BIRE (k) 1%, kB4 5
BThVT Iy 7 8%TEAE LTET 2 >OMENRETLIHE L CWE, ZOFET
1T yra—rind,

ZIT, ROWEL YT T 2 BT AZRAF—ORKUCTONTE R D, —HOY
BATHOWT, MR LAVMEMER LISk L CHEEv THEE LTS LT 5, #iEEEmOK T

DLRICHLUTEIELTWA E L L X, EEvFACxliE & D L, LRND LR~DiE
HEBIOZ N F—D o — L 2 VBRI, iR, pldEsh&E s LT,

pe=v(px+ C%E) (1.1.20)
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1 (1.1.21)

RFIX DR L TEIEL TWADT, ph=0.E' =mc? L BV, p, =ymv, E =ymce?H 5
Hivd, FEREENZ —bT 5 &

=ymv,
Py (1.1.22)
E = ymc?
RN
v2 p?
2= p? + m?c?
(1.1.23)
1
—— [p2 2.2
14 e pc +m=c
XoT, E=ymc?kV
E = c/p? + m?3c? (1.1.24)

T 72D 7 )L WEITOHEEe =3 x10% mis KD IEWVA, 10° m/s (B3 1000 km,
FEHED 1/300) EEEBOHHEFOREITHRTHR ) REQMELX S HEHTX 20, B
m—0 B &L E=pc=hkck 720, KIZHRHITHZR LT E 72D,
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1.1.3 K HIEOETOHNE &
7772037 2 VIR (e = )L T, K AB LUK AIZBW T 4y 7 v 7 a—v%
HLONY RGERIZIR D, 2T 47 v 7 RICB T D777 2 OEIREEZGNE &L

2Rk D,

TP KAIFLTO LS IZ k ZERINOEETE 2 b,

_ 4
Rk =520y = 0) (1.1.25)

WERXZ MUIZ, ZOK BB CHSE LT,

4
k= (@ + 8k, Sky) (1.1.26)

LD, ZORCHONWT, K(1L1.12)E L O1.1.16) L 0 BIT(R) |1,

(k) = a+ BIT(Kk)| (1.1.12)

a (V3 1 .
exp {l% <7 k,— Eky>} + exp {l%ky}

(i)

e(k) =axp

(1.1.16)
=ax+p exp{i <%kx —%ky)} + exp{i%ky}
+ exp{i (—%kx _ZLﬁky)}‘
Br(k) = — B |exp {i <% k, — ZLﬁky)} + exp {i%ky}
(1.1.27)

+ exp {i (—%kx — ZLﬁky)}‘
72T, (11272112602 L T,
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BIF(k)I=—ﬁ[EXP{i(;(:n+5k) PN )
)=

.a .
+exp{l\/§6ky}+exp{l( 2( + 6k

= [ ('2"+'a5k 'aak)
= ,8exp13 i 8ky 12\/§ y

+ ('aak)+ ('2" L5k 'aak)]
expl\/?y exp(—i llez\/?y

(1.1.28)
priis a a a
=—,8[€ 3 (1+lz5kx)(1 ﬁaky)+(1+lﬁ6ky)
_l.2_77: .a a
te s (1-i50k) (1 Wg5ky)]
priis a a . a
=~ pe'S (1+ 150k, ﬁSky)+(1 +l\/—§5ky)
2 a
+e (1—1 Sk ZﬁSky)]
Z I 7T,
2T 1 3
i3 = —5+ "g (1.1.29)
72D T,
V3 .
BITGOl = - Ba(8k — idky ) (1.1.30)
= y(8k, — i6ky)
L%, Ko T, KRIEFIZBWT, (1.1.10)= L Y
det |[C €00 TWOB 1 _ (1.1.10)

r*(k)p o —e(k)

DT, fHEOTHDa=0L LT, T4 T v 7 BEREETDE,
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—e(k) T(R)B

det [r*(kw —e(k)

=0 (1.1.31)

L%, TORIZAKTFBLINBKEFD 2 SORIEFIDDOESNH A=D1 2472 5T
T 5, 22T, BB AE K AEFEOBERES A B2 00T 5YEm L. B Al
TOLDOFEVEMIZH T TEZLL L (1.127)XDOT(R)IZ(1.1.26) X2 A L THZVE &iT
a5, 2F0, UTFTORXZ1200AT D &

0 5]

Sky = —io—, &f:ﬂ@ (1.1.32)
0 y(Skx-—iSky)]er(r)
y(8k, + i5k,) wE ()
a 0
O T |
—_ A
= —iy j2_+_i13. ; [qg§(r) (1.1.33)
dx  dy
K
= £(k) [Lpf}((r)
Y (r)

LA, ZHIIKAEEDLYOBEFIRET, ZOMICKEEHLY OEBEBFRES FEDOEEH %
THEEZEZT, KEEDLYDODEFRELZRD D, K ADHEE

— 4m
K:@k=——5¢y=0) (1.1.34)
DT, N7 Mk, ZOKRICEFICH D L LT,
4
k=(—§a+6hm&&) (1.1.35)

INELLTFDO1.1.27)RURA L T
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Br(k) = — p [exp {i (g kx = ziﬁky)} +exp {i%kY}

(1.1.27)

vosl(-2he- )

BTGl =~ [exp i (5 (~ o+ k) — = S50}
(1.1.36)

+exp{i%5ky}+exp{i (—%(__"'51( ) )}]
KB & & ERRIZEIR L T,

HNGIE ?ﬁa(—dkx ~ idky) (1.1.37)

= y(—0k, — i6ky)

Lo T B E KAEDY OB FRE~D A BT 5OFEEYE (1) L BEIKT5

DHEEYE M3 TE L, (L13DROTRIC(1.1.37) R AR L CTHAE &l v 2
R

0 y(—6k, — i6ky)] [wf’ (r)]
y(—6k, + i6ky) 0 | ¥E @)
9 o 9
ox lay [%{"(r)-

K (1)

(1.1.38)

I
-
o

EoT T4 T v 7 SEOETIREIL. K AB LK AICHOWT, UE@), wE@), vE (1),
YE () DA OEERBHLDT, TNHEFEEHTEL L,
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&— l@ 0
a d [WA)]
Y o 0|k
0 0 0 — i ,
ox dy qyg (r)
a 0 (1.1.39)
0 0 & l@ 0
[Wﬁ‘(r)}
wK
= (k) ,’i,( )
[ WA (T)|
lwk ()]

ORI, AVUCESE 12 OBERAIIRT BT 4 T v 7 ITRKICBWT,

[UX @), WE@), WK (), WE ()] = [ug, up us, uy] (1.1.40)

L LB Em =0, Kile =L =L s b0 LALB L R T B,

75T 2 DF 4Ty 7 BIEHETONY Ry#ide(k) = a + BIT(K)| T, TFR/AF—DJF
B 4T B TWAED, a=0. k=K+68k » LT, (1.133)5X LY

BIT(R)| = |y(—8k, — ibk,)|

(1.1.41)
= |yék|
IROT, TR SR E D E T OREHEy, 5,
_10e(k) 10e(8k) Y (1.1.42)

Y9Th ok n 0ok h
LD, KoT, (13N TRDI-T T 720 DF 4 T v 7 HiEOEBEFIREEZ LR T S

FHRRAE, R E v, ([CE S B THEOEEM = 00K FIZdT 57 4 7 v 7 itk
KEFTIZR D,
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114 757 OETIRIERE

777 2% 2 WILHRBRDT, BIREITE = (ke k) OB E LTRER SN D, T4 7
v 7 A= O T RNV —EDET X VX —HIL Nk = |k|OHIZ 5, ZOET R LF
—H DOEEIITk? Th D, £, 2O 2 RICIHEFZEHN O W RUT AR SR L0 |
ke 7101, ky TR 2T /L (LIZY > T D A D THFEEL TWDH DT, ZOEFETR/LF
—HEICE EFNOREBEIT, AVUVBIPKALKRIZT ATy 7 a—rRbb Il LuxBE
LT,

mk? k?

N=2X2X——==—][2 1.1.43
X X(Zn/L)Z - ( )

LB, LiEnoT, Vo972 DEFBEEn 1L,

k2
n=f=— (1.1.49)
ThoH, TFRNX—HERLY . e(k) = hygk7e DT,
2
n= l<i> (1.1.45)
b1 hvg
Thd, ZOBETEEn L0, EIREEEDIT
on 2¢
D(e)=—=———¢ (1.1.46)

LR =X —ellHfBT D,

17



115 7597 x> DO_Y —(ifH
FTKEFEDLVDT 4T v HFREKXOMERD D, KAJEYOT 47 v 7 FEKXIE,

0 0
0 ——i—
. { ox ay\ P A EAG)
ihy, i_,_ i . [‘P[;‘(r) _g[wg(r) (1.1.47)
dx lay /

&%, AT, BHICEDT2EFICHTD7 4 7 v 7 TRAZOT, FHEEICEAE
TEIET D 2 FNOREE & DT T

[q',,f(r) = elkT [1;] k= (kx’ ky)lr =(x,5) (1148)

wEm|
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—hvglklu + hvg(ky — ik,)v =0 (1.1.53)
Lo T,

ey — ik

K] v=e 0y (1.1.54)
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?%D\[l

= N - 1 1
]kwv%%b(wéwf\_h%ﬁ%mLTﬁLmdkgﬁéo
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EEEDTETET L,
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0
41 01
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(1.1.60)
2nhg
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i 108(2/90) _ . 1089z —logg,
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Z T g DHDOREDEBOITT 72D T, WA TFTED &
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LREREL D b+ 0ENEDTHD, 2FD, LLKEDTZD, TDLIICARZTNDLDTH
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K(1.1.63) HL—ooTIE 1 IRIT. 2 RITHR TN TglId L BT T _RCRTEREL 72D,
LIXE T ORIEREE ORI T D51 KN TH LD ARORKREIDRTH->TH
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WCRALT, L= Lofg = go@fﬁﬁ%ﬁ:@% LT, :ﬂ%ﬁ@< L.
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g@)=go—abgf- (1.1.67)
0

s, koT, KU160)THI LN 2RILOD AL X T Z L Ag,pld,

e? yd e?
o2 =5 = 9L = omY (1.1.68)
d=2
LEITFT
N L
o,p (L) = 0y — a'logL—0 (1.1.69)

LD, RAL6NT 2 RocDar X X ATHY , 1% RL—F 5 MR LT,
BELIC L D EF ORI RIIMIEHE L LTV TL %, 2Dk Hic, BEFOREDEE P
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Figure 1.6 Scattering center of impurity
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LAY OREFEITRFF RIS L TR R LR EZ 2D T, fifiZEA0 =08 705, LT
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LELTHLNTND, LR T, ERRERKESHEL b OHE1E, R TEHICLS
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Figure 1.7 Structure of AB-stacked bilayer graphene: (a) side view (b) top view
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FOID, XA ML T 4 T OFEEITOICE TR X DT 4 iy ok E A
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Pa) = Cy ) eMRap(r = Ry) +Cyp Y e*Mog(r— Ry)

Ry Rp

+ CAZ e*Ragp(r—R;) +Cp Z e*Rsp(r — Rp)
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(d(r — Ry |H| (1))
= Cyexp(ikRy, @)
+ CB{exp(ik(RAA + tl))ﬁ + exp(ik(RAA + tz))ﬁ
+ exp(ik(Ryq + t3)) B} (1.2.6)
= C exp(ikRyy @) + Cpexp(ikRy)T'(K)[S
=(Pp(r — Rya)le(B) |11 (1))
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L s,
Lo T,
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ZZT,
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B,
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ERRY | RS REFERTIHE /T 70l E LREICIZRD,
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tl—ﬁ<7"z)

t, = %(0,1) (1.2.14)

_a V3 1
"‘3—@(‘7"5)

DT,

(1.2.15)

LB, 2@y 72 0BES. FTOZI7 72 0BRIICEWNT EHOAY A FNETFET
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Figure 1.8 Energy dispersion of bilayer graphene [8]
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Figure 1.9 Stacking of graphene: (a) AA-stacking, (b) AB-stacking, (¢) ABC-stacking
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1.4 7~ 55N
1.4.1 T~ U EGELO R G

LR OEIIT~ 7 AT 2 VFBRAOEBREE L CFmEOERGDOE TR T I ENTE
%,

E = Eyjexp{i(wt — kr)} (1.4.1)

H = Hyexp{i(wt — kr)} (1.4.2)
Z 2 TLERB L UHIFBLRIR I W TBUIIN BEr IC BRI 23> < 28 Lk 2R L Eyk
K OHTIRIE, wl3A B, kTS~ bV Th b, v 7 AV = VBRI VEB X UOH

VI, TIE < R(1.4.1).(142) KV (kLEEZ 52D Z LICL Y —BICRESND,
FoT. UBREDHEEZEET D, FEHIRIBE, LRI~ 2 breDFETET,

EO = Eoe (1.4.3)

€x
e =G0 (1.4.4)
€z

FEEIZ BT 2 OEELE., B— B X N e, w&zﬁm¢® > OFEAERIC
BIpDT— Rk LN e, D BRI Wﬁéhé7ﬂt%f&é a;tﬂk%ﬁék\
Z OREEYEIC X0 RSP S - EIGE

E; = e;Epexpli(w;t — k;r)} (1.4.5)
&ij—éo T EBHE DD & T OBTFAAN I DT NIET 5720, i
(R E— A ERFHRINGBRIAEL D, SITESG N2/ S 0N e ZTESLIC

J:Hﬂ L. 4Pl

P = aE; (1.4.6)

LRI ZENTE D, ZIT, alIDT VNV EMIENLLTD X S I1I2ET D,
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Axex axy Az
d=[ayx ayy ayzl (1.4.7)

Ozx QAzy Agzg

ZOEFHT Y NVl T —fRIZITIEF OBRER Z2ALEITEFE L TV D, W, R ORE)
ZRERE) TR & FBIERENC K DR B O D2 & FAEE R, I KL UMRIEA,
ZHNTERT &,

u, = Auexp{ii(a)ﬂt — k#r)} (1.4.8)

L0 aDBEHE T (po = x,y,2) 1T, wlZ XY RO XD ITRET D Z &N TE,

1
— 0 0 0
Aps = Aps + E Xpopuly t5 2 Apo upur Uy Uy + (1.4.9)
" "

LB, TIT. al A THRRIEIC BT BT AR Y L DR DETH Y |

da
0 _ po
Apo (a%>0 (1.4.10)
0%«
- po
oy = ( o au,u> (1.4.11)
0

THEZB 25, ( ) IRTOFMfrEICB T 22T, K(1.4.9)2 K146\ ATD L.
Sy fPIX

P = ae E;yexp{i(w;t — k;v)}

+ Z ape;AEpexplif(w; £ w,)t — (k; £ k,)r}] (1.4.12)
"

LT D, ZOLEEEDEIC K DERE(L. 0MPIC L > THELUTO L S IZES &,
Eg = e;Egpexpli(wst — kgr)} (1.4.13)

K(1.4.12) DA TE ) B BELE D JE 3 £k 4y (a)s)kJ:U{EZ@‘CEJZ%(k YD HIZ b EL e D Ay LIS
DFABEE T (W @y, ) B L OBEE T (kyy Ky, ) EEND, ThaEEOTES &,
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1H D OEELYE : wg = w;, ks =k; (1.4.14)

2HEMOOMELYE t ws=w;tw, , ks=k;+k, (1.4.15)
F3HENDDOHELE : ws = w; + wy +wy, ks =k £k, T ky, (1.4.16)

R(141D)F LA V=L TH D, R4S 1 B 7 + 7 VU HMER LT-#ELE %2
Y, Fe, K416 2 HOT7 4+ VISHTELT: 2 ROT~ U HELTH D, I HIT, 1
ROT~ U BWEDI B, TF 7 ATEVIERT AT M7 b LI 0 — w, %
HOWELN A b= 2, @R AN 7 b LT EEER S w; + 0, % b ORELE
DT VFAN—=T2NTHD,
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il i DK FRYE T ZE RIS K - CREIR & 415, ZEMIRE & 13, iR 123817 2 LRI E DRk
AL HHIC féﬁﬁ@@k TR BT & 22 RIRI IS RS B) S H T O RERHALLS Emébﬁ
D RBREE A GO TRER S NTRETH D, %R 2 WHERE & WD S O JE ML
<%‘ﬁﬁ’&%#éﬁtﬁﬁ@@%ﬁﬁ#éﬁf%b\ﬁ%mm@ﬁ%fﬁ+AﬁkL
oL ZOEMBORNTHETH D, JIUTAREE W, FEf ORI EN. TH DT T
— T OXIFMEE KT HBECTH D, fMmIcBIT 57~ VBELOBEIRANX, 2 b OXbH
PEICER LT\ 5,

N OFE B OJRF-OENNIZ L DETHmET Y vald, K(1.4.8)EX(1.4.9)02X D

a=a’+ Z aj, Aexp{ti(w,t — k,r)} + - (1.4.17)
u

THZbND, ZORIL, MmN 2 EYEE T 5 0O ME (ks R L TW\WbH, 22T,
A(LAINITHT 55 1 HE Oa TR O E B T 2 0mET YL Th D, Ziuk
T~ UHELICIE R LT en, 8 2 BRI E 7 4 /) AT KD EhEE S 7o
RT I NVT, T LIS EST 5, 20T~ UHELICE G955 2 THE LERIC W T
RO EZBET D &, FI2EE 2 BB\ X, BT oERERESE— K2R
exp{ti(wyt — k,r)} &\ D FAINEZ 52 285002 I IS < 58 O WIS FRIED O
SNTWT, FEEDRTFOPHALEICE T 5 7+ / K0l S =o)LV &7R
FTalDT v I VARG, T T R—IET DB ORI L TV D, LTeioT, Ivv
BELSRE S ORI Lo TE OB A O Z L 2R L TWD, SHIT, 7 HELD
BIRWE G257 Y vay., agy, « (3RO TR KO ORI O b S IEAERE O 6 PRk
WX o TRESND,

T VHGELDBLI S D 7o DX, BL T O iR T Y L DOWT I DR A E R
TRWZ EDBMETH D,

Oay)
— | #0, (po =x,y,2) (1.4.18)
duy,

Fi0 FHARY P LT~ AT FAOENE, TP, BIERSROWEIC
TAMRZ TR L. Bl (b L <R EEDIT B2 L0 LD A~y MAEED, .
S LA TIR, AR LT BMEITE G vo) ZIRE L. BELEOREIE & ASE
DIRBEOEI R L CBEERIEZET 5 2 LTI~ A0 MEHRD, T~k
BV THRI RS & AR OEB A~ FABBN DA, FARIUE, 45 T1E
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B TR 2T 2B BB T T LIS 7 ORENT & 0 o fRpn 2 b
LHEICBIEI SN D, FANT MV E—7 OMXMBE bliE TR D, T~ ANT b
T SND (T~ A8 REIE—F 23, BRI FATIEBIIS Ry, 3G
TRINAR Y P TRBIRIESN D ORINEME) IKEIE— P2, T~ A7 M TIRBIHNE
NARWEANRSH D, FOBEWRTIET~ 2 AT MUTFRI AT L EREERTH S,
HARENZIZ, JIEE O3 FIZB W T, T~ AR RIREN 35 FR 0 2 SR RIS
xt U TR RRIREN T v . RINETEZRIRBNISCH R R IRE) & 22> T D, RAE T~ D
W ICATEME R Z & b DM, WHFITIHMEICR D Z L1ER0, ZOZNENDIEFEIZ DN
T, HMZRMEE L b o 72 ZiRE (CO) THEDENWEZRND, K1 1IZIREE—FE
ROV T = o OIEME/ANEE 2R, 3 LIRS KO ISP RERE) vi(1334em )37 < >~
EPET, FERFRERE) v3(2349em™) & 28 A HRE) va(667 em™ )ik, ARIMENEL 725,
£, TV UBELOSENT, AFDER JOBEDE L LT OBRICH D,

I |e; R eg|? (1.4.19)

RIIT7T~> T I NTHY, 7 BELORIRAIZ R L T\ 5,

Table 1.1 Infrared and Raman Vibration of CO;

O— C =0
Symmetric stretching Asymmetric stretching Deformation
Vibrational o
mode == 2 \l/ / \ \l’
Infrared Inactive Active Active
Raman Active Inactive Inactive
Wave number vi=1334 cm’! v3=2349 cm’! V=667 cm’!
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Figure 1. 10
Phonon dispersion and phonon density of statesof 2D graphite [12]
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Figure 1.11

Raman spectra from the single- and bilayer graphene [13]
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L, = (2.4 x 10710)2% (Iﬂ) (1.4.20)
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7 RENBDT D, £i2, 2D B — 7 OBIRICHOWT G, 2 EARIEEIGIC sk U2 EEUESF
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T UHEL Y T 7 = v ORBBRIEICKH L CHERICERARTIETH D,
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Figure 1.12 The number of layers dependence at G’ peak [11]
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7777 A4 MEEDRFEMEHZB W TIEENR I A TW g E— 27 ZFEE LK 1.10
EEDLZ LIRS LTS, KAENLHI-Tqg = 0F 72132k DBEFR[22,231I BV TRl S
LYY= %70y NTDHERTT I 774 NOTH ) Uit Bl b Z Eibholz
22], T7bb, FvUHHIT LD T4 2 VHBIRRO HiILD K DT oo, IRBEMEL
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1-phonon emission 2-phonon
1st Order 2nd-Order process
(a1) (b1) (b2) (c1)
Incident
Resonance
k
(a2) (b3) (b4)
q
Scattered
Resonance
i
Figure 1.13

(a) First-order and (b) one-phonon second-order, (c) two-phonon second-order, resonance

Raman spectral processes.[12]
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Table1.2 Properties of the various Raman features in graphite and SWNT

NameP @ (em™1) Res© def dELd Notes®

iTA 288 DR1 129 iTA mode. intravalley scattering (g = 2k)
LA 453 DR1 216 LA mode. intravalley scattering (g = 2k)
RBM 248 /d; SR 0 Nanotube only. vibration of radius

IFM™ 750 DR2 =220 Combination mode 0oTO-LA (g = 2kt
oTO 860 DE1 0 IR-active mode in graphite

IFM™ 960 DR2 180 Combination mode oTO + LA (g = Zk)h
D 1350 DRI 53 LO or iTO mode, intervalley scattering (g = 2k)
LO 1450 DR1 0 LO mode. intervalley scattering (g = 0)
BWET 1550 SR 0 Plasmon mode. only metallic carbons

G 1582 SR 0 Raman active mode of graphite®

M- 1732 DR2 —26 overtone of 0TO mode (g = 2k)

M+t 1755 DR2 0 overtone of 0TO mode (g = 0)

1iTOLA 1950 DR2 230 combination mode of iTO and LA

G’ 2700 DR2 106 overtone of D mode

210 2900 DR2 0 overtone of LO made

2G 3180 DR2 0 overtone of G mode
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Figure 1.14 Graphene device: (a) Scanning electron microscope image of one of our

experimental devices prepared from FLG. (b) Schematic view of the device in (a) [27]
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TW5, L& ZIFETAR—ARIZERNL 7 T 7 = RBHERILD pE) L 7214 O el ity 4]
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TS SN 772 OBBTYHETH D08, WERITHEAW RIS Lo T D
L ThHD, BFFR— ORI NE TRIEDOMBS T CTRITNEENR - T2R, 7
T 7 =V OB E TIN5 T CEIRICBW T 115 o Xy I8l sz, 2D kD
7772 NAEFEFTEDLEGICEFFR— AR EZRTOEIST Y UV TBHESKE WY
BThHhHZ LITERLTWD, 1.14 DFR—NR—F 4 2 12B O CER S - BEhE T
10000 cm?/Vs & #E ST 5,
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Figure 1.15 Quantum Hall effects of graphene as massless Dirac fermions [28]

ZDOEINT, VT T = O RIETREREIC X 2 IR OB G N RSB S iz,
ZD—TT T 7 2 U BFET 2B L, Z0FEMLICHET e b KL < ST b,
777 2 BT LEFEEL S FNEEIKTFELTT USRIV T 4 R d 2 en
3R & N[27,28]. AR—IL E B O T IMEEIZEH G- LTV D Z &R ENT2[27-29] (K 1.16),
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—%U -30 0 30 &0
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Figure 1.16 ~ Ambipolarity electric field effect in single-layer graphene [30]
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X 1.14 (2R LIZ#AERTIBR, 77T 7 = T8 ATEMFEEC K 0 BRI ES N 7T 7 =
% Si0o/Si BARITIRFF L TIER S TE 7228, SiOfSi B ETIEF ¥y —V F 7 v 7 F v U
THEELOZEIC LY, 777 = ATHFF SN D BENVE B STV,

%I, ZORBERT HT-OOFEMBRESNT, T, I T7 0BTV —RAX T
+4 7 THO O3B EPMER SN T2[30], Z2EHEDA A=V 2K 117 IR LTe, 2D
TEONIEBENE T, 4.2K 128V T 200,000 cm?/Vs TH Y, T E CIERIES LT 31
AD Ky T T—HThol,

Figure 1.17  Schematic representation of the structure of the Suspended Graphene
devices: top view (left panel), side view (right panel). The electrodes are shown in

yellow and the SiO; in blue [30].

LinL, 79720 %T 34 AL UUSHT DITITER EICREFT 2 2 E R R e,
BIfETIX, h-BN RIZV T 7 = U &G T 2 L0 S v, BFRREOBE L 140,000
cm¥Vs THo72[31], h-BN X, 7T 7 = L[AkE, BEBEIC K VR L~V T R &
ERIS 2 Z LN TE, BT EBEN T T 7 = LIZIEED LT AEED 2%LL T, WEAR
TR EE DD TRV, SiOy EEERTHEWVNFE T 4/ =X X —Z (D W0 ) HEN G
EWRHERDOX ¥ U T OELAIH SND, TOME, ¥ VT OFEHABITRENIKEL 2
D, v U 7R LDBEEZ T TIUEET DN AT 0 v 7 {RENRFEB I, D
REIC L 2 BRBERENBIN S D, (FRLT2T T 7 = 0% S DITHRICR - T2IREET
h-BN (Z#559 5 FiEHIRE SN, H|IRICBW T 125,000 cmVs, S 51T 42K (IZBW T
275,000 cm*Vs & WO BENVENB SN, 7V —RAX T4 T 7T 72 KT A4 AL
D HRERBEENEH S [32], LU S h-BN 2 W=7 34 213X 118 1ZRT
912, BN RIZ/ T 7 202085 2 LiICEERER %5 5,
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Figure 1.18  Schematic illustration of the transfer process used to fabricate

graphene-on-BN devices [31]

BAETIEh-BN 2R LI HIETY T 72 0 T, R ERT 5 2 E N ITHH03, L
MULIEND, TT7 72T NARZEINY ¥y v T2 bR EWIMEAR S S, £
DI=DOTNARELTROONDA AT WEHTDLZ ENRREEL 2> TS, N R¥ Y
v T HBAT 2 HETW S O REINTED LI IR LI 2 BT T 7 20T /34 A
[28,33,34,41]. K120 R L2 T 7= ) URYT AL AB4,42108 281 Hivd, DAl
b, 77720 ahiF o, b LA T2 2 LI X HMEDEA[28,35-37]FB L O —
Ry ) Fa—TB81EI 0 AN FIENMERSN TS, £, R—E L 7 RXMEOIF(E
RO AR WD RER B STV 5[39,40],

P, (top gate) Pristine Gated

sio,

Si (bottom gate)

Figure 1.19  (a) Optical microscopy image of the bilayer device (top view). (b) , Illustration
of a cross-sectional side view of the gated device. (c), Left, the electronic structure of a
pristine bilayer has zero bandgap. (k denotes the wavevector.) Right, upon gating, the

displacement fields induces a non-zero bandgap /| and a shift of the Fermi energy Er [41].
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Figure 1.20  Schematics of graphene nano ribonn FET [42].

LU G, BIRETO R—E 0 712 L5 FIEIIBAREICHE 72 b O Th  HilfH rl e
Lo LT TR 43], o, I—RrF ) Fa—TEFLEINLX v v T EBIT D HE
ELTIRESNTVDAN, £OF v *y7°6ifﬁ3?'~%1¢@ié(ﬁﬁ DEVIATNA T VT
AVHEAFEL TN D[38,44,45], — 7. 2B 77 = DAL, EHAZEHML2TIES v v
f%%”é:&ﬁ?%@““@”ky?71V@%ﬁKﬁﬁ%5K5ﬁ&%A/}%?yj
EEDHELE LTHLATWDEN, EOFECBWNWTH Y77 =2 /ICHIfF SN OBEIE L
FAE L TIIW RV [28,35-37], 777 =)/ URVOBEAIEL, 200-1500 cm¥Vs £ T T
T5, TOBRTIZT T 720 F 7 VR ZAERT HERICAE L D2MERIMRBIZE D0 & a1
SNTND, ¥r v T E2ERLED LT LBHEN NI RDLTED, T, ZAOHEZ
FF5 2 & EIERIRFICERT D 2 EDRBURTIIREE 2 b D &> TS,

WIZ 2 DODRERIZOWNWTIHRS, h-BN ZFHA LT T 7 2T NRA R ELL DY
FT7 2T NNA ABRBEINTNDN, ZI0 DT A AERUTFRE L~ L ORI
BiECTH DA, FERARIITE L TWRY, 777 2T 2A0FEAICHT T, @i
FHIETEICKEIERT L FERRO LTS, ZOMIEKE L CREEICEY 75
T2 TN AR S FEMER SN TS, ZOHEE, AV y FEFRICE
W 7Z 7= BFET & KEICHL B kL LTH/fER TV
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1.52 WEECEXVIERINTT T 7 20T A R

WREIC L DT A AGHIZOWT, BT VIR TITNRTTAF /=Ly ha=
ADKEFE TOERIZIIR DR WFETH T, ZOFETERSND T /34 2 DO#FH
IZIR< . R T U AH[48-52], K NFEMT /31 A[53]. A% LED[48,52,54], 7 4 A~
VA3 ERFET biD, ZOX DT, IREEIZZEMICHER T2 2 &R TE, REEE
AREZR HEE LTRIAENTWDS, KT, BERSTZTERATRE L WO | (FRIT 5 &0
R TR CRDICa Ly ba—LHiiETH L Z &b AEREV LD L LTHIfF ST
e ZOFEEHNDZEICE- T, fERLY LI N T V2 X OIERIZ B TREBE
MW AREL 7o o2 & bHE SN TV D[44,55,56], Lo LaRns, TNHDOT A A0
FEIL 0.5 cm?/ Vs I FE - TEBV[55]. v U ar BT o A L IZHEIZ 72 & 7 E Sk
PRV, ZOMREEOHEELK DI, B Y arz2A0pis71z2id Cn, ity
DF 7 Bi1[58]F & Y CNT[59-64]DFEFH 235k H LTV D, #TE TIER SN D T /31 AD
A A= L LT, HE CNT(SWCNT)IZH 1T DL TR EN =T A A% K 1.22 1ZR L
720 DT A AIX, Si0/Si FEMRIZ AuEBMGAE Y V7T 7 12 L0 ERLL BRI SWCNT
LI BLTZKEEZTE T L TT A ZZFR LT D, L LR, @ioT) /e
FIZE DA 7%, MAKRLT & by IPA, NMP 72 & —fRENIC L < WS A IESEIZ BN T
IR LT S WS AbSRER 72 ST L0 A R E S AR L AR STV H[52,65], 26
(2. WRETCTERE N CNT OB R 7 > DA X OBENEIL 50 cm¥/ Vs F2ETH Y | 4
A7 % 1000 FRETH 5 L #HiE I TV 564,

Ink-jet print

SWCNT
dispersion

SWOCNT dispersion

Sio,
Doped Si

o
-

(a)

Figure 1.18  (a) Schematic representation of ink-jet printed SWCNT TFT. (b) Optical
micrograph of SWCNT droplet before drying. (¢c) SEM image of SWCNT film on Au
substrate [61].
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ZO XD ITHIEIZ K 27 A ZERIZK T 5 2 < OMFERHE SN TWD, 777 =
WCBWTHZ0MD TEWBEIEZ LT 2 E N SNE T A A~DIGHIZE LT
A7V xy NEFRIC L DIEEESHIf ST,

ZOXICLT, 77 2 B OMRERRE L, e & Iz vz
T 7 2T A ZADOIERNE SHLT2[66-70], T AHEDFREREEINATEY, flx XA
T L—Tl T2 HETIHEVEBEA~E T LY A U —~OIE IO TS S -4
L B[66], Floa—b—U I REFH LY V7T 7 4 2 L CEMRE(ERT 55
7o FIEBRE SN TN D[68],

—EIZIE, A7 Py FHFRICKY 7T 7 = BRI ZR T L CT A R 2R
T5, 7772 UIRIETFICERICOHL WD YT 7 = R R IS T &, 208K
DT 7 2 DEAEET ¥ 2 E LT Cr/Au OEMZ ST RN RE S TW5, £
DK & F X XTI T 2 FHEMBE T EB LOAM 32X 1.19 [ZR Lz, F % R /WiZ
BWTZ 772 U PEBIZES L TV X THBIEI TV DD, llx ORI
IZDOWTOFEMIT 0> TRV, o, EERIZZOF7 31 2B T 2BE AL 100 cm?/ Vs
BETHY 777 2 AW ESNOBEIE LY IEFITURNVFER & o> TV 5H([67],

a) § b

graphene-ink graphene-ink

drain

source

Figure 1.19  (a) Ink on Si/SiO;. (b) Cr/Au pads define the source and drain contacts
[67].

51, WEIEECER FICHEE S G728 7T 7 = 2O TTF A A EVERL L 715 &
HEINTWD[69], ZDOHETIE, WRFICR) ~—%2RBASEDZ LIk e RE S
FTCHOMEFL, B F A= MUY A X7 4V AEER L ZNET ¥ L E LTHNWD,
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T L0 PR ERZHIE LTV 5 O Tl FEtE L &V ) BAL TR LT (1.24(a)) .
ZDT7 AV EOFERIER 1240NR LTe KIS ESERTBRO T T 7 = U RER -T2
FOBRENTZD L TCODETTHY . JBATNCL > TRBEOE LD 7 4 W ABRERS LT
Do LLZRND, Z2DT 4 )V AZEBIT Ll 2 OFRY A ZIIARHTH Y, HARIZHBIT
DB IR E B LI > T, 722 L, BRI 15BD 7T 7 = U 3EKT 5 F
¥ ANV THER L7 b7 U A ZTERADRICL VARSI N, ZOBEEIT0.12 cm¥Vs & #H
HINTND,

Figure 1.24  Inkjet printed graphene transparent conductive fi lms. a) Photograph of

the printed films with various printing layers (from 1 to 6 layers). b) An SEM image of
the 6-layer (6L) film. [69]

T, IEFEF XY RNVETTRIEMIZHL 77 7200887 7 7 = =L TH—L D
— R TS A EAERS DR HETT LTV 5[70-75], A— IV —R T34 2 LT, %
\CIRARIZ K DN TF ¥ RNV DIHT T 7 = AT D HETIEH RS, BT TH
772 CERT L HIETHD, TNERALEEEOF L LTX, Y—A, LA B
W37 72 AL 1 ENL3IBETENEND Y T 7 2T ¥y E LT3 HE
HOTNA ZAPREINTND[T4], SBIZ, BT T 7 = ACEE L — B Z21T 9 2 &
T, EERE A= 2L, 777 2 o BoORKEZERS S FELIRE STV,
ZOFETIE, B AXF—D L —WTRY—= T T LRI 7 7 = VRSN
HOTRERINCY T 7 = VROBIEIMER I TWD[T73], iz, 77 7 =720 T
DIRFEMEL EAE DT, Mgk LTIy 7 7 = 2L, BMaHES 77 «
VCERIT 2 FIE[TII0E S Y 7 7 = o B E LT LT v 1% CONT IZ L7273
AHEMENTWA[T2, £/, V79720 R T 774 bOBF Ry ba/ERIL, RFE
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HOFES—A MLV EMAER L ORISR ER L7l b MG STV H[75], 20
£z, 7972 EFERALTETREMEITT AN, AT 2 HFIEN S E IE 25k
TIREINTWVWD, LLAERL, ZNODHIEIEREL ~NLOMEICEE->TED.,
FEREIZ AT 7oA FRGIEITIEE - TOH2RYY,

LLBRns, ZOXIIZEBTH—RUMEBTER~ENTZT A 2096 Ebae?
L E LT, WA EZ R LI FERIRR S N72[70], EBEOT A1 2%, Bk 7
T WEER T LA CTETLSE D, ZOBRTS T 7 = VINERICE ENTIWIK & &
WECHTT L, BIENEE T a2 BN TSI 72k ba—e—Y 70
EEhd, Z0oa—te—V 70BREZOFFEMAL CEME T ¥ XL HE T T T2
TER L 7= HETH H(K 1.25(). 2D X I L THERL L 727 /34 A2 D0 CESEHERH
1T THED ., Ip-Vp I —7 (K 1.25(b)B L W Ip-Vo I —7 (K 1.25C)NEHI ST\ 5
ZDOT A AOBEEIL 102 cm?Vs TH Y, A A TP T2 RETHYHES T 7
= A EN DL D LIEFITNENFER L 25 TWAH[70], TXY FNICBIT L7 77 =
YO A X BEENERMLEBIIRESERL TV EEZX LN, Z0HED
B 1.24(b) T/RL7=D ERIERIZ, T R T DE %2 OIGRLY A ZIIAHTH Y |
TR T DBEEE 72 E BB 60T 5 Ty,

(a)

l Inkjet printing of
'. GO aqueous solution

(b) (<)
150 | vy meB0--80V o 160 | Vos =05V
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Figure 1.25  (a) Schematic and OM image of inkjet printed coffee-ring rGO transistor
(inset: AFM height profile). (b) Output (Vps—Ips) and (c) transfer (Vgs—Ips) curves of
the inkjet printed coffee-ring rGO transistor (channel length: 110 pm; width: 620 pm;
channel thickness: 1.2 nm). [70]
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ORI BREEZL DT T 7 = T ZOMWERRIZT ¥ RV O BRARGRHED O BB E
MENED LIRS TND, 7772 03F Y U TBHEDOEIND Si ORFEMEE LT
HENTWAR, WHEDO L IICERD VT 7 2 o 2R EICHESE T T 7 = DR
BRI D HIEICB L7 77 20T NNA ADT S r—vary bt LCETELT 7 A Si
ORI D DTN EEZZ TN D,

TENAT 7 ASE EIE, MEREENIERE TH Y Si R ARSI REEEZ RS, 20
TENT 7 A Si HHNTHEB ST P AYOF ¥ RV ZRER LT=Dn, TELT 7 A
SiIE N7 U AXTHD, v U TBEEILEIZ 04-1cm?/Vs B TH H[76], =
DR N 7 2 P A X THEEARO MOS FET & FIgkC, 7 — K, Y—R, FLA D381 T
RS0 . ERIGEIZ 350CHEE 72 X~ CVD (Chemical Vapor Deposition) 777 %
WTW5,

ZOENERENTHTTELT 7 A Si O N7 o P AZORERE LT, iRk
LR L7 T 7= VEEHHACTE D Z L2 W T 5, o & B0 BUIRTIE#EET
VERLL72 7T 72 DOF ¥ RMTHEZ 7 7 =0 | B SN ABEEZA L TEB LT,
FOBEFEIZ102cmMVs —F THO, TENAL T 7 ASIHEHE RN T2 L (IREL LD
B2V,

BUE, BPEESN TV O TN DL AL, BEIRERAIZTELT 7 A Si 2 L 7z @il
NTUVALZTHD[1T)e TENT 7 A Si O LT 2P AL 2> CTHRENS 5 ik S %
NORET, EHEMCT VXNV H A TR EONT AT LA D 30 BlEEE % D RKELE
pa7 VEETIRALS &5,

WIS LD 7772 FET ZH WA Z Lk, HiE, KRREPICE T 2 /ERDATRE
ThOA 7V =y FHRIZEB> TREMICH T2 2L bl TE, BROTELT 7
A Si IR T VAL LD b ARMEREOMN A RIAD D, £io, WK ERAWD Z &I
L0, HFHEERECERCTE, 204 FEZERTUILAETH D,

=L, BEEIRBRE TH-oThH, TE/LT 7 X Si OEBMAREIZAA v F o THPEIC
BENTNDLZELETHD, ZORMEIZHONTIR, BUEDIKIEIZ L D27 T 7 = FET [TV
TR E 2> TS, ZOLHITE, WRIETHER LT 77 = 0 F ¥ xBTS E
RIBEE T T 7 = OGRS & OBMRER OGN TO0ER DD EEZ D,
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1.6 BIRIELSND 7T 7 = OIERTT A

1.6.1 BRI BETS

AR HEEEITBIRD 7T 77 A v 2T — 7 THEEL TR LY U IARGIETH D
[27,28,78-82], % 7' F 7 7 A h & L CHOPG 2MEH S TV 5[36], EEO/ERLEIL HOPG
DINFZET =TI T, MORLT —7 CTHBEL T < Z &2 X D ERkx 2 HOPG DJEMN
FIFES AL 5[79]e 9 LT, HOPG IFFEFITHWVERL & 220 | FEE Sz b O O—EBIzk
THBBIUEE 7 7 =0 G s, BE7 77 = Th D Z LI FIHMEE DT
BRINCB I T v o 28I LV ERT DN TE D, ZOHETIERENZ T 7
= OBEIEIL 15,000 cm?/Vs EHE SN TWNTC[34], mmERT T 7 2 2 ERTHZ L
NTE D, HMFIBEEITERS LR T, S DIERFMO 5 HITERATEETH 5720,
FREL NV OERIZBWCUIIEFICHERRGETH S, LirLaens, fElshbd 77
T2 A3 10 pm BRETH L Z ENE L, K b O ERT 2 ITIXRECTH 5, Hk
FIEEEIC L VIERESN D 7T 7 = %X 1.26[82]127R” T,

Figure 1.26 Optical image of graphene with one, two, three, and
four layers [82].

1.6.2. CVD

CVD {EIFRGICRKEAELAREE T 5120, EEICBWTHHAMHRFIETH H[64], Hy
BELO CHy DA R H—R T A @ik, MEZE N EFERIGSELZ &Ik 7T 7
= U EERT D, ZOLERKIGOMEE L U CTHie= v 772 EOERIERBER ST
%, FEEITIE. T O@BITLTFREG O RET 572 [28,36,78]. RFEFRTFH /=
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N IEERINL T 7 2o NMERLENR D, ko T, ko R&ASBEREZHEAILIZ, &
OWRERT T 72 OFEREARRET D HIETHD, EEERE L RBEHINATND
DITLAERADHERETH Y . FOERIAFREINT- 7 T 7 = NI OERICEET L LT 0
O ThD, FHERRIERENTZ YT 7 = o ORI 127 17T, ZOFEZS T
7 = U OEREO R T H RELICITR bENTEHIETH S, LLRRL, BEhE I
PRFIEEE 1T T 2,700 em?/Vs FRETH 7=, ZOJFKE LT, SEM X TEM (2 Xk 58]
BORERT VAN X IPER I, SHICREOREOENRH H7-0TH D LIE
i STV H[83,84],

Figure 1.27 (A) SEM image of graphene on a copper foil with a growth
time of 30 min. (B) High-resolution SEM image showing a Cu grain
boundary and steps, two- and three-layer graphene flakes, and graphene
wrinkles. Inset in (B) shows TEM images of folded graphene edges. 1L,
one layer; 2L, two layers.
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1.6.3. SiC #\4y iR

Si VTN SIC Za2—T 4 7 LT ERZERB L OEEZEIZBWNWT T =—/L L Si i1
L CHFE2BAINCHMREEDZLICEY 7T 7 = 2AEH4 5[28,78,85], TREEAY 1000K %
x5l SiJRPIIERERERNOERE L, CHRTOEPED, TNHD CRFICX > TH
WEZT T 72 SR END[36], ZOFIEILEIRT TITO 720, Bk BiZfk -7 CIRF
LHEBIIRATLEI =D, RODZ NI T 7 2 ERAZEMCH D, SHIT, TDOXK
AT ICEECKB N ET D OIER LT [36], TOMEE T~ THIET S &
GE—/BIVGE—IBNBHEIESNDN, G E—7NEERAICY 7 hL TV Z LD
R—=Er 7 EZNTND I ERRINTVNDH[86], £, BEIEIL=IRIZIHB VT 5,000 cm?/Vs
TH Y [34], WREHHEES 7 72 L CVD 777 = OWBEREDE TH 5 Z L Rl
ENTWB[27,34]), ZDOHEF, 777 = OKREBIEAEIRGE SN S0, WiEB L OEESE
B LT DT, FIBEE & T 5 L fEE TR, o, WE b ERIEE S T 7
= EY BENMEMTH D, BRAYZRE 22 1.28 (2777,

Figure 1.28 (a) AFM image of graphitized 4H-SiC, showing extended terraces. (b) STM image
of one monolayer of EG on SiC(0001) [85].

64



1.6.4 EHEIEIC L D 7T 7 = i

Wi 141% Hernandez [87] HIZ L » THAE SN T T 7 7 A N EIRKF CTBERR3 5 kI im
EHRLTWD, oI < Vs 77774 MaERT 5 Z &12XK D N-methylpyrrolidone
(NMP), y-butyrolactone (GBL), and 1, 3-dimethyl-2-imidazolidinone (DMEU)D¥EEEH T 5 ELLT
DB T 7 2 BERI LT, ZTOMBE, NMP IREF TV Y 757 74 R bERIS R
THIE T 7 = DRI~ 1wt% T - 12, Z OULRITAEF 0w Doy EE7e & OAEE 41T -
THESTWNWDINNT T T 774 e S LI LT D Z L2k - T, 7-12wt% E THM
EHDHZEEAHREL Lz, ZNOOFERND, 77 7 = VIRIRICHE LT-REHX, 77 7 =
VERBEORBE RN X —DNT UATREENDS Z LERLTND, £, XV ENLTZ
WRIBLIXFRE IR 23, 40-50 mI m2 OFEFAIZH D L ORI L TW\WDH 2 L &R LT,

NMP, N,N-dimethylformamide (DMF)$ £ U dimethyl sulfoxide (DMSO) 7 & DA HEAEEIE
BERHOMNRZWET D, FIC, 1mgmL' EOGRED VT 7 = piiEiklE, LT X
9 72 HEHE NaxCioH14N20s, KNaCsH4O6, NaxCsHsOs and NasCeHsO7 ZVEBEIZ TINS5 Z L1
Lo TRGIERT D 2 EHIRD 8] e MG SN TWD, Fo, 7 bR OHEHS T
hexafluorobenzene (C¢Fs), octafluorotoluene (C¢FsCF3), pentafluorobenzonitrile (C¢FsCN), 35 L
pentafluoropyridine (CsFsN)72 &'1&, DMF IEEHIC W T, WIS RSO S I 7 = 0% 75 7
7A MDPOIEREND Z L AR LTZ[89], HTH, CeFsCN IX@mWAIEMEZ R L, ZOHRE
1£0.1 mg mL'Q2%) CTH o7z, SHIT, by INRBEETCHLIKL, =777 % |k
[90911R°T VT — V[ RNZTRINTDHZ EICED, 7T 774 MalEiRF BRI 2 HIEIC X
L7772 UBURIROBERE LTHE L TWh EREINL TS, =777 % heL
“C ., sodium dodecylbenzene sulfonate (SDBS)Z /KIZIRMN L 7 T IR H C O BEBH A 2h 3 & <
ETSH WEP COHBR LOME Y T 7 = O 0.002 - 0.05 mg mL! & 72 584
w7z, F2, BlOY—7 5 7 % | Carboxymethyl cellulose (CMC)% KIZERII L7254,
TERENT= 7 T 720D 6 T9%RED 10 LA, 6%RENHETHDL Z L E2RL, 2fF
TOWRELE L TUIABRETH o7z, I 6T, KIZT NV a—VERE ST E VTR
RPMEINTND[92], ZOBEHETIE, WKTICBIT 57 T 7 = DILERDS 10%FRE TR
Hiv, (ERESNTZ T T 720 DO H 86%FREN 10 JELAT ., 8%fEENHE Th o7, FFiCZ
DIRBET, B BT T 7 2 v BB 27200 HEL LTY I AThHY | EoKEN,
s, K= 2 N BROFEMEE WO BEER S D, O ORPHBED FIEIZHBNT,
RSPV DR OFIZBE D 59, BERLEE LR O OBFUERALEE Sd, 0
KO%7 77 2 VERIRAT T HWEECIE. |BR - RRPBRLOSEER LI/ T 7 =
VEAERT D ENHRETH D, TNOOFEIEL. VT T = VEEIROWRR LT A
Py bFRICE VT RE == T EIT I ISR~ STV S,
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W D77 7 cikans RRTERREN, 770 EENC L DIEEB0MIC X
oz TEE) LT D, EOEBIORER, a4/ FRIHIE—RICED Y OBELRMIZE T T
AR L CEEREZAT S, b LIERBELH > THOB L TFEL TN,

BRlC, 7972 OBHIET 7 o FNT — VAN RIRL BT 4 03k F 7 = U3,
FNHE I IBEPEEL T 7 v T AT — L AR THDH ST 774 N T 5 X9
W, 77 TNV T— VAR RE TH D, Lo T, WEFIZBW T L TV 5 E~
DTT 7z b HERBTL)ICRELHVEET H[93], LrL, TOREBENS T 77
A FERUL ABREBHEEIZR D0 E I DI 0> TRV 2D 7 T 7 = VEEDORA,
BRASHINZ AB FEIEIC/2 5 2 & DRI Tl STV D 03[94], I AU CAFET 5
flilx D7 T 72 BIZBNWTED XS RfEBIC2 5 NEBROZFEEIINELZITHELNTY
RN, ZOXIIT, WO Tl A DT T T = A WIS LERE L3 VWMEANIS
oo,

T, V772D X DT 2 WD — MROWEITEM T LY . FOREHE
EBHREHEEROERE &2 X 512 3 RThICERE L3 S (A L 7= & 9 7efiis)
ThDHZENHLNTVD[9597], ZiuE, 2RILD T — RO FIZEH LA Hid &
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ﬁ”%%%ﬂﬁ%hfw@wk%ﬁéné@ FERRIZTFT ¥ R B T D7 T 7 = o Ofa)
R L CTERBENMELS 2o TV DD, FOFEMITD D> T 7,

WRE TR EIN T ¥ R OBELBEZHA LI T 5 72DIiF, FHR S — MR
777z ETTERLS, BRIV EIMEEEZ -7/ T 7 = VOBESBEEETY L

DT DREENRD D,
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17 BERVBIOITY E&REEE HD7 T 7 = OJATHE

WRECIERL L7227 T 7 = VBT S ADF ¥ FUTBIT 2 BERBEIZOW TR 5
BRIZIZ, FHR— MNROZ T 7 2 TERLITY BEABEST VX LCHEE LT T 7
T UNZOVTOBENRMNETH D, ZNETOFHL T — MRTIEARWST T 7 = BT
BRERDIEIZHONTIRR B,

X112 DX 912, TV BIMEEEZ L ST20 T 7 = OREREENRE STV 5[98],
[El§ff /3% — A2 kD AB Hlif8 & OFT IO E A FERIICTH I FER L0 BHMEE DT
2 b=y a VETWD, ZOFRER, T—AF =T (0B XTIV (30°) OFRTHEE
NABMICH D Z & AHE STV AH[100],

(b) I L.=1.62nm [ 7 kl=2,i7nm"

Feo=146 =" 3

Figure 1.12  (a) The schematic of folding a graphene sheet with 22.5° folding angle
a . (b) The shape of the folded edge determined by minimization of energy[100].

Flo, 7772033 — MROWETH H 720, BEHEES CVD B8 XKL T 7 7
= VEAERT S LT BAREESL LOREREND Z LR D, T EHEES LDOH
STE R LI b STV T, ZEICHT Y B L2V T AFM <° TEM Tl
BL, TOEINLEDLIIV - ENTVDIONBE X LNHEETT VIR S
TWwW2s (X1.13) [101],
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Figure 1.13  (a) AFM scan of graphene (b) Top: The height profile of the folding
structure along the dotted line in c. Bottom: Proposed folding structure (double folding)
from the AFM data. (e) Top: AFM scan of multiple folding structure in graphene. The
white dotted line is used for the height profile scan. Middle: The height profile of the
folding structure. The height difference (0.7 nm) of observed steps is consistent with
the thickness of double layer graphene. Bottom: Proposed folding structure (quadruple
folding) from the AFM data. [101]

EDZ, BB 772 O—ERIT 0 BENTAEEOE Y E T~ o TEEl L TA 5
CHBLL 2B T T2 E BB AT MARHIESNIZE W) REND D (X 1.14)
[102], WH 2@V T 7 = DG GIGOMELITMA 112220 TH LA, #T0 Bt
DI TIE, TORELLN 34 1ZRDEINTWVD, SHIZ, HEgr 7 7o bl d 2 &
Gy EFR Rem! 7N—v 7 "5, ZOXOREE BT 7 2V IEEITHE ST 7
L0 L S6%HEENRDTLERBLON TS, 20X Hic, FHAy— MRTHRW
757 2 NZDNT, ZOIRICH T 2RHEIC b 1E B 23 £ 0 RIS L Tt £k
T5ZERERMELTNS,
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Figure 1.14  (a) and (b) show the optical image of SLG before and after fold. (c) and
(d) give the schematic image of SLG before and after fold. (e) and (f) respective shows
Raman image obtaining from the 2D and G band positions. (g) and (h) individually
show Raman image by extracting the area of 2D and G band. (i) The Raman spectrum
of BLG, SLG, and 1+1 layer folded graphene. The spectra are normalized to have
similar G band intensity [102].

Flo BT 7 BB LTEONTET T 72 NIV, 1 DD T T 72 RITE

WT 1 EOE L 2JEDOERD R H5PNTIER L, i1 EEsr & 2 JE# 7 C FET &
ERLL -V h— TR0, BRI Z OF f@ﬁmmmﬁﬁiﬂﬁ@énfwémm(llw>
ZOWETIE, 1 @HS L 2B IR 25N E G A ELIF T S s STV
VWS, B O EE @{mrtﬁl‘ T TRICHAIL, IRy B I LA TE 5 &
WHEINTWD, B, TNHLOWED LT T T2 — hO—EBI 0 BEHSL
PEEEZ B OLDEIT TR, A7 — VLT 72l o0 THT A ARERIS L,

DOELSEENHES LTS (K 1.16) [104,105],
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(b)
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Figure 1.15  (a) AFM image of a chemically reduced GO layer with electrical contact pairs
attached to a mono- and bilayer region. The inset shows the simple electronic circuit used for data
evaluation. (b) Semilogarithmic plot of current (I) versus T-'3 of a fully reduced GO monolayer
(Vbias =0.2 V) [103].
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Figure 1.16  (a) Schematic representation of the formation of Carbon nano scroll (CNS). (b) AFM
image of a four-point-contacted CNS. (c¢) Temperature- and gate-dependent resistance of the CNS
[104].

70



DX, 7772 OBLKFHERLE FIRIEBIZOWTIX, HEB IUEEE T Tt
DEHRL LD ERHR S E b -T2 7T 72 T L THEL OFRN RSN TE T,
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2 JMIBIC K D7 T 7 = v OHERE IR L OB Tk

21757 = LIRIEOTEF

ARFEBRTILS T 7 = VIRIE % HOPG BRICTH T LT/ T 7 = & R BICHERE S ¥ 7=,
R L7277 7 = V&1 (ALLIANCE Biosystems) (X, T4/ —/ 70%, 7K 30%DIEEVE
BT 7 = UNEE Img/L THELIZLDOTH DX 2.1), KExH ) —L, #ENA
<V RMA, ZiTHY . HHLSTWE WS FILERH H[90], HRIZHTLTWD 7T 7
AL, = )= TN AN T X~ CVD IETER STV A[103], (1R
FWRTOT T 7 = ATHRETHY . O A XL 500 nm, YA XD53A1E 150 nm
725 3000 nm TH 5,

FHARIZ 1 HOPG 24K (ZYA Quality, Mosaic Spread 0.3- 0.5 degree, NT-MDT #1:#4) % 7=,
HOPG %, Eif - KKHFIZBWT, BT 25721 TR Tr U —V REBRPESHITED
NDT=OIHH LT, SHICHEE 7T 72 &2T 3 AL LTERT 2 BRI Si02/Si FAk
ERWDNR, REBRTILSEM IZ L ABIRICENWTTF v — U7 v T &S 5 7 A M FAR
DB TEH - 727 HOPG Zf#H L7z,

WEH T 772 BB L TV D AREER S 5720, ZOWKE E TSIz Te60 R
FREE/MEIC AN TIREE T, R> THR# LT, Z0%, 0.0l mL Z7ESE (7' /o
JVER) TERHLL HOPG Bty B R, IR TR 22 DX 5T F L7z,

remaRang
LS LY

Tip
Droplet of
graphene solution — /\
N
/___/ \.\
k’_jﬁ— Graphene
Substrate
Figure 2.1: Graphene solution Figure 2.2: Schematic diagram of

droplet of graphene solution
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ARERETHEA LT T 7 = VKON FE% 0.0l mL & L72EBIZ O W TR D,
IREE 1mg/L D27 T 7 = ERR & B B T T 5 ®ICOWT, HED Y 7 = 7% HOPG
ElERmZRER<E ) B2 Wb o7, TOHEZLTIIRT,

7T 7 2 R OBEOHRE, 7772 OHBEZRDLZEI2ED 1 mg/L DO
FEIZBWTCEIRTICAFIET 27 7 7 = Oz TR S o 72, & OmifE % SR O
FRE I LT FOBEZRD T,

777 2 EFORBIFTFIZA L BO2HEFEHVK 23 ITRTLIIC2=y MR ZH

HZENHEKD, T T 72 ORBEERDDT-D, 2=y bENLVOHBEERD 5,
ZIT, U972 DT ERIT 246 A TH S,

. V)
246Ax246Ax—?=52x1T”nﬂ (2.1.1)

2=y bEAOFOEFIE 2 720 THEEIL,

2
— 19 4, —2 1.
S5 % g = 38X 10%m (2.1.2)
ThD,

WIZ, 777 = ARETICRB T D RERFOBEEERKD S, RFEFFIEL 1 mol T 12g,
F721 mol IZEENDFEFOMEEIT6.0X 103 THL Z b, AERTHHA LT 7
= VIR OREN 1mg/L 72D T, 777 22 1 mg \ZE&ENDREFFOMEEKIT,

6.0 x 1023
_ 19 (2.1.3)
12000 5.0 X 10%° {#
KEBRTIE, 777 VIREOEEIT I mgll THHDT, REFFDOEITHE LK

AL, 5.0x 10 /L TH 5,
COBDRFBIFRFTHEREINDG /T 720 DEBEZAEDLD &, RQ2.12)BLVQ.13)L
N

5.0 x 10%°
e 1om = L3m/L (2.1.4)

WMTTAEEOEZE, 00l mL & L7286, 8N 77 7 ZEMTET L, 13 mm?

74



Thd, KAEBRTHEHT S HOPG EHRiE, 3.5mmx3.5mm= 1225 mm* 72D T, /77 x>
DIEM FIZBWTH—I129F0 L7284 0.01 mL T HOPG MO 2w EE S, L1I-28-> T,
ARERTITERERNHE ST 7 =2 TELDNAETHD 001l mL & F+52 &2
77

- / \Ufie} \. Carbon atom
=0 \’f )
Oawal,
N

Figure2.3 Atomic structure of graphene

Graphene is carbon atoms arranged in honeycomb structure in a sheet.
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2.2 RMIBIETFIE

77 7 = YRR 0.01 mL & HOPG Bk LIS T2 & Z OWIRIZEMR DO MEIZILA Y
R ERIR - RETFIZHRW T 30 IORRE Coes _ﬁ%Ltomﬁ#m%ﬁéﬁ%iT/5w
AT TResk Uz, WK LTtk R BICHERE L7277 7 = DA X IR,
BLOBKEEZ, L —V RS T 600 pm x 400 um 7> 5 150 pm x 100 um ¥ ¢, FE-SEM
T150um x 100 pm 7225 1pm x 1 um £ T, AFM T5umx5um 7°5 5nm x 5nm £ T —
ALV RIZBIEE LT, BIEHEHHORAK 2K 2.4 1R LTz,
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i A | i 0
D SEM ° ° E
) i

Figure2.4 Range of observation by OM, SEM and AFM

LT, Th OB FIEZ SV TR K OERBREOFZRKM 2 iE# T 5,
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PHFEREZBOIIY L ADEAMETELI L, B (AR N RS, ZOEAN
%Kﬁ%%%ﬁ%\ﬂ%%L(%mm%)Tﬁ%éﬂkv~%ﬁﬁ@%ﬁ(1ﬁyb)%
ESIBICE RV EZNFET (T MEAA—F) ZEET D, TOXFREL 2.5
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e SO @%ﬁkbf A EEIR T D 720 %yfwfﬁﬁﬁéﬁﬁﬁﬁ
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Objective lens
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Figure2.5 Confocal optical system

(2) REBRTHEH L L—T Bisss

AREBRTIT L — PR EE & L C KEYENCE VK-8550 % AU 7o, ABASEE O SIRIT
R 685 nm OY-HK L —HTh U | £ DO EREIL 600 nm FRE TH D, Z OB A VT,
400um*x600pum — 100pmx150um DI THIE L7z, FFIZ, 400um*x600um DTV T % HAR
BRI D X ORI LIS X VEREICHERE L2 T 7 = v OB L OBEE %
FHRTe, X 2.6 12 VK-8550 DT AT AMEER 2R LTz, 7ok, B LmimiXEE LieT
THNVT AT TR LBLE G A RiE LT,
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Figure2.6 System configuration diagram of VK-8550
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j=joeVay?/kT (2

LirplEn b,
ZORE T 0 AF— ROREER, THET L

Bo = j/may? (3)
OERERWSL Z izl
Bo = joeV/kT -1/m (4)

LD, TOIBAF—NIZONT, K213DEIIZHE 1, H2, FHI3ILLREY, Fh
FN/My, 1/My, 1 /My (IZHi N ESD ET 5, LY ZRICNZED 72 WGETE, L2 XITHY
DENIR L BT TIELNTZ 7 0 A4 — SOBEE B 1M/ ST B TR T HRF S
NTHELL D, LEBN->T, BT REOMEIX,
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Hniztd 2L, EriTcol b7 a 24— "OF THEMH LN D ERIZ. ap=
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G)RT e LT,
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Do tiX | BFEZEET HRFME, IXEFHRAROE I, NIT 1 Wifmz EET 5 EEROE,
elXE T DOEM TH D, LIzN->T, AS/S = 5Mn/nDREBRIZKA.8)EMRAL, k=01, t=
100sec, N =1000& 95 &, AS/S>04x1076/Aik 720, AS/S=10%D = hT A b &
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Figure2.9 Effect of tilt angle on secondary electrons
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Figure2.10 Effect of slope and edge on secondary electrons
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Figure2.11 Incident angle dependence on Secondary electron efficiency

84



Detection direction of
Secondary electron

/ Direction of Electron
beam

Light effect

\

Figure2.12 Detection of secondary electrons
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Figure2.13 Lens effect
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Figure2.14 Beam diameter versus beam current [4]
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2.2.3 T 1S EE AFM 12 X 81

(1) AFM O #E

AFM [ TREARTZT T MR OR I GBI TE LBAMEI L LTI Iz, 7 25t
DZER LY T VEEROM@ L JH M A% T a0l U THRIET 2 120 HIEICES
WZBAEE CTH D, 7T F OEEL R NI FRIFIE TITOiIL D,

T aAOEMPEFEZ. K 2.15 O AFM £ T VKNSR T X 912, AFM TiE7 =2 i & 4
YINKREDOFHIMAEERICL Y, TanEET 5, AFM Tk, 207 a0OEE LR
THZ LIk, HAEEREZFHIT 50T, TaoEMBIHFHIEFICEETH D, AFM
T aDERE I, LR EICHECE 2 HEE LT, K216 IZRLZLD
L —HNE RN 2 DORZLPEENEDN TS, L= HET I FHEHIZRDND
AR LT, TaDEMMIZE D b=V HDOREADEAE, 4 5EIDONL A F— RIZAHT 2
JFRE DOFRIZE L E L TR 20 THT = AFM EMEEN D, T 2 AFM TRIHTE %
TaDEME LTI, 72kl z A OEER LT aeiiOx FmOR Cnd 5, fiElix,
2.16 D 4 53EDEH A A — RIZASTT 2008 E D (1+4)/Q+3) D H A b & LT, #HIZ
GH(I2)D L E LTRIBTE 5, mREEICITIET 25 0 AFM "2 S TE
V. BERRETRFE O (REOM™N) BIE, 2 CRIEIFAKRES) (BEED)) HIE LM
T T\,
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Figure2.15 lever displacement detecting mechanism
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Figure2.16 Schematic diagram of 4 division photo diode
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AFM 7 a OEROJRRIL, 7 2 ehmD 28I < /1 Th L3, —ICHFIERY MLETH
0. DDOFRGT(F Fy, F) & T 2 DOREENSLCEEALI LiLie EOLTE L OMBZE X 5
EnbhbH, K217 IR LIEE DI, (@FEEFAONIESE T, 720 EE L [EEE
fir) & T (AEER) ] Z2EIF, (b)7 2DRWHNOIME, TiE, 7anEEl
FRELEMARZ ST [BEh ) OBEEIT, ()7 TDRWHIA L EAT 55D IIRITF,
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DIESYE,DOFHHBI L, V (FEELENL) =aF, & 705, 7, Y6 AFM OEEREIX, V (#E
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Figure2.17 Deformation of AFM cantilever
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BEARIRAE TR ZWET 2 0% Ol AFM (2% 7 FE— K AFM) Tix, FEEfROIR
ROV T AR Z T AMimE-S0 T, BEMRELZERT 5, ZORMEOHRE— ¥
VRO B E LT 2RI DA R TR LD, K218 DT +—AH—T7Th
Lo YT NAFREHET ILHIZOD-Q)-0B) =@ ET ST TV T, TN HHIZ
@—B) =) >N EEEL TV o T2 ED T 3 — A —T D&, (DB()TOT 2 LY
TNERHORREZ R LIZOMRK 219 Th D,

1) F=alTH o IAnbEENL TS,

@) 7 IR T AKENC Y v T L TRAE LIEE‘R TH D,

() BINRFINCED D FHITT A RIFIDNDNFEFT DL BrIRD,
@ FHBHANTHD,

(B) ROMBINTED D FHITT A BIFITDNDNFEFT DL BrIRD,
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(7) T2 I I AERPSEENL TV S,

YU TNEREET LTS TN ETafimn Y AV REICY Yy 7T D, b
L<idk, Yo7 VERET RN OHEL T oz & 0T 2emn I ARENL Y
¥ U7 UTHENL DB BIZOW T T 5, ZHEh v F LAA—SEO T &Y VR
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B 220 K0, (aif 2 HORTFORIC@ LF—R - Va—rART vy dp(Z) =
4e[(0/2)*? = (0/Z)C1 DT FIBEBEKAFIE T, 12 ROENF AT v % LT 6 FOHN T
7UTNT N RRT Y VE IR DB T v VTR D, T ALY TV
BL L DRFPHHRTND DT, ARIFTRTORFEIEH RT v v Loz GHE
THOMEND LN, ZZCEHMHEOLDIC, 72l ERmBIc@< R AT vy vz
ZORT vy VTCRHT S, ZOBRG. TafkimE b TV REMISH < )IEF =
—d$(2)/dZTEH 2 B, K221 OF (2T EERHK A Z R~ 3, 221 1T K912z, %
TaADWAREY T NVREEOREBET S, 72770, OO, Ta kLY
TIZRoTWAZ EHRELTWD, U FNREEZT 2 ERIESIT TN L Zyid/hE
<725, FEBEROIRRETIL, SIIOFRFALY RO T, 7 2 dehmlEX 2.19 DQ2)D &
T EITSZIE T By, 7 aDARITLDE L ININREREZkETH L, F,=—K8Z =
K(Z—Zy)72 DT, ZONRFOEGTLINIY > T T afic@< 51180 F->Tn5
ET DL @) =F,=K(Z—-2)%525Z=2c032200 R0 59 ViR t7es, Lz
Mo T, 221 TEBROF, =K(Z - Zy) EWHRF (L) D3 LT R(Z = Zo) D TTOF D BV
TV Zg L ZcDFESL =Ty — ZoINT ADL FIMOEWEE 525, F,=K(Z—Zy) & 52 D5 Zy %
INEL TR | ZeBZNT TR D L. NROETLT LY TG T 3 e < BT DL
WET DL DI D, SBIZZAWNELed & RETTRLIZE 912, DHO#IY BVRENZ,
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MOBZAZY Y T H, TN, T RN I VERICY v T A TH D, T
WY T NREEZT 2 imn O L T & RIS FRORAITRLIEZL I IZY v
YIBERZ D, ZOVX T EPSTEOITIE, ASROEITL) LY TS T 3 eI E)
SBIADLEGFUERE LR NE )T EN/METHD, BRIk E LT,
dF,(Z2)/dZ L0 L AR EBROEEZ KEL TLHOMLERD D, K221 KV, dF(Z2)/dZD i KIE
1% 5 nN/0.1 nm=50 N/m FREE72 DT, NREBITHRR TS 10 N/m LL BIZ LW & fEFEIcy v
YIBREZD, BEIT. T NVEEE S ORFPLHR TS DT, ARITT A
TORFENE RT oo v VOMEHETL2LERD Y, ZOMAEFHET 5 L5710k
FEIERE 2030 T b T 2 eim @ < 51 ) OEBHEFEZ DO b DOIF5HL 7250
T, dF(2)/dZDFEKRMES 10 N/m RIS b,

N[k,

(6)

Attractive force :
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M= | P Ne
H—— G

Repulsive force ‘
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Figure2.18 Typical force curve
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(2) Immediately after adsorption

(6) Just before leaving
Attractive force
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Figure2.19 Motion of a cantilever at the sample surface
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Figure2.20 Lennard-Jones potential ¢(Z)
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Figure2.21 Interatomic distance dependence of restoring force F;(Z)
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(2) AFEBRTHEM L7 AFM

AREERTIX, JEOLSPM 4320 IZBI1T D5 a4 7 hE— K AFM # V7o, BIEI=E, K
K TITo72, 20 AFM O 27 MR 2 X 2.17 127 L7z, KIRIEIC £ Y HOPG ik
FICHERE L7277 7 2 U EBIET D720, ZOAFM ZH W T 5 um x 5 um—5 nm x 5 nm @
FPHCHIZE LTz, Bl 2l a s X7 N7 4 — R I 7 +—A B —7 OFHANZ &
D2nN CThotz, HONTEAFMBNLEIEZFHIL Y 77 = v OREEEHE LT, S5
2, RO coBEEtTo -,

R L= TFroN—i3, &bV ar®oh e F L /3—0MCR-TR400PSA % H /-,
ZDOHF L= 2 FEHO T v TR NTWT, EE 100 pm & 200 um, Th
D ZNEISRESED 0.08 N/m & 0.02 N/m Th D, AEBRTIEL, HHEAIZ S5 nm x 5 nm D
JRF o E CRIETH 2 L 2BE L, KE O~ O 72 5B T 5 72 DI SR ER
DINSWTF TEMGH LTz, RERFOF T3y X —F A7 TH0EE L,

Computer
?
A/D
Converter
Laser i Topographic Image
Pre Amp —> Error Amp ) F ee.dba.ck
Circuit
Lens A-B I
Photo
etector Reference
A
B Cantilever
Sample
’ High Voltage
AmpZ
Scanner
¢ High Voltage | Scan
Amp X Generator
4 High Voltage
AmpY <

Figure2.22  System configuration diagram of SPM 4320

94



224AFM ¥ V7 L—3ig

3% SPM O AFM Z AT 2720 % ¥ U 7 L— 3 V2T 70, RIEFEHRIE,
JEOL XY {0 72 TGZ01 (MIKROMASCH #) % M7=, TGZ01 Of:AkA X 2.23 1T7R~
L7ce ZOMEMAZ AFM TAF ¥ L7z (M224) ., ZO@EmIEfTROfENTY 7 M X
DESEHULE, 2077 7 AV E2X 225 1R LT,

6 WETDAT v Thb, EOmIDEE %2 RDT-,

PEO® &1L, 203 nm ThHotz, LoT, F¥ U7 L—a rOffld 1.01 Thotz, K
PEEICB T AHEICB WV TEBEOMZRD 272D ToORICHIEBZRALTELN

776

Nominal 72 x 1.01 = ZEEOE

2%
= o
[ =
|
3.0 m*
£ v
X
Grating type Step height Range, nm Accuracy
TGZ01 20 nm 18-26 +1nm
Figure2.23  Specification of TGZO01 as substrate for calibration
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Figure2.24  AFM image of TGZ01 as substrate for calibration
248mm| ® & @ ] ]
0 |
0 2,53 um
Figure2.25  Height profile of TGZO01 as substrate for calibration
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2 EHL BL<IE TF v ET—2a O] EnolcfinFa 35 & &2l Kiao
HAERLTZRTOTIERS, BAE R - EELWORIEDOE AT Iy 7 REEITLE B
I, HO W I~/ uV ey MEEREEED, FYET T a VRN EET D
L& RBFLICAN D IEEROTNIL, KIBONHES RTINS ET D L7 & 5% K Z28K 4
kL, ZOKEE L TRIAOEBIZ D) TEREN AT 5, ERE OB ER X5
DRESDIOFRELEZZONTVWD, —FH, [JAOZIRITEREENFET D 7e EEHENR
ERRDOGEAIT., v A 7BV FREREEC D> TRAET D, 20Dk 5 REREO~ A
suYzy FOFAENBERIC L DMOEIROEAEETH Y . mIRTRICoB LT
WD RLA DI R - SrBER AR T,

FIBE I L0 BE BN SIREN T S - O EI RS S D, sk o
KLt O ERL, I—RoF ) Fa—TONEERICBONTHRIHEIN THWEHETH
Do N—Rr T /) Fa—TEEENIIrbHhboTLEERE LTHEOLNLZ ENEL, T
J A= VDR E D - DI R T B AN L BETH B,

AW T, WIRP CTEE LT WT T 7 = ISk LT, FOEERE S S & 53
E LT EROSEEZNF L TEEEZ AW, EBIIE, 3RTMICEE LTy 7 RS
T 7 = ST D DI S E CHO-ONPA-KOGYO # CS226 (26kHz, K
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200W) ZfEH L7-, FEBriZ., |IRICBWT, 20 W25 100 W O#iTE v M LTS
MER AT o7, HEIRAEE 21T 5 FEREIE, 300 FP[ET 3 LTV 120 70/ & L=,

2.5 L R E

FT. EHOPBEOFEIZOWTHMAT 5, IR L TWDRFIZHOWT, —ERH
FHE L TR EENTL > THRBESBEENE X 5, HEOREWHDITES, M < BV D

DT> Y LWWFEL, KFOEEDNAIZHBET 5, L, BEITIRILRE LR > 72
HEZRRLA & SREIANZ LR S oW a I, BRI K 20N EFIHT 5, Z ORI I2@<
WONPIEB LD RELS ol b &, S E TR LR S IR bk T 5, 2
DIFHEZFE A2 OWEOFHEZISH LTe b O3 L BEEE TH D,

= OE, B Em [g]OR 1 & RE R [em], RIS HEEw [rad/s] THESE 5 &
DR ra? N E L, ORI OO REME < . Z O INIERETORE 1,

f = mrow? (2.5.1)
— Wi D EEA AT O S AL, EOIEE O L L CHIBRO B JMEE & O TER LI
FH Rz LI BE (RCF: Relative Centrifuge Force)Z VN5, FH% i OIS 1L, @HE"G 72

X< & AT CERIND,
B3 EIHRER 2 H0E 1 04720 N [rppm]EHE L T\ D & X = 2nN/60 [rad/s]. Hi
BR o> B 77 i3 £ =980.665 [cm/s2]72 D T, RCF I,

/O INE (21‘[N)2 1 )5
T Mk ® S mdE  \ 60 /) 980.665 252
LAY, TREEET ALK TRT I LN TE S,
RCF=1118 xrx N2 x 1078 (X g) (2.5.3)
WLDBERITH & X, BT TEOIEHE ] L9 & X, @E oo sk oinEeE] %
AL TWAD,

AREBRTIX. 3R TMINCEE L7 a vy 7 IRT 77 = 2 HRDTETERET D720y
BEtEE KUBOTA il KUBOTA 3700 #fHH L7z, {REIXREICREL fTo7z, mbLhTF =
— T TZa=hVERFEHL, v—4 L L TAF-5004CA ZfEH L7-, mLF =2—7 AN
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TT7 2 RIEEIX SmL Th Y| mEODBEE T HEIE T AL LTRIUEDOKE AL
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3% U7 RERSE N T R ZOFERLE O TIE

777 = VEIRIC K DIERIETER L7 F v 2V Tk, S S E 2B OBk
DT T 7 = U DEBICHFIE L TWD, EOTF ¥ RV OEKUSERFENMR & S
TWDENZDFRREZFHRDL 12D A2 DT T 7 = F OBERIE 2 HET 5,

WIFETIEREND 77 7 2 2R DT ¥ XV Tl BNC K> TEBOR D 7T 7
TP L TWD I ERTFHISND, ZFOLIRTF Y RX NV B TIVICHBE LR E L
THMD S 7 =2 FOFTHATIC L > TBMORR L DICER LT,

LTI B DRI D T T 7 U EERIT 570, WBRHBRE T T 7 = BRI,
Si0y/Si Btk FICHRE L, D777 = I TilAu ® Y —AB LR LA o EMmE ER L
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TR %, et ADIEIZE 3.1 DHEY Th 5,
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Table 3.1 Fabrication process of graphene field effect transistor

Trby BER
IZ/—)L BER
HiRk KR
EFxJ0—
AE O—4 §1g
AZ5214E %%
120°C FYR—4
B (FELRINE—)
& NMD-3
ftiKR
EFxJ0—
120°C_RRRAR—%H
BHFTYFL 4
ftiKR
EFxJ0—
Pihacd D% 3
ftiKR
EFxJ0—
120°C R—%

FRLUR/INZ—{ESL

BSOS 55 T—1=&YHOPGEERA
EIRANEE
777z 0% e i
AZ5214E %%
120°C FYR—4
B (B N8—)
PEB
SEEN
% NMD-3
K2R
BAE/ a— R =xJ0—
HFTEMERIC LY BB/ \2—2 OREER
120°C RRRAR—S
EZEZX5E Ti:50nm, Au:100nm
JIhA2 ST-120
ftiK R
TNAREAERL-ERENN—HSRICEE

HiRD—EBZEH|YAR—R M ER
I\ OF—EBIBERD

AE {E 4 - B 1M BIE (100K-300K)
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3.1 HeR e

AT 4 A > F D 300 nm DERLIEST p L Si 7=/ (£0.05Qecm)TH Y . 2D 7T % 10
mmx10 mm {2 X% A > 7 Lz,

BA o Ttk BERTEEIT o2, £, EWRIET &' bR 20 oS e 21T
WEY OBREZAT o 7o, BEBAIORRHIT, PSR L TRV RRo =
IBME LT RN & &2 A RICRD T,

WIZ, =& 7 — VR THARMED AWM & 5T D 7o O E e 2 20 017> 72,
FOHMAKTY VAL, BER 7T —ICL Vs w,

ZOBIZL YA FEZEMA LTV, LY R MBS AEITERFROASMAE LY
BEEMNELS D ZEPBEEINDLOT, B#E 707 —COHEOHKIZ, A a—X
MIKASA SPINCORTER 1H-D7 “C 4000 rpm T 1 4y [H#z8 X H7=,

FEEIL, 20X REREEFOEZICLY A NEBRELTCT RLARE— DY V75

7 4 75:??07”:0
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32 7 RL AR — AR

FEWCHIEE L7227 7 7 = U2 ERICIRE S8 5 &, ERICITH L0 5850w IRkE S -7
Hg, BE. 2B7 7 7= MEREND, £lo, 20X R 77 xR BR R
FUXBHEREIND, LoT, TRAAELTHEHLIEWS 772 FOMEEREL
RF KT DT, ERIZT KL R AF = BERLL T2,

FEEEDT R ARK — L OVERUFEIZOWTIRRS, T RLART—LE2Y I T T7 4
TIERFT 572012, FTET FLARE =V O~ A7 2E8T 5, HWwaba~RX o777
2 A% CLEAN SURFACE TECHNOLOGY #1:#¢ CBL2506BU T ¥ . VA XiEftHDE &
73(63.120.2) mm, JEAAN(1.520.1) mm TV YV —F T A L7 T A7 7 4300 A A
ENTNDEYAT ThHD, ZOFVAT T T2 7 ANINE— 28T 579, XK Rapidl4
ZFH L CAD CTReFHRZER L7z, 1B L7 CAD #X 3.1 (TR L7z, K31 DL T K
LVANRE — N, BTl ~— 7 BERT 5 2 LI LT, 20RO L— S E 3.2
DEITROIH, ER LIV~ A7 2347 —2 (K & DDB-201-NHT X » L — ¥ HiH
TIER L7, ZOfBESEFOMIZ, T & ~—27 03477 L7z CAD /3% — U R B BRI
X, FF b~ —7 HR UHEEE TITh RN e il Y — X LS KD R
DD ENNITHIBE T E W2 &3 ho T,

i
L.‘,n
" =
N S
n L ] | L] L ]
il 13
= + = s 4+ = ST

Figure 3.1 CAD design of address pattern
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Table 3.2  Drawing conditions of address pattern

T R LA RH — 2 O EIGA
B 1.8V
b 0 1500um/s
DI FE 2000 um/s2
T x—H AL T b 0.8V
SRR 0 msec
XFES (XFORE ) 60um

BAKMNZIZ v AT T T 7 ZZT7 4 b LY A b AZ5214E % 500 rpm 5sec — 4000 rpm 50sec
TAEa—=XIZLVBAAL, 347 —7 () % DDB-201-NHT % H T L — V#2147
STy D~ AT DY A RIHEOE 53(63.120.2) mm, JEH23(1.5£0.1) mm THY, L
—PREEEE DO EETF v v 7 TEEERH W LR Do T, BEZEF ¥ v 71Tz T
SR DM T — 7 %~ A 7 O L2Vl GER) @ 418124 TERICEEZ LT,

L — P HEE %1, BUEIE NMD-3(TMAH 2.34%FR)IC £ B %47 9, BURIRIZIRET
L REFIIBUG A R OENR 2 5 522 O TIH < 2 &2 L LU T O &2 3%0E L T T
o7, BUEHRIZ 180sec 1=iE%., MiFED A% 60sec [TV T 7 o —(Z X Vi SH7-,
B — U REEFHE D ICER SN0 E D T, BFRBIREIC L0 iR LT,

WIZ, V—YREICE DY VT T 741280, BEI LB O~ A7 BET 5720,
NAYT T ARFEICEBMLTH I n bz n by F U TERICEVED LT,
T, ZOXYAZEFALTEBR EIZT RUAZERL LY ET5E, v A7 THEO
LELIIHELREZRLCHEHAT2OT, BRI TRSEERKELTLE S, TDD,
L—FECERL Lo~ R IND~ AT T T 0 7 AN Y (BR) i~ 277 Z 145 MA-10
EHEATL2ZEICE0 Y YT T T 0 BTV, FER ECIUTERSER SR L 7R~ A Y R
L7 2D7 T4 FIFEABN ST THY KET 7% T i365nm FRIC KV 8T 5,
TOCEITIE I CHH LEMICE 7—-7.5mWem? Th b, ZZFETOTrERIZE- T,
32 IZRTEHRT RLASRE—V O~ R Y ZERLLT-,
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Figure 3.2 Photo mask of address pattern

3.2 DAY EHWTERA~T RUANRZ =V EER LT, 7 KU AT = OFULHSY
MWHEDHHIZDTTEBWE=DT, ZOHHIZ~ AV T 74 T OHEMEOREOF NI E
v b U, BEROFREET T4 LTI VT TT 4 %710, 7T RLANRE — AEROFE
N iE, 74 FL YA N AZS214E W TR U TEIEEITO 720, BEREIT 7 05
SR L L, FEBRIFDOKIRT T ONRU —IZ L VRHAEE LT, 7714 T OBNOHIT,
NMD-3 |Z 180sec izi& LB, 60sec DFFEY v A %4To7z, LT RLARK—UF
FOEM S Z — AT EIAMEBIC L > TRREHE V IHER SN2 & ) e fikgsd Lz, #
Bl 3.3 1R LT,
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Figure 3.3 Development of address pattern

B4 4%, BHF |ZiRiE LK O 300nm OFE(LEZ 80nm BET v F 7452 LIcky, 7
RUANRY — U B HR FITERL U7, — 0, 7 LAY — o b &R A CERLS
NTWER, AFZETIZY 7 A7 P a2 &2/ L, a2 &2y 7T 572012,
ey F o IR ERT 22 & L, £72, BHF =y F 7Oy F 7 L—Fh
135 52 Lo 80nm/min FEEE & FHHI L TH Y . 100nm FEEF VIR 2 R 033 DI 1 R EIRIE
L7, D%, M) AR IOT® FRIBICED VI A MREZITVWK 34D LS RT
RURANRE = % BRICER U7z, T ORI FEBRITEBRBE L - B8 7 7 7 = v 215
SH L EORABWEBEOM R LK 3.5 1R LT,
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200 pm__ DEmE

Figure 3.4 Substrate with address pattern

Few layer graphene

Addréss pattern

100 pum

Figure 3.5 Few layer graphene on a substrate with address pattern
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33 7T 7 O

T VHEES B L LSIIRB Y T 7 = v EERICEE T 5, ZOHEIEK
K[ TIT O 72, RE~ORMECTHEGR R EREEEN LB, ZEToBEDORE
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Figure 3.6 Contrast as a function of wavelength for three different
thicknesses of SiO,. Circles are the experimental data; curves the

calculations. Inset: the geometry used in analysis [108].
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Figure 3.7 Color plot of the contrast as a function of wavelength and
SiO, thickness. The color scale on the right shows the expected
contrast [106].
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Figure 3.8 graphene fabricated by exfoliation on SiO2/Si
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Figure 3.9  Histogram for long side size of graphene
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Figure 3.10  Histogram for aspect ratio of graphene
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OM at Raman
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Figure 3.11  Raman spectroscopy of graphene: (a) Optical microscopic image, (b) Optical

microscopic image using Raman spectroscopy apparatus, (c¢) Typical Raman spectra of

graphene [109], (d) Raman mapping of G’/G ratio for graphene shown by (b), (¢) Raman

spectra of graphene shown by (b)
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Figure 3.12 Optical microscopic images: (a) Monolayer graphene, (b) 2ML Graphene observed
by Raman spectroscopy
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Figure 3.13 Conditions of laser drawing
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- L5V~L.6V IE, RARRICHIE S 7z,

* L7V~1.9V [T Hi0 < 47z,

- 1.9V TiE, By FOE X 0 k< Ap o7z,

+ 2.0V TIEARFE A3 < oo T, BRIRICHEE S e o7z,

Figure 3.14 Drawing pattern under the condition of (1)
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Figure 3.15 Drawing pattern under the condition of (2)
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+ 1000—2500pum/s CIXARIy D30 X iz,

500um/s: 1000um/s - 7 1500um/s

Figure 3.16 Drawing pattern under the condition of (3)
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Figure 3.17 Drawing pattern under the condition of (4)
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Figure 3.19 Dependence of scan speed on line width
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Figure 3.20 Drawing pattern under the condition of (1)
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Figure 3.21 Drawing pattern under the condition of (2)
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Figure 3.22 Drawing pattern under the condition of (3)
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Figure 3.23 Drawing pattern under the condition of (4)
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Figure 3.26 Comparison of photo mask and SiO,/Si for the line width varying output voltage
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Figure 3.27 Comparison of photo mask and SiO,/Si for the line width varying scan speed
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Table 3.3  Drawing conditions of electrode pattern
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Figure 3.28 Photo masks of Multi-terminal electrodes

Figure 3.29 Photo masks of hall bar
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EIVVITITLICKVER LT, 2073 FLIUA MIXHTHAT D LBUGg N Z—
MWT— 272 B ZERMBNTWTC, BHHOEBREEDORIZITHIV 7 hAF 77 akA
EEBLUTHER Lz, RAUNZ =0 OREOBIGITIR YO L& LT3R/ 13-15 LS
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Figure 3.30 Electrode pattern fabricated by photo lithography
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Figure 3.31 graphene with electrode

133



S by 7 75— FEBOIERIZOWTER D, Ny 77— NI EOT n 2 ETH
T Ltk WEDERNICLLTOHGIEIZ LR L,
Ny 77— MIREDERIS, EREZREEO Y > T h Lk L TR EDIZUTo X
INHER LTz, £7°, B AZ — 0 FTERUZZEROERIZAN—T T X% AgX—Z b

WCEVEEY DITFT=, S HIZ, 332 TR L7=E 91T, HRD—E%ET RLANRK— D7
W &Y, XA YT KRB v X —THl>72, T Ag _—A &/ BEEAR L,

D Ag _—A MDOESE S — MEMmE LT,

Cover glass

10 mm|

Source

Gate

Figure 3.32  graphene device mounted gate electrode
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Figure 4.1 (a) Digital photograph of a graphene solution droplet on an HOPG
substrate. (b) Digital photograph of the deposits on the HOPG substrate after
evaporation of the droplet. (c) Schematic of the formation mechanism of the
ring-like stain. (d) and (e) Magnified LOM images of deposits in areas (d) and (e)
shown in (b), respectively. (f) The number density of the deposits observed in the
rectangular area in (b) as a function of horizontal position. Red, blue, and black
curves show results for one, five, and 10 liquid droplets, respectively. Images in
(b), (d) and (e) show results for 10 droplets to enhance the contrast between the

edge and inner region.
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Figure 4.2 (a) LOM image of the deposits (arrow) in the inner region of the droplet. (b) Low

magnification SEM image of the deposits (arrow) inside the droplet. The image size is the same

as in (a).
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W3, SEM TITBIR SN D HERI A b > 72, ZHUZ, JEFIBRISET L SEM O/ FREDARIEC
ERLTEY ., BAR728IE nREfE 3842 L 7B O KA5% 0 SEM T1% 200 nm ML E, —
J7 . HEFBEMEETIZ 600 nm LA L TH LT TH D,

Stein of'a marker

PSR o SO0

£

Stein of a marker

Figure 4.3 LOM image (a) and low magnification SEM image (b) of the deposits in the same

region of the substrate.
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Figure 4.4 Difference of resolution between LOM image (a) and low magnification SEM image

(b).

EAE 20 SEMIZB W THIZE Sz HWHEREIZ DWW C 538 % BT CBIZE LTz, M50 SEM
TIE 50 nm LA EOHEREY N BIZATRETH V. T OBIEETT 30000 mm2 [ZHIII L7, Z O
3R SEM BlE2IZ L 0 | RIS L O SEM TSR S CW T HERE o IVRIEG 20 b 0 &
45 TR, 45 X0, AVWHEREMII A ALD T LIV T DA THEE Lo T R
v ZIROFEIRE O LB LN -T2,

Deposit

1 OOmn S—— Step edge

Figure 4.5 High-magnification SEM image of a deposit (arrow)
and the step edge on the HOPG substrate (arrow).
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Figure 4.6 Raman spectra of the block-shaped deposit (upper) and

the substrate (lower). The intensity of the spectra is normalized by
the peak height of the G band.

143



423 Tuw R TT T — NIRRT T T = DB

TSRS LY SEM IC RV BIE SN HEMITE T T rny 7RI T 720 Th o,
AREBRCHEA LTI 7 2 VIRIRICITHEE S 7 7 2 b EENTWDL Z BRSNS T
D, HWEDO— MROZ T 7 = bR BICHEREL TV D 2 EREIREE LD,

ARFEFRTIXHOPG EMR 277 7 = EAHEREESE TV H DT, SEM & HWaiGE, Bl
L7cWnWH 7L & HHRIZHE W T 2 REFOBHNTENR2WeH 3 T 2 R MEL 721
RBITHONRREELEZEZ HND, B, = MRTZ T 7203 45 IRLIEZEDICT
0y ZIROKRE DI T 7 = LR LTy Ui S DRV L DO TH D
ETHEND T SEM TIEBIEEHIRAA WM H 5, ZORAX AKX 4.7 127U, Z
DEHIRFHEEREZ, V= MROZ T 7 =2 OBIEITIT AFM 2 VW, K 471087 &
DT, AFM TSN ERE T HZ LTIV BIZET 20T, v — MRO I T 7 = b Bl
BECTHDEHW Lz, (AL, 7uvy 2ROV I 7203, 2Oy VEHOZNERS 21
BREFEER U CBIST 2 RIEIZ LBER B o0 D70 8, ) EEETERWARERD
Do

144



Block-shaped graphene (rough surface )

Sheet-like graphene (smooth surface)

Electron beam

Electron beam
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! —
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Figure 4.7 Observation of block-shaped graphene and sheet-like graphene using SEM and AFM
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Figure 4.8  AFM image of sheet-like graphene.

Figure 4.9 Atomic structure of graphene. The blue dots indicate the

position of carbon atoms in the lattice.
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Lower part than that of the substrate

N

Higher part than that of the substrate

Figure 4.10 AFM image of a part of the substrate surface. A part of the surface layer of the
substrate was turned by exfoliation or AFM tip.
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Figure 4.11 AFM image of the string-shaped objects (broken line). The

height profile along the black line is shown in the inset.
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Figure 4.13 Schematic diagram of deposits on a substrate
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_Ultrasonication 300sec Lﬁtﬁfsm]icatiou 120min
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Figure 4.14 Low-magnification SEM images of the block-shaped graphene obtained from one
droplet of (a) the pristine solution, and solutions ultrasonicated for (b) 300 s and (c) 120 min. The
bar charts show the number density of the block-shaped graphene larger (black) and smaller
(white) than 200 nm in the high-magnification SEM observations.
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Figure 4.15 (a) Average size of block-shaped graphene as function of
ultrasonication time. (b) Number density of block-shaped graphene
as function of ultrasonication time.
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Figure 4.16 AFM images of the sheet-like graphene films observed after 120 min
ultrasonication. (a) Flat few-layer graphene, (b) folded monolayer graphene, and (c) stacked
monolayer graphene. The line profiles along the white line in each image are also shown. The
AFM image of the atomic structure of sheet-like graphene is observed in the rectangular area in

(b), as shown in the inset in (b). The blue dots indicate the position of carbon atoms in the

lattice.
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Figure 4.17 Histogram of number of layers after ultrasonication for 120 min.
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Figure 4.18 (a) AFM image of folded sheet-like graphene, (b) Height profile of green

line as shown in (a), (c) Model of the shape as shown in (b)
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Figure 4.19 (a) AFM image of folded sheet-like graphene, (b) Height profile of blue,
red and green lines as shown in (a), (c) Model of the angle between armchair edge and

zigzag edge
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Figure 4.20 Temperature of graphene solution and water in the ultrasonication bath
as a function of ultrasonication time at room temperature 28 C.
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Figure 4.21 (a) and (b) Block-shaped graphene observed by low-magnification SEM for solutions (a)

ultrasonicated for 120 min and (b) ultrasonicated and centrifuged. The white dot in each image is

magnified and shown in the inset. (c) Scatter plot of the width and height of the strings and small objects

in AFM images for 120 min ultrasonicated (blue squares) and subsequent centrifuged (red circles)

solutions, respectively. (d) and (e) AFM images of sheet-like graphene observed after centrifugation. (d)

Folded graphene and (e) differential image of flat graphene. The line profile along the white line in each

image is shown in the inset. The thickness is estimated to be six monolayers and one monolayer in (d)

and (e), respectively.
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Figure 4.22 Histogram of number of layers: (blue) ultrasonication for 120 min, (red) ultrasonication for

120 min subsequent centrifugation 13000 rpm for 20 min
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Z T ATRIF OIRNE, AJFIEEE OIRNE, FI3EREL plIRiF- OB, dITRIT DIEALE,
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Appendix 2 #EEE T T 7 = L DL L DILEEIZHOWT

LR DHERICHOWT, W ORL T O DA X DRI OW T, TERREEE, VERREREL
TLEERFE], K 7 7 7 Z ORI GiEim T 5 2 L 3RS,

PSS & OVLRER
> BRI A R & T T 5 & & | ORI AE L T 55
& BT EUMESEDNfIE, FRTRED,

£y = CHLT-OOHERS) x (FIXHE D) x (k)

1 (A2.1)
= End3(a - p)rw?

ZZC, d: BT OEREem], o : kLT OEE[glem?], p : IKROEE[g/em?| TH D,
Fo. WRFP A2 RRET 2RI, TR & W AN B M <, kL A2 SERERE &
KET D L. Stokes DILHNC L 0 BEE I f,1X, ROXTEE D,

f2 = 3mdnv (A2.2)

ZZTC, d: R FOERem], n: WKORE[g - em! » s, v B OBEREE[em/s] TH
Do WO NG R EHE TILET 258100, AELIEFHIVE- TWDLEEZLZ L
MTXBDT,

1
gnd3(a — p)rw? = 3ndnv (A2.3)
LD THNEEET S LRI,

_&E@-p)
b rw

= A2.4
V=18 (A2.4)

F o TR D B 72T AU OB O VLR B T DINEEr o I B3 5 2 &30 %,
ZoWBlEREsE T D L. TEREET,

v =srw? (A2.5)

175



_d2(c-p)
ST18 4

(A2.6)

P E RS I XL PR & BRI, BO[s)OBAL TR EIN D, —MITIE, 1035 L7fESE L TR
A~ R B (Svedberg unit) TR L CTHWD, T72bb ., hREREs & SEIX

s=Sx10713 (A2.7)

LWIORBRIZH D, ZOSfEEHAWD & PR L,

v=S- rw?-10713 (A2.8)
d@=p)

L%,

STEITRL - DD LT S 2R T RETH 5, STEITHL O ERD 2 Feds L UKL T O E
o LIRIRDBEEpDZEZF L, EROREEN K FIT 5 Z &R nhb, 2oL Hiz, &k
DSIEITAPIZ & 2RI K - TEIET 225, @HE L 200COKFT LR L TWH < HE 0%
s, £, STEEBEIGMEOBMRIFLLTDO L 212725,
1. S>0D%A. KFIXEMT 5, (T8 EeNEREEp LD REW)
2. S<O0DLGE, KFITELET D, (KPEEoHEIEEEp LD /NS WY)
3. S=0D%E. FLHIIBEIL722V, (R %o L WIREEp 3 % L)

LIRS - K7 7 77 2

TEREREREIE, B30T o — 7 ORI OALE (= H/NEEYER ) D HEOLT 2 —
T DEDALE (=R REMAFEZER 0,) FCURET 20D RHTE LCEET 2 2 &M
TE 5, WHEEEvIX, FEMOZRICKT D EEEEROZ L, T7hbb, v=dr/dtTEYE
HDT,

dr_

pri S+ rw?-10713 (A2.10)

ZIVERpin D OR gy £ T LTEET S &0 LLFO X D ICIEERFFTISRD Hiv b,
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In(Rynax) = INRonin) 45 (A2.11)

T [sec] = S .
CTw

— In(Rypin) 1013
(Rinin) (A2.12)

ln(Rmax)
3600

T [hr] = S .
crw

Z Z7C\ Ry 1 10T 22— 7 DRI [em], Ry 8800 22— 7 O dge/ NS A [em]

T : Rpin? B Rppax T TOWLRERFHEITH 5,

T2, KEUTDOLITED D,

K = ln(Rmax)—lzn(Rmin) 10t (A2.13)
rw 3600
Lo T,
Tih = (A2.14)

KiZK7 7 7 # LIEEN DT 1 SORIA D3R pn 7> B Rypgr £ CULRET 5 7201239 2 HF ] &
#£9, QDX EEHT L L1k, K777 23k TcEE5D,

(A2.15)

_ 2.53 x 101! n (Rmax)
NZ Rmin

KUBOTA 3700 {233V T AF-5004R 12— % Z{F [l U CEm iR 1T - 7=,
B D EKIAME PR pax (3 8.5 em, Fe/INEHE AR i (£ 6 cm T 5,

Zou—FEHEH LS
AFEERTIE, [BIEEE N = 13,000 rpm & W 7=2720, [FEEAHEF ol
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w = 21N/60 (A2.16)

0 BRELIT 16063g | e/l /)1E 11338g Th o7z,

W SE2ENNEITE 2D I EH0 B WVILREEEN — Tl - 72 & & DT & #oK)
ERES, MEARHEVIL,

bR
b

N Gl )

=18 7 (A2.17)

LERIND, TNICTEOEEMRATLZZEICLY, V=943 x10"%cm/sE RO BT,

PFODREERE AF—2ZXDH

HEAR I L \' 9.4x10° cm/s
A d 0.00005 cm
it o 2.2 g/em3
AR DI g p 0.789 g/cm3
NN g 980.7 cm/s2
DA DKL L n 0.02037 g/cm-s

T, O LT I DBETHAHSMEE TROEEHWT, (A29)XUTRATLHZ LK
D, S=962X10*>0L720, KEROT oy 7RI T 7 = 3B LT WD &30 H

-7,
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S &

Wit DR o 2.2 g/em3
AR D & p 0.789 g/cm3
VAR DG EE n 0.02037 g/em * s
VAR B d 0.00005 cm

S & S 96206

IHIZ, K777 2 bRBRICTROMEAZRA L, K=522[hr]& KD BT,

IEEREERE K D704

R FHR 4% Ronax 8.5 cm
5N EIL e e Ronin 6 cm
[ o o 1361 rad/s
K 77 7% K 522

FoT, KDISHEE K777 % XV ILREFRRH TIX, T=0.0054hr=19secThH D Z &N
Ly Tz,

FHRFEDY OWNOMEE, KT OREEE L BRT LRI, hifv A 2 Ak
WO EARSTENEEREE 2D, ZOMITIRNAOFOREEMIZE L2 LA /) ANVER, TH
O EMES EREE DD TERS LTV,

vd
R, =— (A2.18)
n/p
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TEROMEZRAL TR LA ) ANVEERDDE, R, =183%x108L ThoTo,

BFLA/XILE

HEAR IR BE v 9.4x10° cm/s
AR S d 0.00005 cm
VAR DKL n 0.02037 g/cm-s
VAR D p 0.789 g/cm3
Bif-LA 7 AN R, 1.8x10°%
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Appendix 3 7 v v 7 KT T T = OFIRGHAN O FEHE

TayIRT T T DX DI AN MATERE IR E S ORISR A RHIIC OV T,
R & WS MIE TE 27,

1. B 748

B DORE SR RWEEH S ECROERPRMEE THDH, Ll ZOfEIE TR
& OEFRCUEIRICEVRRD, REIOERITESL D, TR 0 Dhifk) DRI )
EWV o TR FORE SR LIEHEOBRRAMRICL T, 7. MEILTLLE
SOWRITLER IRV FORE IO RIETH D, BIFHLRRESTHLHDHRA
. B, HoHVE, BE, S5, S50 HBECIREEE b —FOREIC/R D, =
MUK LT, R FRRIFRL T ORE S ORI R KRB TH 5, RO —RITHI 72 T8I X
KPR THY, o, BREREORME, H25 0T, EEEHECLELRE 2 E o E
HZNERIUTRESORMBCYHEL AT LROERIIEM LD LR FETH D
(I 4A.1),

@@ _________

Laser beam
Ve Diffraction pattern
V \5/
Same sedimentation velocity
Laser beam
Same volume: V
(a) Geometric property (b) Dynamic property (c) Optical property

Figure 4A.1 Meaning of a particle size

181



ZFIT, RESERTHEL LTRFREEZMVWD ZLICT D, 7, BEESEEITEEN
RERIHES THEAEN D,
EEORTNETDRMTED D VIIWEEEZyE T 5 L, HED TH D EROKEMESCHH
BRyLFELWE &

y=f(D) (A3.1)

Z DRI DRI IRAK T REN D,

x=D=f"1(y) (A3.2)

TRV LR TH Y, RITESCHWHEBOHIEIC L - CTEIC 3 FEOK TRV TR
A, FHIE (1) BAFRORI TR, (2) BIIFPRTRI 6. (3) JEFRURL A8 & FRITIL D,
ARFFRIZB T L7ohi-881E (1) B PR TR Th 5, X 4A2 D K 5 ITKFHEIC
RETLRRE TR L L7oRLFITSMET D EH IR (2 oty CIER A1) D& (L, B, T)T
525N5b0% 3 iR LM, KERICBNWTHZOEXFIESE, JEBIUOES
IR L7, KFHEASOEREBIET 2HEO I B b o & bEWAZ AT 5 b O D8
ZIEBE L, TOREZRILEEHRTDH, T LT, ZOHEBEZERE T HMEEHFIROR
SEEHBTEEFRT Do FEEEORMEAT LHBICESIEIL, B BNERTE D,
PRLFICKR L TIEEN D O (3 A8, 2 i) #hiFRe LTERTE D, 3
HHEE DA R d6 K OFHFERNITE N ENE LW L OV LWREEEF T 535
KO—DIZkHET 5,

Figure 4A.2 Particle triaxial system
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i t-do 5 WIEZD 2 WotlE 2 Sl BRCMICE S x . TOERERTRETHI L
HTE D, SMEERAYES, WML EDEh, R TOREEY, £EES., B mHA,
JAPEPR EEE L VRS D WVIIMOEREZ b > TH X bIVAHEYEE, B2, RFEERFEY
P EEIT RIS Wb TN D,

M 4A3 DX ST, HBENIZH HRTEECH L TOED bz —EH AN HLHEE LIRS
EEFEREND, RN T 4 ATEF L TSR 51X, —EH B ORI 1%
AN T o F LR FRNSHB L TWA Z &R D10, et s bIFENh 5, Mo
Lo, Rt E et —E S OFAT 2 EARDORIEE 7 = L —(Feretyfexy & W\, R HEE
2 AT D EH OSSR~ —F o Martin)fxy EVV D, £2, HEOEELESE2E
Ji Tl KA (Krummbein ) xg &V 5, EHMALFRITHET 25 W, Sz 5 &, KiF
DOEANARTFT D720, EBEORFIZx L TEOEEEREHEETH LB TED, &
D& D7 3 O FRIZOWTER TR LN T 0y VIR T 7 = o ORFEEX 4A4
IR LT 91E, 7= b—(Feret)Rxp X TE M, ~—F > (Martin)fxy, 3 £ OVE F e K
£&(Krummbein £8) x (37K J57 10 & O FHA L 7=, FHANC W72 X1 SEM O REfE=RIG Th 5,
ZNENORLFREOFFEREZK 4AS5 (R LTz, TRy 7RI T 7 22250 T, ki r#&
DFHMITEDE NI LV ZFDE A N T AZHLENVEH -T2, 2O X5 RFHHEL NS
ZEITRY, ENENDORLAREDOT 0y VRS T 7 = AFER ETT X LT L TEH
0. MEHIRBOSMZMD Z EDN MR, E6I12, 7Ry 2RI IT 720 DENEND
BOFHZERDD E, 7= b—FFxp 2370 nm, ~—F U %xy 2% 267 nm, TE 5 AR x
2 340nm Tho7,

Figure 4A.3 Unidirectional particle diameter
xp . Feret diameter, x,;: Martin diameter, Xxp: Krummbein

diameter
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Counts

Figure 4A.4 Unidirectional particle diameter of block-shaped
graphene observed by high magnification SEM

Feret
Martin
Krummbein

4 T II LI II T

100 200 300 400 500 600 700 800 900 1000

Particle diameter [nm]

Figure 4A.5 Histogram of particle diameter of block-shaped

graphene measured by Feret, Martin and Krummbein diameter.
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WERITHICIEENTIEHL208, JRENA A—VE2HEICE 252 LN TE 25 H5E
BAMERIZRZ & bbb, TORKIE, 2O XD e HFEOHMZRBIIRECL H 5, Hilx X
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JoARFLRFDEE L UTERARRLLT 3 iz o b,
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FIZANITIHSLTH D,
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FERFER FIIIEF TN L DT, TXLET VT2 0D /T A — & TRl &
h%) EMEE L,

- BATERITERREIC OW TR RS, BP0 k IRIC DR EG FARIFML T g lZ &
D&@io IZ IR RIS,

Gk = Prxj (A3.3)
= DIRK Py B TR FARER B & W5, R T 2 SRR R Y By (= 6V /m) V3 &
Dl py=m/6 THY, EFERERERMH Y S, =/S/m £T5L, ¢p,=1 ThH5,
BT BEOIERDHEL CH 256, £ OREE RTEOFEITE L, A THEZ LD,

V= ¢3Ms, (A3.4)

S =¢,Myq (A3.5)
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2 TMy ol DI i qo (xp) D k IRE— A FThH D, LIzhi> T, EEBIMED LK E
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MZO ¢23 ¢23
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v ]7 ¢ M30 M12 JzVS .

TIT o3 = o/ s HILEHEBILIRIREL L VO, BRE LI ETldgas = 6TH 5,

Efx OEROIMFRFEILS, = 6/xTH DD T, —fRHIZZRIT-ITxF L CTHIIER SR d 2 BAT
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LML, AEBRTHEONZT 0 v 7R T 7 2 FEWCHEL TIERS EFRERT v 4
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ZINBS, PEDOE LT, ROLIITERIND,
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ERNOHALNRE T, ZORBTITEMRNRIZIRE S EE2RTI210 TR<, Rk
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X/ Xemin CHZHND (K 4A.6), ZDfth, FHHEEOIY HITIH L TW L D0 DOFLlR 2037 E
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Minimum circumscribed circle
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XCmin
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Figure 4A.6 Diameter of the inscribed and circumscribed circles
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Figure 4A.7 Histogram of Wadell sphericity of block-shaped graphene
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Minimum circumscribed circle

/
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Circumscribed convex polygon

Figure 4A.8 Circumscribed convex figure

surface roughness )
g Micro surface structure

v J

2Rmax = Xcmax

Figure 4A.9 Surface structure and roundness
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KT HERBEITHE SN TER, ZE7r vy 7REIXY— MRBIES L
WL 2o TEBY, EOL D REENEBERUSEIZER LTV D D08 61T > T
ofz, FDID, 2 OHEEITHE LT BEXRUREZRET H ML ENH D, Lo T, K5
TIEHEMO Y — MR T 7 = ANER LBERBELZHEST 2 Z &I L,
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HMOT— MNIZBIT 2 2O DFREER 5.1 ICE L DT,

Figure 5.1 Channel fabricated by graphene deposits using liquid droplet method

(b)

graphene-ink

source

Figure 5.2 (a) Graphene deposits [69], (b) Channel of graphene deposits [67]

190



(a) (c)

H
2
o
oLb——1 1 . 1 .
0 200 400 600
Position [pm]
(b) (d)
ER
2
= 0.5
L, .- R

1 |
0 200 400

Position [pum]

Figure 5.3 (a)-(b) Sheet-like graphene deposited by liquid droplet method, (c)-(d) height
profile along dotted line of (a) and (b) respectively

Table 5.1 Size and structures of sheet-like graphene deposited by liquid droplet method
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Figure 5.4 (a) Sheet-like graphene fabricated by mechanical exfoliation, (b) height profile along
dotted line of (a)

Table 5.2 Size and structures of sheet-like graphene fabricated by mechanical exfoliation

RE WHETHLND V— NROKIE S 7 7 =
AR Sum—50um
&K IML—10ML 2L |
#r o B2 7L
H2 D ol
J& %5 D — 1 A¥)—

X 5.1 \ZR LT ¥ FUCBWTHBERIZIZY— MR T 72O THERESL TV D
ZEREELY, L, V= FMRI T T2 OB THER SN ELTHELAD T T T =
VINEIRD I ERESHITHEES N, K55 DX BREENEREIND ZENRTHEND, &
DX IEEEZTER LT GG, 2 OOMEICER T O0LERH D, | DITRATH S IC
HLEV 77 = OERMCBITL2ESEEERMRLOLNER DD, & 1 DlE, SRS

192
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Sheet-like graphene

—— v 2//Mﬂ

2ML

3ML

Figure 5.5 Model of deposited sheet-like graphene. The structure involved uneven number

of layer partially.
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Figure 5.6  Histogram for long side size of graphene
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Figure 5.7  Histogram for aspect ratio of graphene
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Figure 5.8 (a)-(c) Optical images of multilayer
graphene fabricated by mechanical exfoliation.
Scale bar is 10 um. (d)-(e) Raman spectra of
(a) and (b) respectively
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Figure 5.9 Raman spectra of graphene (a) from 1 layer to 4 layers (b) from 1 layer to 4
layers and HOPG [109]
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FT. BREMEANET 572012, WHRIEES T 7 = CEME DT DNERD 5,
HFBWERCTRHOT 27T 7 = OB E ., BRIER LY FLRICE VR Lz, £
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oo ZDT T 7 2 ANERUTZEBMANY — LV H~ A7 ZEA BT D2 L2 X0 &S
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Figure 5.10 Optical images of graphene with electrode pattern prepared by lithography.

“Graphene” indicates various layers graphene involved mono-, few- and multi-layers.

197



WIZ, O DOBEMSS — U NTHEZERBZICL Y Ti/Au OBMESTZ, LnL, K511 O
Lo, V7 MAT Tt AORE, ABEBEN IV HEE S L2\ s DT RO B S X —
VEERTERWZ LY B oTe, T, VYT T 4 THWET F R LY A N AZS214E
X, AHTEHEHTHZ IR VT — o7 — o MERLES B 7 47 LT
WIBIRIZZ2 D Z DN B TV AR, K 511 OFER LY, KT LT — 2R b DI T
TN EZFREBZZTWD, 2FED, OIFEAED LT R b ERIERIZT — B2
DTV EHEIE NS,

‘4
" [0]0]0]0) (0]0]0)0)
g 50 um N

010)0)0) ©)o)o)o)
‘ 20 um

0]0)0)0) 0)0)0)o) 010)0)0)
50 um 20 um . 100 pm

Figure 5.11 Optical images of failures of lift off process for electrode fabrication
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Figure 5.12  Optical images of Ti/Au electrodes
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> 77, 52@B LGN T, HBFBHMEBEICEI D A—2 L TBE LEERZK
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IZOWT, THOITLICAEDT@BIOOLD VT 7 2 OEAKZK 5.14 (IR L, %
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Figure 5.13  Optical images of graphene FET shown by Fig.5.12 (a) and (b)
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Figure 5.14 Model of graphene FET shown by Fig.5.9 (a) and (b)
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Figure 5.15 Transport characteristics from -40 V to 40 V at 100 K, 150 K, 200 K, 250 K and 300 K
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Figure 5.16 Experimental output characteristics and simulations for a 70 nm device at room

temperature. Back-gate voltage V, is swept 25 V from the Dirac point with a step of 5 V. [125]
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B EIZEB W T H 100nm-300nm F2EE ORI VK EDMBLEL 4, £ DIEHNT 500nm F2EED [
MKk bEERESN, 2oL, 1BRL/=2T 7 = FET OEDICIE, BEshizX o7
WMADIE LTz, 2 oWk, KEF DK %L<imT%¢%#57u?xa

B2 AW EOREYSE, FICVPANTHDLEEZLND, EFRLT-2/ T 7 = FET
DA TIEZ DX I R RMINELFHELTEBY, 7772028 2O L) e Sl ii Gt
A LTV D HBEMENR R,

INBOFEFIZONWT, BRFMERDO YT N E R OB T HRERMI 5.20 D X
INTHESNTWD[25], 2L, T=—VU 7% LIZmiRICBIT 52E£mD AFM Bl5 LE
RUZEED S — NERRGFEZBH LR Th D, 7=—V P 7HiITIEK 5.20()D £ 5
(RN VAR OW IR AEE B 260pum™ F2 A THLHI S, EBRSE RS b B PERUEHL
NTWn (K5200c), LML, 7T=—VU 7 &ITVX 5.200)0 X 5 ICEHmEZEFICTH
L BV AR OMIROEE 1L S3um2 F2JE L 72 0 7 =— VU VU THID 5 43D 1 FRE F TR
L7z, 512, X 5200)D Xk 5 IZEMAFHESRNBN, KROT T 720 BNHOT V34 K
FZUVT 4 BBRISND X 52> TnD,

L7eNo T, ERLZ2 T 7 = FETIZB W T H, Ao R8I L 0 B M2 1E
EWEMA~SOVLIEY 7 FLIZEEZBND, Iswwﬂ%%%ﬂtﬁﬁ%mﬁ%ﬁ
0um? FRETHVIMEORMEDT =—V 7% L0 b/ VWETH - 7253 A28 TIL 50V
Ubkor7 bREHENTZ, ZOBRBIZONWT2ODREEERH D EEZTWVDH, 1 DIER
M OFENBERE LIXR > TNDH I E, b2, BEORETHEI LTS
KT 30-50nm FEE DY A X ThH o7z, —J7, AWFFETEIEE L7 A#iiE 100nm-300nm
BETHT, ZOYA XDENND, AFFETITREDOHE LD b 100 f5/A i % 81
HLTEBY., BEOWREIIB TNV EDIEBESNTOARWATRENN D 5,

204



[

I

/

350
)
2 320
©
3
g
3
T 29
@)

260

ﬂ

40

-20 0 20
Gate voltage V, [V]

40

300K
250K
200K
150K
100K

Figure 5.17 Gradients of transport characteristics from -40 V to 40 V at 100 K, 150 K, 200 K,
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Figure 5.18 Ambipolar electric field effect in single-layer graphene [28].
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Figure 5.19 AFM images: (a) electrode and substrate, (b) Shift the position of (a),
(c) High magnification of (a), (d) SiO»/Si substrate with graphene FET
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(3)  Drain () Drain

Figure 5.20 AFM images (a) before and (b) after annealing. (c) Conductance G

as a function of backgate bias Vi, before and after the annealing [25].
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Figure 5.21 Transport characteristics from -40 V to 40 V at 100 K, 150 K, 200 K, 250 K and 300 K
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Figure 5.22 Gate voltage dependence of sheet conductivity from -40 V to 40 V at 300 K
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Figure 5.23 (a) Typical device structure (b) Gate voltage dependence of conductance at

300 K and zero magnetic field [126]
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Figure 5.26 (a) Optical micrograph of the device, (b) The conductivity (o) versus gate
voltage (V) curves for the pristine sample and three different doping concentrations

taken at 20 K in UHV[129].
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Z DX S 72 FET(a) & (DIZ DWW T, v — MEFIEROIRERGFIEEZ KD, X 523 38 LK 5.24
W27, ZORER. 22O FET & i, IBEOICE b0 — MEFIERNRED L,
BET 77 = AT@E B THLIITTHHN, ER LTS 2T 228 HIEEREN

ThoT,

AR DESILBEIZHONT, RO LWFET Tho-Z 2 BB L TELS T 7 21T
XD ERASER A AR EOWRE[103]) 25 E I Lz, X 5. 29(a) RL7Z1EE2E
TR SN T 72 LT, 27T 7 =2 LR OESIGEE LR

FEDRENK 5.2900)D L H IfF 5T\ D, Z OIRERMEIZ(1/T)Y3 H:WLT:}SD\ 2K
JED RIS v ¥ 7 (Variable Range Hopping : VRH) T 5 LB TWV 5,
2RISR DRI v & 7 TiE, RGBT ENmho T b,

1/3

AE
0 = 0y exp <— kB_T) (5.1)

DORUZE VIno & (A/T)VIT 1 ROBEKIC2 DT T TH D, K530 17— FBEOV DL
%@FET(a)@f*%?\ZTﬁ‘ Son7-7ay Fvs, 100K 225 200K £ T, 250K 72>5 300K
FTDO2DFTTTIAT v A T EITHoT2, 2 DITTTRIRETEIRICB W TRIED 7 4 >
R 2TV, ZOFERoy B L OV AEITER 53 IR TfHE e o T,

Table 5.3 0, and AE obtained by 2D VRH for graphene FET (a)

T [K] o, [1S/o] AE [meV]
100K-200K 360 0.12
250K-300K 860 24

F72, 2 OH® FET(b)Ti, 200 K DAMD 4 sil K& < g o72728 200K & BRU 775 F
DBIEMT 24T 9 Z SIS LT 2 IRITED VRH D7 4 v T 4 > 7 DFER %X 531 12777, FET(a)
ERIBEIZ, 100 K 725 200 K EC, 250 K 725 300 K £ TO 2 DOIREEFEIKIZ DT Topds &
WAE%=RDT=, TOREREFR 5.4 187,

Table 5.4 0, and AE obtained by 2D VRH for graphene FET (b)

T [K] oo [1S/c] AE [meV]
100K-200K 110 59X 107
250K-300K 120 13X 103
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LV EN D RIEENMB TOIREAR v L Z PRI 5 Z E NS LTHET OS5,

S BT, BFONTIEHEL =R —AE & XfIET DIREIZOWT, WEOHSE & g UE
DEZEMERF LT, BEOREIZONTOELHERSSITRT,

Table 5.5 AE and T, of graphene VRH shown by previous reports

Condition AE [meV] T, [KI
Hydrogenated, Vg =0V, [130] 24 284
Hydrogenated, Vg =0V, [131] 24 280
Hydrogenated, Vg =3V, [131] 16 187
Hydrogenated, Vg =9V, [131] 9.2 107
Fluorinated, Vg =0V, [132] 39 450
Fluorinated, Vg =0V, [133] 23 270
Fluorinated, n = 0.7 X10'> cm™ [133] 11 130
Fluorinated, n = 1.4 X 10" cm™ [133] 2.8 33
Fluorinated, n = 2.5 X 10" cm™ [133] 0.43 5
reduced GO monolayer [103] 8.6 X108 1X10¢

MWBEOHEE[126]TIE, 20 pum VA AD T T 7 22T /34 22O, K 5327 T
NARFVTF 4 %BHILTND, TDOT T 7 2 NIk L TABLRMMESEL%ZICH, K
5320)DE T U RA R T VT 4 BERESI TS, L Lans, B i EEE
MIZY 7 FLTCWe, ZOXIRT T T2 ERBEMMLTZT T 7 2O WT, BED
BHRIEKFEMEZ K 533 DX D IZBRIL T\ 5, KEMINLIZZ T 7 = /1E 5K 225 300K F
T, /DB CTT7 4w FLEEBRICODLZ ERRENTWDS, —FH 777 =D
A/DYV3D7 4 MIEIDO BN ERREN TV,

JRIARS » 80 DB ST RIRNTAREC T2 Z LIZRE Th o722, mEOHRE &
B35 2 L2 X0 AR BFE ERERD 100 K 725 300 K T Rk » B2 7 M0 2 2% rIREMED
HDHZEIETREND, LLENDL, AIFROBAA/T)Y3T7 4 v b5 &, 200K LA
FlZBWTIMEE N R 72> TV, TR 526 TRUZ XD ITIKIRFEBREE D OH A
DT OREICEL Y EBREEENB LD EEZ LD,

# 55 IR LTEBEOREICBIT HAEICHOWT, & TH UL THE: Lzbi) Tl
M, SEGLNTEE OB EIT 72, BT 77 2R E, BHNEIX 043 5
39meV FBRETH-oT, 2A—FREDODNRTOETNHDHEEZD L, FETQ@IZBITDHAEITIA
WAy 7 L TRYERETHDHEER D, MEOREND HKESLT vREMMLT
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Table 5.6 § of FET(a) and FET(b)

& of FET (a) [nm] & of FET (b) [nm]
E[eV] g(e) [eV'm?]
(4E = 0.12 meV) (AE = 5.9 X 10~5meV)
0.1 1.5 10" 690 31000
1 1.5X10'8 220 9900
10 1.5X10" 69 3100

X 519 (2R L2 E BV RO T SA ATIIARMP N L oT2, Z D7D EAMP) 72 &
ICHELDA R E TWD EE X bNH T, IERNREE ThH T B X bvd, FET Z{E
LIe o T NOH A AR 10 um FBRETHH DT, RTERIZ 10 im LN TH D & Tl s
b, XoT, FET(b)D 0.1eV < 1eV D& X DEIZ OV TOZYSEITMEV Y, FET(a) & (b)%
s LT, R CIRIBEE TH - T25A . AEDV/INS WA RTEED 100 FRRERE 20,
L &ERHREETH D EEZ DD, X 5.19 THOLNIZAMPORIEAL 150 nm F2E TH
Slled, TIHDARMINC LD RAERER ST WL 95 & FET(a)® E=1 eV TOfH
DALV BTN D & e o Tz,
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Figure 5.27 Temperature dependence of resistivity for graphene FET (a)
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Figure 5.28 Temperature dependence of resistivity for graphene FET (b)
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Figure 5.29 (a) AFM image of a GO monolayer deposited on a SiO, substrate,
showing a back-folded edge. (b) Semilogarithmic plot of current I versus T-' of a

fully reduced GO monolayer (Vpias= 0.2 V) [103].
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Figure 5.30 Variable range hopping for 2-dimension of graphene FET (a)
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Figure 5.32 Gate voltage dependence of resistivity for pristine

graphene (a) and hydrogenated graphene (b) [130]
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Figure 5.34 Activation energy AE as a function of gate voltage on
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