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Abstract

It was since 2004 that Prof. Andre Geim and Dr. Konstantin Novoselov used
mechanical exfoliation method to gain monolayered graphite ---graphene. They have
found it has significant electronic behavior and mechanical strength, and opened a
route to study the optical and electric behaviors and application of few layered
inorganic materials. This study focus on the synthesis of BCN nanosheets via
chemical decoration of graphene oxide, hydrothermal exfoliations of boron nitride
with the aid of hydrogen peroxide, and the synthesis of few layered structure of
molybdenum disulfide by CVD process.

In Chapter 1, it is about the basic structure, characteristics and recently progress
of graphene, boron carbonitride, boron nitride and molybdenum disulfide nanosheets.

In Chapter 2, it is about the experimental sections and investigating instrument.

Chapter 3 is about the synthesis of BCN nanosheets, we have successfully doped
GO nanosheets with BN via partial substitution of carbon atoms in graphene by boron
and nitrogen atoms. Based on the XPS data, the doping concentration of BN increases
with the increasing of the reaction temperature. Furthermore, we found that the use of
gaseous ammonia allows the doping of graphene allows the doping of graphene with
BN to be carried out at the lower temperature. The Raman spectra of the BCN sample
synthesized at the various temperatures showed that [(D)/I(G) ratio is proportional to
the doping concentration of BN in graphene. Furthermore, the estimate value of
graphene nanocrystallite size decreases with the increase in the degree of doping in
graphene. Finally, UV spectra of BCN sample with various doping concentration of
BN have verified that the band gap of graphene is opened and dependent on atomic
composition in nanosheets. For the electrical measurements, we will fabricate the
bottom gated field-effect transistors by using the BN-doped graphene. For the studies
of BN domain distribution in graphene, we will characterize the BCN samples by
using electron energy loss spectroscopy. It is expected that the difference in current

between graphene and BN domain can be observed.

Chapter 4 is the synthesis of BN nanosheets, we have succesfully decorate BN

with OH group via hydrothermal reactions with hydrogen peroxide, and sequentially
1}



exfoliated via sonication to gain BN nanosheets. Based on the AFM data, lateral size
and height of BN nanosheets decreaes with increasing the reaction temperature.UV
spectra of BN nanosheets have verified increased solubility with increased OH group .
Finally, we use BN nanosheets to absorb perylene-3,4,9,10-tetracarboxylic acid
tetrapotassium salt (PTAS) molecule with n-n interaction and desorption with KOH.
We found that with the increase of OH concentration desorption concentration

decreases caused by blocking of OH group.

Chapter 5 is the synthesis of MoS, layered structure, large-area MoS; films are
directly synthesized on SiO,/Si substrates with chemical vapor deposition. It is
noteworthy that the growth of MoS; is not unique to SiO, substrates and it is also
observed on other insulating substrates such as sapphire. The as-synthesized films are
consisted of monolayer, bilayer and other few-layer MoS,. Chemical configurations,
including stoichiometry and valence states of MoS; layers are confirmed with XPS.
Raman spectra and PL performance of the monolayer MoS, are presented. TEM and
SAED demonstrate that the monolayer MoS, exhibits six-fold symmetry hexagonal
lattice and high crystallinity. The electric measurement for the bottom-gate transistor
shows a N-type semiconductor behavior and the on-off current ratio is approximately
1 x 10*. The seeding approach can be further used to grow other transition metal
dichalcogenides. Finally, Chapter 6 is the conclusion and future work.

Key word : graphene, boron nitride, molybdenum disulfide, nanosheets,

substitution reaction, field effect transistor.
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Exfoliated graphene = 15000 cm’/Vs ; E, =0 eV i

CVD -graphene u= 4050 cm*/Vs (23]

CVD N doping graphene u=300-1200 cm?/V’s for the pristine graphene 7
u=200-450 cm*/Vs for the N-doped graphene(NH;)

Graphene nanoribbon 1=100-200 cm*/Vs ; on/off>10" ; E, = 0.3~0.4eV [10]

Electrical induced gap = 1,000 cm’/Vs ; E, =250 meV (i

opening of bilayer graphene

Molecular doping induced | Pristine ; p=4128 cm*/Vs ; On/off=10.8 (71

gap opening of Bilayer After triazine decoration ; p=3109 cm?/Vs ;

Graphene on/off=55 ; E, =111 meV (Bilayer)

BCN nanosheets = 5-20 cm’/Vs ; on/off=1.5 ; E,= 18.19 meV 201

Graphene oxide wy=4.6 cm*/Vs [30]

Reduced GO uy=2-200 cm*/Vs ; pp=0.5-30 cm*/V's 78]

SWNTs p= 150 cm*/Vs ; on/off=100 (79

Hexagonal boron nitride E,=59¢eV =
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MoS, monolayer p=0.03; 0.07; 0.17; 0.22 cm?/Vs for 1 to 4Layers (62, 67]
on/off =10° for 2~4 Layers ; on/off = 10* for 1 Layer
Direct E.=1. 83 eV(677nm) for monolayer ; Indirect

E,=1.29 eV
WS, monolayer on/off=10° ; direct E, = 1.9 eV(650nm) (80]
WSe, monolayer tg= 250 cm*/Vs(ALOs top gate) ; on/off=10° ; E, (81]

=1.59eV(777nm)
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2-1-1 § i # &% (Graphene Oxide)sh1 4 =
A1 ERF PR BOBREUE G FEET PR EF AR E DY 2
TAREEE 12ml AR 455 80C.,i8 1745 (A HE L A Art R 41
6 | P11 S00mI 3 3+ -k 418 14 B R 3 iz #F 1 1540 % 5 B 2% 120 ml HpSO,
F¥ oo 4er 15gKMnO, #8422 0 pF o B 4 » 250ml 2 35 -k o 42
ot IRe A2 F A L be X 700ml 02 ok o XA r 30% HEE K
20ml ¥ FE (8 ok bR RiEip Lo HyO 0 HCL 1110 533 i ik /5 3 5 pen
ERHF > F 3 I kAR A S eepk 0 £ %GO B A STk Y 0 7 GO
%% o Bt #-Si0,300nm)/Si AE > GO B o K E A GO 2K Y -
"I B GO Bk P b iR T (98%)(1 pl NoHy for 3 mg of GO)*e #3290
CHg 1z R">
2-12 By A EL LS

#BO3 oA B A AP e K GOw R 4 b > wr
e B0y #5 %k o MR SR~ FERR M F o X ESHIE 15T A

B3P &R (900 ~ 1000 ~ 1100 C) ° 4@ 2-1
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B,0,(g) +C(GO) + 2NH,(g) —> 2BN(s)
+ 2H,0(g) + H,(g) + CO(g)

—— A & B
Py = et o e i
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B 21 i sE A E Y S REERA LWES R

Exy
=
Cﬂ\df

2B TIPSR 2~ 5 % (30 s.c.c.m (standard-state cubic centimeter per
minute ; * 2488 F D )30 A4RETFBREFK o F RA NS~ F F 0 pRA
BEFE 50 BRI GO AR E S E mp g 2ok E Y R F LK g (TE
BEPEZEF LR -F AR EEFE LA ARRBIRRF RS ST
BERFHIN S AZERF ERGO L EFHBETER -

222 Fitmz R ER A HEINE B

P~50mg § /e F e x40ml FE R BN BREBERAAE LN AR 2-2
AaE T 150°C ~250°C » #F B F o FokiEiE L b 5 150CHE - ] PF250CH#H %
— ] P s

v

JpE S Z L - pE S EUA B 5 150-1hr ~ 250-1hr ~ 250-3hr ~ 250-21hr

RIE21 > B F b > 2F 30 A4 #ro 1000rpm = - A 15 » 0+ ki 2
RA A K YT RS S AT M BT UV kA4 o oF

Bt s BRFE RF VL FEF R ML S sigma-BN e
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2-2-1 Z#L4 =+ (PTAS) perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt

(PTAS)  #

P & PTCDA(perylene-3,4,9,10-tetracarboxylic dianhydride) i+ = ¥ f& = f+
0.5g » 4t 100ml 2z fg o L 4 ~ 3%wt KOH & fFak it BTk > 44 1 80C
Wor 122 SAPL FRE 0 e r 2 BTN R ERE O AW 2 4
Foko T EERASEAF BTPTCDAFRM » iz r» xR e » T4 53

$ FIMPTAS - £ #ERG 3k 4 o fe kit o

HE B HAc-B 2-3 -

B 2-3 PTCDA g it B 7k % (60
2-2-2 BAERAA TG L mAEREY2Z LG

;‘5‘35 ILFR ‘}wu“’t’ 1 mM PTAS //p‘/x /fi@?é’;?“ﬁ%f% ?}:Elflg"leff
PTASA 3 » & gt = R FRE » 4c » 40% KOH it 7 PTAS A 5 %5

BIE RN R 22UV T FE M4 p et &+ 2. 38 -
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R OEF Rl ¥ BB F A ek @ B Ha Bk (direct bandgap
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Bl3-1(a) 3 GO &w A AFM ¥ B 5 GO 2 K & ¢ ek L &
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MR g TRFPRAE | I 40pmesst GO £ K FY AT LIME RSB AR
Bl Mg BRI BeF B RS 3 A it B0 FAE o D ok
#B,0374 » BCNZ 3 3§ % thAFM B ifde BI3-1(b) % £ 772§ R 5 #3246 {5 BCN

& 5 * hAFME i o

B 3-1 @F% &3z FREEGRT 4 MAKE G (b) B0mF R S 2 48
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3-1-2 B=E i F ER e EE
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#E 3% ( X-ray photoelectron spectroscopy XPS) °
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FR A Y kg =B 19075 eV P otk 2 0o B 190.0 eV £ i
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LGB BON, 2 4 P anT 3 BB AN e 5 FHE g
= § ;Lwig&ox;ﬂuiﬂ BiCyN, it & 4 chic B+ ;ﬁd R EEE e R
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TR § k4 GO & 7ok R R E UV je ke £ 4 4 b cnis 5 7o

YRP L CVD A 16 S BN A A R A 200 nm i35G e o 4
LFRHAE 556 2 592 eVPodnE g B B A K F B E 5N
241nm 2% 270nm %G - B BT o Ap¥ts 50 BON2 f i 5 o
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124 eV 22 136 eV ik F il o d %7 50> % BON&E® &3 § L/
BRI R AL S G Rk H e B R B gt B gk d CVD 2 2 L OBCN R

N .,
o % - 3R o

40



(a) (b) 80s]  BCN90O
gos
25 304
0.25+4 < 0.2
—GO 20 0.0
T 200 400 600 80O 1000
3 0.20 —— N-doped graphene ?“ J Wavelength (nm) o
g 215+
8 0151 =
s !
o
é 0.10- e A 1°'_
0.05- 5+ 7a 212nm |
] Y :?ZTJ::" 5850V
0.00 — T T T T 1 0 — T - T —
200 300 400 500 600 700 800 1 2 3 4 5
Wavelength (nm) 1/ (10 1/nm)

1 254 %960 450 600 800 1000
= 1 Wavelength (nm)
é 20-‘ ;
S 154 ;
w r
104 A
5+ ‘,';1Dnm | 252 nm

1.36 eV ) 492eV

o L3 T T T T T i T L} 1
0.51.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
113 (10 1/nm)

33

B 3-9 GOz 3 & 3 enUV k(2 )& g §F B R 150UV EH (=) (b)(©)BCN 5| # UV

g ¢/ 3 UL TR(L B 5 UVEH)b) - ()&= %900 C£1000 C

41

—
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1.7E-5 |——BCN 1001: c T 77K £ 6x10' oy /"
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.1.-\.\

‘a)1 5.5

Es
Fitted r
150 /_/-- w0l m
14.5 4 / l//
o 1554 >
14.0 4 // /
_ 15.0 4 A
& 35 _/ g s /-/ '
£ 13.0 - ,// £ /
» 14.04 L &
125 '_/ Eg: 25.1 meV s // Eg: 26.13 meV
12,0 - w
ooz 0.004 o006 ooos LW o012 ‘lgmz 0004 0.006 0008 oo X} F3 0014
(c) UT (K" (d) T (K")
.5{ BCN 900 Device 02 "1 control 900
7.0 ..// 1 /."“‘.‘*»-_h_a-
165 = 1.0 /
& 160 4 —_ 7
— - X s // -
£ s /_f.-/' E I ,/-/'
i / Eg: 23.38 meV 108 : v
14.5 i 10.7 4 " Eg: 3.43 meV
0002 0004 0006 0008 0040 0012 004 o002 ooes  ocos  otos  ooto ooz oot
UT (K™ 1UT(K")
B 3-11 2 FiEiteah i kGl EaRRPHOTEER  HY 24 g & v 2134 R(T) «

BCN 1000 Device 02
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%4% Boronnitride 2 } F* 2 %2 E
4-1 FREREFERHN A I § B EaTROEER

A% R34 BAAE TS N2 S B S E R R FET o 4o
4-1(@)~(b)~(c) & A 4 150CHE1] PF~250C#E 1] B 250 CHE3 | B &
Regh+ 3 Bl Bl TRIBEALF RPFFHE R ANZE TRADES
FEY U RF A ABEFE RS TR B A2 % 4 Bl4-2°150C-1hr
gL om BB R R A 49 5 3.7nm( 11 layers) s 156.9 nm~250C-lhr (T 353 B
#% R 5 3.1nm(9layers )~124.8 nm>250°C-3hr T32% B2 5 A A % 5 2.1 nm
(6layers )~ 95.0nm > ¥ F IEFRBREZ BRI G4 2 X EFFNZRE TR
RTEARE BT A P F R AR B OREF KBS RE G F A RS

P ek o

A ] .'u IiI II'.I | |
W] | | \ I.

[ | 3.23nm 3.13nm .' '. 2.376nm

| | \ |

|| '_,.' , |‘

B e LU ¥

|t/ NY - 110.7nm

377nm ik e 191.5nm !

B 4-1(a)~ (b)~(c) & A 5 150-Thr ~ 250-1hr ~ 250-3hr £ 3| chfa + + BACALE
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b)] . (c)

Counls
Counts
Counts

Helghtinm . Heightinm

Counts
Counts

B 42 (a)(b)(c) A % 5 150-1hr~250-1hr>250-3hr e & 53 & % 1(d) (e) () 4 %] 5 150-1hr ~

250-1hr ~ 250-3hr %iw B A& ahiiit B %

4-2 FRBFEHENF mOH F R MERDEF--XPST Fre i g -

e

BF iR o FHEF KRG EA G F Pl est OH T AR B

d RFEORT A SRR AL 2 K E SRR R E TR DE R Aie B 4-3

i s O %
RNz

Hydrothermal reaction

Bl 43 F /a3 i k5 ir 4 W
B 4-4 B 5 150-Thr~250-Thr~250-3hr~250-21hr 2 iF & 14 2 ¥ 5% »
LB 40ml FisR ok 0 & F A L S 520.01~0.0350.0450.05 F 5o [ipATE

/p/&a A\'EI‘T’BN/%EK{F /%EE":F'&J}“T» m_}i#{rﬁﬂiﬁﬁ ’ ﬁﬁ»?\f&‘f shiﬁr]’

BN /& & 1 2. OH F & B3 4 #7835k o
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B 44 (a)b)c)(d) & A 5 150-1hr ~ 250-1hr ~ 250-3hr ~ 250-21hr & iF 8 14 KA iR B if o

50 e OH 7 v M50 BN 2 3§ 5 0 cnig &k & o 4o GE B 73 iR A 4t
BERE o AP R SR 7 Xeray R T 3 i hEEE o 4o 4-5 0 (a)-(e) 22 (D-())
F-A H F & BN ~ 150-1hr ~ 250-1hr ~ 250-3hr ~ 250-21hr 2. 3% 27 § 3 o /R 5
g 1s % d 190.3 & 191.1 eV i2a B4 % E & (fitting)m = > H ¢ =3+ 190.3
eV it 4k B ARITA 2 kY BN e i Pt & ot 19101 eV enip|ge3p
B B-O4torig & o @ § h3ehlsh¥d 3979eV ¥23994¢eV L & > =
#3979 eV i 4% =B ApiT 2 k¢ b N-B 480 @ 23 399.4 ¢V ihipl4s d N-H
G A o LR SY 28 3 N-Hégh2 & 5 9.5 1 4~ Ninhydrin i
ATHE R RET F BN 4cB 4-6 (@) FIR&ET 5 - BIRL > BA S N
BaEd i o H S % 4ol 4-6(b) s ¥ F U R 4o~ Ninhydrin 4> 5%
e F > 7 F BT BAd 2 AR D- Boril B-N-H - o5 % & XPS i 3#
A DG EP- R o

% 2 B-O/B-N % & #% ¢ 3 .4 & i BN(BN-sigma)~150-1hr~250-1hr
250-3hr~250-21hr }* = 4 55 0 0]z 5 0.0355+0.0541~0.0607 ~ 0.0624 ~
0.1024 o P S5 EREFF BFFF VR B RITH 4> B-OdEgdkRy & F 2

HE e A 4] BT E B RGE & B-O 42 N-H AL H 4ot b

el UV EFHREFERM eNHRE » B 54cB 4-7- 27 204nm 3
NP F BRI F LR R R T B A BT A Rk

150-1hr~250-1hr~250-3hr~250-21hr % B & R i% it e e iz B 5 0.425-0.851 ~
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1.379 ~ 1.947(a.u.) > £134% Beer’'slaw > Syc B I w30k B 5 BIF REF LR &

R P 4 0 R R A RCILE G P BT )

(a)
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BERENERENR
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(b) = | (8) =

(d ———— (h)

-----

ey
i

ety
1 i i

) | T——= !

(e)

ety
e,

B 4-5(a)-(e)2 (D-()% & 5 % & Jiz BN(BN-sigma) + 150-1hr ~ 250-1hr ~ 250-3hr ~ 250-21hr 2=
W

(a) . 2 - (b)
1 ©§<ou IH_" @:Nm + <S> I

Purple

Bl 4-6 (a)Ninhydrin *=f& 5% F 558 o (b) § 4% 54 » Ninhydrin 41 {82 354 & Ji »
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34 4-1 45 F M iE 2 B-O 4% N-H 452 5 4ot i)

Boron  [f7i7=p5 [(B-O)/(B-N)  |Nitrogen [f7i>=FH |(N-H)/(N-B)
a-sigmabn 0.81 0.0355(a-sigmabn 1.48 0.0119
b-150-1 0.84 0.0541/b-150-1 1.66 0.0117
c-250-1 0.8 0.0607|c-250-1 1.56 0.0181
d-250-3 0.81 0.0624|(d-250-3 1.49 0.0175
f-250-21 0.8 0.1024(f-250-21 1.66 0.0270

Absortbance(au.)

"
"~ -
(=]

r T r
260 282 30 nds}

Wawvelength{nm)

Bl 4-7 150-1hr ~ 250-1hr ~ 250-3hr ~ 250-21hr 2. UV Bz k 23 F -

“rridEd UV kg kR ehg pl XPS {1 S48 hET - v ork BiERAEF &

4¢3 EB b OH 7 i Blehis ik B » Hec L § (VAR 3 A £¢

435 (RRE A T R T R R

FpE LT e AR S F A K F A G R o TR S HAEA S
PTAS(perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt) & {7 & o 334 »
Al gt N E P PTAS 2 AR kT f5d UV kRN E FEL

S

WRER F PR PTAS dnrg ey

4o @) 4-8(a)# 77 > PTAS & & 3% 437 nm ¥ 466 nm e T T rR TR % o F

BN % 5 & # &5t PTAS > %15 BN 22 PTAS » 3 2. FapZlenn-n <3 i%% 4 >

49



R Ed BAF Bofeania 45 do Bl 4-8(a) 0 B L =4 1 508nm 12 2 554nm o
X MIEE R F RS S EE S BNE P E PTAS A+ B 7 + €4
ok £ B @m0 poR )y ok kg enic g PTAS A 3 425 365nm
Xe &Rt (7 B &HPE > PTAS A F 23 514nm £ 3 — 3csdk % > 4o 4-8(b) - (&
PTAS A F 443 BN 2 5L & # ek o PF > #-18 pt % Skaasti 4 > 3% BB &tk
B5 > PTAS » 3 g g diehk 3 » d * PTASY BN 2 B eng jm # » 3 2 ¥ %

P& eif & o

@) —== (b)=
[ 1004
Wavelengthinm| Wirvelengthinm

B 4-8(a) & /=2 5 P et PTAS ehds % 1 PTAS 2 F A £ ==/ 5 (b)) PTAS & F+ 2%t 1 §
1o B Rl S C B CF 0
BEDLME ZLE P HPTAS & Fenififac 4 > F R 500 273 RS

v

Aol 2 BN & 3 4 PTAS & + 5t 8 2 B258 - S0 p ey 5%+ £ i) PTAS &

\*ﬁ

FA kRO E Y RoH 4-9() 5 PTASA 3 7 ik UV L3 H: B 4-9
(b) 5 stk £ ¢ 5> d 466nm i kB E o H PR 0.00l mM

0.05mM > R % 0.9909 -
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(a) - —=m 1(b).]

——0.1000mM
——0.0500mM
—ggf:mm 5] y=3835x-188ES
——0.0050mM 3 R 00008
— (), 0025mM 5
—0.0001mM| §

2

—PTAS A
—FTAs A

Absorbance{a.u.)
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R T 1 00 450 SO0 S50 £O0 E50 700 750 800 T T T T T T
W00 250 00 IS0 400 450 500 S50 600 65O TOO L o0 0.0t 002 003 004 005

wavelengthinm) &% (Concentration ) (mM)

Bl 49 (a)PTAS # 3+ % I ik & (ImM~0.000lmM)z UV %R (b) PTAS kB &£ & 51

205 A R G DS 2 40k kR (0.02mM):h PTAS & 5 o f
Himir e ook #p 0 P MARY PTAS A F LR g 230§ Ll 3w
4 PTAS e » S @R Bl o (e B B b4 T > § & 5 3 %%t PTAS
28 EAe r ki 0 € A 4 PTAS A F e it L% o 4oB 4-100 L & chm§
A E S PTAS A 314 /e SR ML B d k- L 42 PTAS
GRS L Rk § Bk F o B HEd e » A eidir B (30% wi KOH
6ml)> d UV kzfip|Eexdc R » 3 L MG PTAS A 3R » b33 b §

w4 PTAS e 8 o 8 UV %5 % % 4o 4-11

ok 4-3 9750 0 & W B A F O i A2(sigma -BN)~250-1hr~250-3hr~250-21hr >
30mg ~ 10mg ~ 129mg ~ 4.1 mg» &£ 7% 5% F & » H UV st & 5 5 1.479 ~
0.288~0.145~0.06 » # 5 SR 2 14 » L+ & * g p £ 7 RFwrgi 2
B Frhorg R r chilfe d gt B g o Hamedia=t 5 4.5%107
2.6%¥107 ~ 1.0%107 ~ 3.9%10 (g-PTAS/g-BN) » 4 ip| £.d *-k#F ¥t § /24
BT AR S § P B o ) PTAS A3 42T F LmE Y A o 2

@ "% 14 PTAS A 3 cwex & o
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(a) hnésRE; (b) e

Bl 4-10 (a) § - #=A 3 exvt PTAS 4 R IB sk o (b)F /22 5 2 4edk (s » PTAS A 3 %%

Rh -

466 NM fem= sigma BN
s 2 50- 10T

e 2 50- 307
e 250-21 01

Absorbance

T v
429 433

‘Wavelengthinm)
B 4-11 #pledkiRiE 2T » 2 o F B 15 i 5% % PTAS B A&

#1442 PTAS F it it 15 BN 4cdkin 15 %8

BN * | Abs.at |%wiam| s | e

2 d(mg)| 466 m | (D) | mmotiie | *TED PTAg/g-BN)
57 BN| 300 | 1479 | 0006 | 23E-04| 13E01 | 45E-01
250-1hr | 100 | 0288 | 0006 |45E05| 26E-02 | 2.6E-01
25030 | 129 | 0145 | 0006 |23E-05| 13E-02 | T1.0E-0I
250-21hr| 141 | 0060 | 0006 | 9.4E-06| 54E-03 | 3.9B-02




BEREFawsen M, d XPSREEET  REHF REFEEREBAFRS o
OH 7 v W& 34 BN # #5030 ¥ A felte B £ Ffd nom 23 1% 4 323
PTAS & 3+ e %o > 2§ /i3 4 cn OH F v A JE B ik F % € 1258 PTAS

A3 R 0 i@ % 1L PTAS A3 it s £ o
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F5% - mit4p(MoSy)3 F Bk Sl g & dw
5-1 &L
5-1-1 - gRfidpd G A2 R E R

Bl 5-1(a) 2= Fri 48 9 rGO 5 & 8 & SiOo/Sifhix b & £ ek B i o
AAEBTRT A R A ARt KT P e -9 ) BE PEET G
A Ak ER i fE > L F R ET 24 B 5-1(b)(0)(d) o ik B jkchs mri
47w HFERE G S F s i g G4 T AT E 2mme4cF 5-1(a)
PEt R EE

Bl 5-2(a) F-mi4pE Rl Bt B&e U RTF FF -
A AR R BHEPA R o 52(a) At ot apE YRR 3R HENL 072
nm > P EE Y ERIRE Y U B SION/ST # A nE K ATV 40 % R APIT
B T A S K s A R R B 1 B K R
WA KL= Kz pritap o ol 5-2(b)(c) A 53 KB = B MoS,shk + 4 &
MBI 2 e 3 KB

B 5-3 &2 PTAS %2 PTCDA 3 ik k2 3 & B k= pnitdpensk &
Bl o #g 3t rGO it * > PTAS & —‘V{PTCDA AFIE L R E Rk Al 4p
B dfh e FHY A 1GO S L chz Fritdpid » A ki G303 > FPtE B an

WHPMEEL A 1GO + ke mritgpz K @ F o

(d)

B S-1 AFEFrGO adZis » F & - Fritdp e F MR o BRI Z 30 B ho pritap i
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A (b)(e)(d) MoS; #» {82 % F Rl 1

0.72 nm
f 0.3

0.0 05 1.0 1.5 20 25
m

00 05 10 15 20 25
Position (um)
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00 05 10 15 20 25
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(b)

B 53 12(2)PTAS 2 % (b) PTCDA $f A1 & (7 9 AU 5 8 £ 2 = £ 1 40 % 5 BEACH T o
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5-1-2 Zfrivdp 2 kK R 2 2 T

Bl5-4 5 -t 48 S X 73 (XPS) * UFEsns & - g

gpenit FaEg e ot R BN R B AP 2 pRAaR Y Z i 4 S R il 4
BaPM o d v gt B 95 2.08 0
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T Ly Zp;z

3 3

& L

:‘E\ ,E,_" 2p|2

w w

c =

[+ [+

£ £

235 230 235 166 164 10162 160

Binding Energy (eV) Binding Energy (eV)

Bl 5-4 - Fiitdp i v e XPS iz > B¢ (a)Mo ch3d s » H ¢ 2293 1 E 23256V A

wd Mo3dsy £ Mo3dy, #fit % ; (b)) S & 2p b’ » # ¥ L E 5 3 1622 12 1633 eV it

E T dpins S2pyp M E S2pipe
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513 - gtz A P L B HBHRA RS

Bl S5 2 HE - amipens 5033 BAck (TEM) 8@ 5-5b 5 % 2

+7 TEM 6012 12 [001] % F h?74 i § 8t (SAED) #:ifo ¥

'.“I)\“\

HL23 8 s 28E [100] 2 [110] 6 & fa@iEAS L 027 & 0.16
nm °*35}7§‘\§?\1i§%3¥1‘,ﬁ' i&/?']é”?‘ F'Li%f'mpaa T B g %}i)@;i"" 160 nm
[# 5% g feit /29 5 160nm] B 5-5(c) 5 - #mi4a ki % o TEM #1f

R AFM HFH ISP @R B GAT 508 B it ® S B -

-

55 (d)s X kicdchia#  HY ML - rant g 29 Mo ik
SEAL 327%; S hRFTE AL 672% D EE RS 2k 5 2.05
B MoSy et > 88 XPS i k- Ko F U BT £ 6 X kEEE
FRAE S B e B 555(e) it 3249 2 580kt i A u)d (100)

2 (110) i fo i “Fid 20 BT A B4 B B 27 24

‘3\

In-pl
3 g
s z
:
z g
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20 (deg.)

Bl 5-5@FE K- mamit4neh TEM 221 D)R(2)7 ¢ ¢ R F e 34T TEM B2 2 ¥ 3&H 5

T YRR (C)rdE B AFM B0t > B 4 Z FRitda SR B e TEM B (d) = A2 it 4pen



TEM-X % i i B0 RS - i gag P et it o(e) HE - mitgpend s s X k4%

it ] 3%
5-2 ZFrit4p R K R Rk cHP g R E R RE(PL)R % i

TR AR AR R BT g R 2 PL R B L FEY
NE R AR Z R ens gt K & DR o doB) 5-6(a) 0 H K - ARt 4p
A g kY B4 1t 385.8 #7403.8cm’ s Pk E 0 BB EEA
6.6cm” g2 35cm’ o A uE S R A Ey B Ay RFHCY 0 Al 82 By it
A F LR (D) ¥ ER S A gk Bico B 5-6()F D EL 18cm’!
FALEEE - i Ay gy Tod §15-6(a) BRT A D B g Al
Rl R S ST ENRRCIC S Sy B SRS S St A L e
B 5-6(b) 5 2 Fri4aenPL L3 » ¥ & 627 2 677nm g 1A X ik
W oo Stk M L AR B AT S A Bl & Al - d 20 B
B g SUBLICR A PL ARt o 2 R o) o ATt 2 pnit dnengt & % 8
RN S R AR S8 S S E S EUIL L ERY S
B RAMESE RSP L R A g AR RS LR
R Rl LA A0 i S
KRS 7= FRit AR g % 3#(360 ~ 420 cm) w2 sk 3%k k(650 ~ 700 nm)
FRREFEE S GRS EFRERRLZAE 0 Ao 5-6(c)(d)(e) & %
FAALFRREBEFEHBIEE T g S PL A AT MR B R

";“]’,b_L_Efﬁ]m Frivgn > LR B LELNL PR R A F AT LR o
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(b)
;., 677 ﬂ-'
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"
g B 627
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3
:
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Raman shift {Cﬂl"'l Wavelength (nm)

(d)

. Raman

- | I P |

500 1000 1500 1% x
B 5-6(a) (b))~ % %= frit4p(— 12 k) £ 8 RFH 2 PL L3 - P8 2 PL LA %Y Lipdi
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Treatment After growth

No treatment MoS, Nanoparticles
Hydrazine MoS; Nanoparticles
Graphene oxide (GO) MoS, Nanoparticles

Reduced graphene oxides (rGO)

Large-area layered MoS;

KCl

MoS; Nanoparticles

perylene-3,4,9,10-tetracarboxylic
acid tetrapotassium salt

(PTAS)

Large area layered MoS;

perylene-3,4,9,10-tetracarboxylic

dianhydride (PTCDA)

Large area layered MoS;
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Converting Graphene Oxide Monolayers into Boron
Carbonitride Nanosheets by Substitutional Doping

Tsung-Wu Lin,* Ching-Yuan Su,

g, Wenjing Zhang, Yi-Hsien Lee,

Chih-Wei Chu, Hsin-Yu Lin, Mu- Tung Chang,FRong Chen, and Lain-Jong Li*

1. Introduction

Since the discovery of atomically thin graphene in 2004"/ it
has received great attention due to its good chemical stabil-
ity, excellent mechanical properties, and extremely high elec-
tron mobility at room temperature.”*! Thus, it has been con-
sidered as one of the most promising candidates for future
nanoelectronic applications. However, graphene-based tran-

sistors show a very poor on/off current ratio because it is
intrinsically a zero-bandgap material?-*! Furthermore, pris-
tine graphene usually behaves like a p-type semiconductor
once it is absorbed with ambient oxygen /water."* %1 To realize
graphene-based logic circuits and photonic devices, researchers
have been trying to find ways to open the bandgap of graphene,
for example by producing graphene nanostructures includ-
ing graphene nanoribbon,® graphene quantum dots.”! and
h.”®! Several groups have reponed meth.
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ods to open the bandgap of grapl by us itable un-
derlying substrates,®! electrical gatmg.‘"" hydmgennnon i or
putting molecules on graphene, 15 A i
and experimental srudne-s have suggested that subsurutuuml
doping can modulate the band structure of graphene, result-
ing in a metal-to-semiconductor transition in graphene."**
When doping atoms replace the carbon in the graphene lat-
tice to form covalent bonds with neighboring carbon atoms,
the lattice structure of graphene is changed, thus leading
to modification of the graphene electronic structure and
opening the bandgap.""-*" In addition, doped graphene has
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Figure 1. a) Schematic illustration of the reaction setup
b) Typical atomic force micrascopy (AFM) image of GO
nanosheets on Si0; /Si substrate; the height difference between
the two black arrow heads is 1.1 nm as shown in the inset. ¢) Typ-
ical AFM image of the BCN nanosheets. The height difference
between a BCN nanosheet and the substrate (indicated by a
green line) is 0.7 nm as shown in the inset, d) Raman spectra
of BCN nanosheet prepared at 900 “C, RGO subjected to H;
annealing at 900 “C, and GO nanosheet,

widespread potential applications, such as superconductivity
and ferromagnetism, -2 depending on the doping elements
and their bonding states. Recently, Ci et al/® have used the
chemical vapor deposition (CVD) method to synthesize two-
dimensional boron carbonitride (BCN) nanosheets consist-
ing of randomly distributed boron nitride (BN) and graphene
nanodomains, which provides a novel route to engineer the
bandgap of graphene.

Herein, we demonstrate that the commonly and widely
used graphene oxide (GO) can be used as a starting mate-
rial for growing BN domains.”*! The BCN nanosheets can
be synthesized via the partial substitution of carbon atoms of
GO nanosheets with boron and nitrogen atoms, where B0,
powder and NH; gas are used as the B and N sources, respec-
tively. It is noteworthy that the reaction occurs at a tempera-
ture as low as 900 “C. Furthermore, efforts have been made
to correlate the microstructures (BN content and domain size)
of BCN nanosheets to their properties, including sheet resis-
tance, transconductance, carrier mobility, optical absorption,
and electrical bandgap energy.

2. Results and Discussion

Figure 1 a schematically illustrates the experimental apparatus
used for the synthesis of BN-doped graphene. Large and single-
layer GO nanosheets are prepared by a modified Hummers'
method as reported elsewhere,'™ "' The B;0; is placed in a
ceramic boat and the substrate drop-cast with GO nanosheets

www.small-journal.com © 2011 WILEY-VCH
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is mounted face down on top of the boat. Ammonia gas is
introduced to the reaction chamber at 900 or 1100 'C, and
the B;O; vapor diffuses to the surface of the GO nanosheets,
thereby allowing the incorporation of B and N atoms into GO
nanosheets as illustrated in the inset of Figure 1a. According to
previous studies of the substitutional reaction in multi-walled
carbon nanotubes, the vapor of the MoO; additive arising at
high temperature helps to break the carbon layer, and the BN
formation starts from open edges of the broken areas made by
oxidation reactions."*>** As a result, the use of MoO; additive
significantly promotes the substitutional reaction. Inspired by
the aforementioned works, it is thought that GO possessing
a high defect density should be more reactive in the substitu-
tional reaction than graphene and/or reduced GO (RGQ),

It is noteworthy that the lowest temperature for the suc-
cessful incorporation of BN into GO is 1500 “C if N; is used to
replace the NHj in the doping experiment (Figure S1, Support-
ing Information). However, the use of gaseous ammonia en-
ables the substitution at a much lower temperature (900 “C). A
previous study of the synthesis of BCN nanotubes via substi-
tution reaction also shows that the reaction temperature can
be lowered by using ammonia to replace nitrogen gas.!*! The
relatively low reaction temperature is advantageous because a
variety of substrates, such as quartz and 5i0;/8i, can then be
used to host GO nanosheets for substitutional reaction. There-
fore, the electrical and optical properties of GO on the substrate
after doping can be directly measured without the need for
transferring the as-grown BCN nanosheets to fresh quartz or
Si0,.

Figure 1b shows a typical AFM topography image of the
as-prepared GO nanosheets drop-cast on a 5i0,/5i substrate,
where the thickness of the GO 1 1 is app ly
1 nm, which indicates that the GO sheets are monolayered !l
Furthermore, the lateral size of the GO nanosheets ranges
from 1 to 40 pm. These GO nanosheets serve as the graphene
matrix, in which the substitution of carbon atoms by boron
and nitrogen atoms takes place. Figure Ic displays a typical
AFM image for the BCN nanosheets derived from the B and
N replacement reaction on GO nanosheets. Note that a thin
layer of B,O; is also deposited on the SiO; substrate but the
unwanted B;O; layer can be subsequently removed by warm
deionized (D1) water. After the substitution reaction the GO
nanosheets still maintain their lateral shape and the thickness
is approximately 0.7 nm (inset in Figure 1¢). Figure 1d dis-.
plays the typical Raman spectra of the starting GO, the GO
after 900 C annealing in H; (RGO), and the as-prepared BCN
nanosheets (obtained at 900 ~C). The peaks at around 1368
and 1598 cm™ ! correspond to the D and G bands, respec-
tively. The G band is attributed to in-plane bond stretching
of pairs of sp* C atoms and the D mode is associated with
defects or lattice distortion.|*! The peaks at around 2950 and
3200 em™ ! are assigned to the D+G and 2G vibrations, re-
spectively. The D+4G band is attributed to the graphene lattice
disorders while 2G is the overtone of the G band, The 2D band
is typically used to indicate the quality of graphene films. The
BCN nanosheet exhibits lower 2D/G intensity and broader 2D
band than those of the RGO, which suggests that more dis-
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ergy (285.9 €V) can be attributed to a C—N bonding structure,
whereas the peak at lower binding energy (283.9 eV) is caused
by the presence of C—B bonds.!™! The peak at 286.3 eV is as-
signed as the C—0 bonding structure originally p in the
GO nanosheets.*"| Compared with the C 1s spectrum of pris-
tine GO nanosheets (before B and N incorporation; Figure 2d),
the intensity of C—0 bonding in the BCN nanosheets is much

—_—
(2]
—

Intmnesity (a.u)

oy 2 205 E?ﬂ -7 kL me 3 05 ma !.w!ﬂ ko
Figure2. a-c) XPS spectra of BCN sample prepared at 900 “C.

The curves (open circles) are deconvoluted (colored curves)
by Gaussian fitting (red curves), thereby indicating possible
bonding structures. d) C 15 spectrum of GO nanosheets,

orders are present in the BCN nanosheets.**! Meanwhile, the
upshifted 2D peak energy (2724 em™ ') in BCN nanosheets
compared to the 2714 cm™ ! of RGO is possibly due to the fact
that the presence of the BN domain in graphene leads to an
increase of disorders and domain boundaries.”"”! The Raman
features observed for GO nanosheets after BN incorporation
suggest that the BCN nanosheets are more disordered than
RGO.

Figure 2 a—c shows the X-ray photoelectron spectroscopy
(XPS) results for elemental B, N, and C, measured from the
BCN sample synthesized at 900 “C. The B 1s signal can be
deconvoluted into two peaks at 190.8 and 190.0 eV. The main
peak at 190.8 eV in Figure 2a is very close to the reported value
for B 1s (190.75 eV) in BN nanosheets synthesized by the CVD
method.!* ¥ Furthermore, the peak at a relatively lower bind-
ing energy (190.0 eV) can be assigned to the B atom with the
B—C bonding structure due to the fact that the C atoms have
lower electronegativity than the N atoms. This value is in good
agreement with the reported value for BCN nanotubes.™! Fig-
ure 2b shows that the N 1s peak can also be deconvoluted into
two bands at 397.9 and 398.8 eV. The former corresponds to the
nitrogen bonded to boron and the latter is the nitrogen bonded
to carbon.]™" According to the intensity and energy of the ma-
jor peak in the B 1s and N 1s spectra, the main configuration
for B and N atoms is the B—N bond, which strongly implies
that hexagonal boron nitride (h-BN) domains exist in our syn-
thesized BCN film. Figure 2c displays the C 1s spectrum of
the BN-doped nanosheets with a feature of a broad band cen-
tered at 284.3 V. The C 1s band can be deconvoluted into
four peaks centered at 283.9, 284.6, 285.9, and 286.3 eV. The
main peak located at 284.6 eV is close to the value observed in
graphene, which can be reasoned by the presence of graphene
domains. The small shoulder peak at the higher binding en-
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ller than that in GO, which suggests the removal of the
majority of oxygen functionalities from the pristine GO after
the B and N incorporation reaction. In summary, the XPS re-
sults prove the success of incorporating B and N atoms and the
removal of unwanted oxygen-containing groups in the carbon
lattice of GO.

In addition, the atomic ratios for B, C, and N in the BCN
nanosheets synthesized at the various temperatures are listed
inTable 1. The relative increase in both B and N ratios suggests
that the content of B and N atoms in BCN nanosheets increases
with the reaction temperature (Figure S2, Supporting Informa-
tion). To further confirm the role of B,0,, GO nanosheets were
annealed at 900 “C in a flow of gaseous NH; without the addi-
tion of B; Oy powder. The XPS results in Figure S3 (Supporting
Information) demonstrate that only N and C elements can be
detected. The absence of elemental B in the sample suggests
that the use of B, O, in the reaction is essential to the formation
of BCN nanosheets. According to previous XPS studies of N-
doped graphene, the observed N 1s peak centered at 398.0 eV
(Figure 53a) can be assigned to pyridinic N.1*! Note that anneal-
ing in pure NHj results in an obvious reduction effect on GO
nanosheets. As shown in Figure $3b, GO samples annealed
in NH;y showed relatively unpronounced C 1s signals at the
higher binding energy end (from 286.0 to 288.0 eV) compared
with the as-prepared GO nanosheets (Figure 2d), thus indicat-
ing that thermal annealing in NH; removed oxygen-containing
functionalities and sp® carbon.!*'! Furthermore, the C 1s peak
of sp’ carbon at 284.3 eV becomes asymmetric and broadened
toward the high binding energy side rather than a single sym-
metry peak with a constant width. This result suggests that
a C—N bonding structure is formed in nanosheets. The data
presented here are consistent with the previous study which
shows that thermal annealing of GO in an NH; atmosphere
leads lnlzx simultaneous nitrogen incorporation and reduction in
col_:-ﬂ

Figure 3 a illustrates the electron energy loss spectroscopy
(EELS) elemental maps acquired from the BCN nanosheets
prepared at 900 “C. The EELS results corroborated that B and
N atoms are indeed incorporated into the BCN nanosheets,
Also, the lateral distributions for B, N, and C atoms in the
nanosheet as shown in Figure 3a suggest that B and N atoms
are detected in the same regions with relatively fewer C atoms.
By taking the XPS results into consideration, we conclude that
the B and N atoms form h-BN domains which are randomly
distributed in the graphene nanosheets. Figure 3b depicts the
EELS spectrum of BCN nanosheet (the measured point is
marked with a star in Figure 3a), where the distinct K-edges
of boron, carbon, and nitrogen are observed at 188, 284, and
398 eV, respectively. The sharp peaks of m* and o* antibonding
orbitals on the K-edge of B, C, and N revealed the hybridized
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Atomic ratios for B, C, and N of the BCN nanosheets synthesized at various temperatures. These ratios were estimated

by XPS peak areas. Corrected relative sensitivity factors of B, C, and N used for the calculation of atomic ratios are 3.059, 5.668,

and 9.122, respectively.

Synthesis temperature ['C|

Atomic ratio B:C:N

900
1000
1100

0.6:1.0:0.5
121011
L2103

BN-area

Figure 3. a) EELS elemental maps acquired from the BCN
nanosheets prepared at 900 “C. Top left: bright-field image; top
right: boron mapping; bottom left: nitrogen mapping; bottom
right: carbon mapping. b) EELS spectrum recorded from a sin-
gle BCN nanosheet (the measured point was taken from the red
star marked in (a), top left). It shows the three distinct K-edges of
the boron, carbon, and nitrogen at 188, 284, and 398 eV, respec-
tively. ) HRTEM image of the BCN sheet prepared at 900 °C;
the enclosed regime shows the BN lattice domain. d) HRTEM
image of the BCN sheet prepared at 1000 “C; the inset shows
the selected-area electron diffraction pattern of the BN lattice
domain,

sp’-bonded B, C, and N atoms in the BCN nanosheet.” More-
over, the BN domain size is estimated based on extensive high-
resolution transmission electron microscopy (HRTEM) stud-
ies. Figure 3c and d show the typical HRTEM images of BCN
samples prepared at 900 and 1000 “C, respectively. In the case
of BCN sample prepared at 900 C, the BN domain size ranges
from 4 to 10 nm (in lateral size), while for BCN sample synthe-
sized at 1000 °C, the largest BN domain can be up to =30 nm
(Figure 3d).

Previous theoretical calculations suggest that the elec-
tronic properties of BCN nanosheets are in between those
of graphene and the monolayer BN nanosheet!*!! Further-
more, the bandgaps of BCN compounds can be tuned by vary-
ing the atomic configuration and their composition. In this
study, the optical bandgap of the BN-incorporated graphene
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15 (10" tnm)

Figure 4. a) UV/Vis absorption spectra of GO nanosheet be-
fore (black curve) and after (red curve) reduction by NH; gas
at 900 “C. b,c) Plot of &'/ /4 versus 1/4 (derived from the ab-
sorption spectra in the insets) for the BCN samples prepared at
b) 500 and c) 1000 °C, respectively.

film was investigated by UV/Vis absorption spectroscopy.
As shown in Figure 4a, the absorption spectrum of pristine
GO shows a broad peak at 242 nm originating from the -
plasmon of carbon*! After GO is annealed at 900 “C in the
NH; atmosphere, the absorption peak at 242 nm red-shifts to
272 nm, thus indicating that the electronic conjugation within
the graphene nanosheets is revived.'**! This reduction effect is
consistent with XPS data for a control experiment (Figure 53,
Supporting Information). Furthermore, the absorption spec-
trum of GO annealed in gaseous NH; is similar to that of
nitrogen-doped graphene nanosheets prepared via a hydrother-
mal reduction of colloidal GO dispersions in the presence of
hydrazine and ammonia.**l It is noted that BN nanosheets
synthesized by the CVD method have been reported to ex-
hibit one sharp absorption edge near 200 nm and their optical
bandgap ranges from 5.56 to 5.92 eV ¥4I By contrast, GO or
N-doped graphene show a broad absorption band at around
241 and 270 nm, respectively (Figure 4a). Distinct to BN, GO,
or N-doped graphene, two absorption edges are observed in
the absorption spectra of our BCN thin films, as shown in the
insets of Figure 4b and ¢, which suggest that BN and graphene
domains coexist in the BCN nanosheets. According to Tauc's
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Figure 5.

a) Typical transfer curve for a single-layered BCN film
synthesized at 900 " C. b) Statistical mobility data (h: hole and e:
electron) for devices made from control samples and monolay-

ered BCN nanosheets. GO after 900 “C An: the reduction of GO

subjected to 900°C ling in Hy /Ar atmosphere; 900 °C con-
trol (N-doped): GO annealed in NH;; 900 “C control (B-doped):
GO annealed with B;O; in Ar. c) Electrical conductivity (o) of
BCN nanosheets as a function of gate voltage at 77 K. d) Re-
sistance versus temperature curve of a typical BCN nanosheet
(1000 “C), with In(R) as a function of T-~" {temperature range
from 77 to 300 K).

formulation,**#7! the optical bandgaps of BCN thin films can
be derived from the plot of ' /4 versus 1/4, where the in-
tersection point with the x-axis is the wavelength used to cal-
culate the optical bandgap. For the BCN nanosheets prepared
at 900 C, the first absorption edge corresponds to an optical
bandgap of 5.85 eV, which results from the BN domains in
the nanosheets. With increasing content of BN upon changing
the reaction temperature to 1000 “C, this value is lowered to
4.92 eV (Figure 4c), which could be due to the doping effect of
C atoms, " meaning that the increase in reaction temperature
may result in higher carbon contents mixing into the BN do-
mains. On the other hand, the second absorption edge, which
corresponds to an optical bandgap of graphene domains, is
1.24 and 1.36 eV for the samples prepared at 900 and 1000 "C,
respectively, The increase in optical bandgap of graphene with
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AV,), where L and W are the channel length and width, and
C,x is the gate capacitance). Figure 5b compiles the mobil-
ity data for devices made from monolayered BCN nanosheets
prepared under various conditions. Compared to the reduced
graphene nanosheet, the statistical results clearly demonstrate
that the mobility decreases with the introduction of nitrogen
doping, boron doping (Figure 85, Supporting Information),
or BN domains, which can be attributed to electron scatter-
ing at nitrogen impurities or the boundaries between h-BN
and graphene domains, respectively. Figure 5¢ shows the typ-
ical transfer curve of the graphene annealed in NH; (N-doped
graphene) and BCN devices, The transfer characteristics clearly
reveal that the on/off ratio in BCN devices (=5.8) is higher
than in N-doped graphene devices (=1.1). Furthermore, Fig-
ure 5d shows the temperature-dependent electrical transport
measurements on our BCN samples, The resistance is signif-
icantly increased by about 18-fold upon cooling from 300 to
77 K, thus indicating the as-prepared BCN film has the char-
acteristics of semiconductors. The bandgap is calculated to be
~25.8 meV based on the linear fit from the In(R) versus 1/T
curve, as shown in the inset of Figure 5d, described by the
equation R({T)ox exp(E,/ky T), where E, is the bandgap and Ky
is Boltzmann's constant. The measured bandgap on the BCN
device (see Figure 56 in the Supporting Information for results
from more devices) is close to that (=18 meV) of reported BCN
film synthesized by the CVD method.|*!

It is known that the CVD process requires graphene growth
on metal surfaces followed by transfer procedures, which nor-
mally incur high production costs {consumption of metal sub-
strates and transfer-related materials) and possible contami-
nation from the transfer processes. Compared with the CVD
approach reported by Ci et al,/** our method based on the
substitutional reaction is easier and scalable since the BCN
nanosheets can be directly synthesized on the SiO;/Si sub-
strates, which is particularly practical for device fabrication, It
is noteworthy that our approach can be extended to synthesize
large quantities of BCN powders when GO powders are used
as the starting materials. The obtained BCN powders can be
further dispersed in solvents, beneficial for solution-processing
fabrication in versatile applications.

3. Conclusion

BN content is in good agreement with the previous ical
prediction.|*!

In addition, bottom-gate-operated transistors are fabricated
by evaporating Au electrodes directly on top of the BCN
nanosheets, which were previously deposited on $i0;/Si sub-
strates. Figure 5a demonstrates the typical transfer curve (drain
current I; versus gate voltage V,) for the device prepared from
a single-l BCN nanosheet at 900 “C (see Figure 54 in the
Supporting Information for Is,—Vy, data). The BCN devices
show an ambipolar behavior, which is in agreement with those
produced by CVD-synthesized nanosheets, The field-effect hole
mobility of such a device is 1,07 cm® Vs~ (extracted from
the transfer curves using the equation p = (L/ WCu Va){ Aly/
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We have succ ly incorporated boron and nitrogen atoms
into GO nanosheets to form BCN nanosheets by reacting them
with B;O; and ammonia at 900 to 1100 “C, by which the B
and N atoms were incorporated into the graphene lattice in
randomly distributed BN nanodomains. The content of BN in-
creases with increasing reaction temperature. UV /Vis spectra
of the BCN samples show that the optical bandgap of graphene
is dependent on BN content in the nanosheets. The electri-
cal measurements show that the mobility decreases with the
introduction of nitrogen doping or BN domains. The electri-
cal bandgap of the as-prepared BCN film is calculated to be
:25.8 meV. The synthetic method of synthesizing nanosheets
proposed in this study may be feasible for future large-scale
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production of BCN materials. The aforementioned results ver-
ify that the BN incorporation process allows us to open and
modulate the bandgap of graphene, which is important to the
optoelectronic and electronic applications of graphene.

4, Experimental Section

Synthesis of BCN Nanosheets: Ultralarge and single-layer GO
nanosheets were prepared by a modified Hummers' method
as reported previously." The deposition of layer GO
nanosheets on $i0;(300 nm)/Si substrate was performed by
immersing the substrate in an aqueous dispersion of GO
nanosheets. After powdered B, 0O, was placed in an alumina
boat, the substrate with GO nanosheets was placed face down
and mounted on top of the boat. The boat was then heated to
the given temperature (900, 1000, or 1100 °C) in a flowing nitro-
gen atmosphere. Once the reaction temperature was reached,
the doping experiment was carried out for 30 min in a gaseous
ammonia flow (30 sccm). After the reaction, the sample was
cooled to room temperature under N; flow. For the prepara-
tion of B-doped and N-doped graphene sheets, GO nanosheets
were annealed at 900 “C for 30 min either with B,0; powder
in Ar or simply under NH; atmosphere, respectively. For the
measurement of optical bandgaps of BCN nanosheets, a quartz
substrate was first cleaned with a standard piranha solution to
remove undesired impurities and then coated with a thin film
of GO nanosheets using the dip-coating method. The doping
experiment of GO nanosheets on the quartz substrate was then
carried out as described above,

Fabrication of BCN Nanosheet-Based Field-Effect Transistors:
Field-effect transistors (FETs) were fabricated by evaporating
electrodes (Au/Cr= 50 nm/3 nm thick) directly on top of the se-
lected, regularly shaped BCN nanosheets deposited onto $i0,
(300 nm)/Si substrate using a copper grid (200 mesh, 20 pm
spacing) as a hard mask. The typically obtained channel length
between source and drain electrodes was around 20 pm. A
probe station was used to measure the electrical properties
of BCN films at room temperature under ambient conditions
using a Keithley semiconductor parameter analyzer, model
4200-SCS. We further characterized the electrical properties
of BCN films by investigating the temperature dependence of
the conductivity in a cryostat. The data were recorded by using
a Lakeshore resistance bridge in a four-terminal configuration
ina 10" * Torr vacuum chamber.

Characterization and Electrical Measurements: AFM experi-
ments were performed using a Nanosurf Easyscan microscope.
Raman spectra were collected in an NT-MDT confocal Raman
microscope system (laser wavelength 514 nm and laser spot
sizeca. (.5 pm). The Si peak at 520 cm ™" was used as reference
for wavenumber calibration. The UV /Vis-near-infrared (NIR)
absorption spectra were obtained using a UV-1800 Shimadzu
spectrophotometer. XPS measurements were carried out with
a PHI VersaProbe XPS Microprobe with monochromatic Aly,.
X-ray radiation, Before conducting XPS experiments, the BCN
samples were carefully washed with DI waterat 70 'Cfor2 h
to remove the deposit of B;O; on the substrate. The nanos-
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tructure of BCN nanosheets was characterized by TEM {JEOQL
JSM-2010F, accelerating voltage 200 kV). Furthermore, the
local composition and spatial elemental distribution of BCN
nanosheets were identified by EELS.

Supporting Information
Supporting Information is available from the Wiley Online
Library or from the author.

Acknowledgements

This research was supported by the National Science Council
Taiwan (NSC 100-2113-M-029-001-MY2 and NSC-99-2112-M-
001-021-MY3) and the Research Center for Applied Sciences,
Academia Sinica. We also acknowledge the support from the
Mational Nano Projects (NSC) and National Chiao Tung Uni-
versity. We thank Dr. Shih-Sen Chien for his assistance with
the AFM measurements.

1]  K.S. Novoselov, A. K. Geim, S.V. Morozov, D. Jiang, Y. Zhang,
5.V, Dubonos, |. V. Grigorieva, A. A. Firsov, Science 2004, 306,
666,

[2] X L. X. Wang, L. Zhang, S. Lee, H. Dai, Science 2008, 319,
1229.

[3] X Lang, Z. Fu,5.Y. Chou, Nano Lett. 2007, 7, 3840

[4] F. Schedin, A. K. Geim, 5. V. Morozov, E. W. Hill, P. Blake, M.
I. Katsnelson, K. 5. Novoselav, Nat. Mater. 2007, 6, 652.

[5] Y. Shi, W. Fang, K. Zhang, W. Zhang, L. ). Li, Small 2009, 5,
2005,

[6] L Brey, H.A. Fertig, Phys. Rev. B 2006, 73, 235411.

[7] B. Trauzettel, D. V. Bulaev, D. Loss, G. Burkard, Nat. Phys.
2007, 3,192

[8] . Bai,X. Zhong, S. Jiang, Y. Huang, X. Duan, Nat. Nanotechnol.
2010, 5, 190,

[9] G. Giovannetti, P. A. Khomyakov, G. Brocks, P. . Kelly, |. van
den Brink, Phys. Rev. B 2007, 76, 073103,

[10] F. Wang, Y. Zhang, C. Tian, C. Girit, A. Zettl, Science 2009,
320, 206.

[11] D.C. Elias, R. R. Mair, T. M. G. Mohiuddin, 5. V. Morozov,
P. Blake, M. P. Halsall, A. C. Ferrari, D. W. Boukhvalov, M.
I, Katsnelson, A. K, Geim, K. 5. Novoselov, Science 2009, 323,
&0,

[12] J. Berashevich, T, Chakraborty, Phys. Rev. B 2009, 80, 033404,

[13] X Tian, ]. Xu, X. Wang. J. Phys. Chem. 8 2010, 174, 11377.

[14] %. Dong, Y. Shi, Y. Zhao, D. Chen, . Ye, Y. Yao, F. Gao, Z.
Ni, T. Yu, Z. Shen, Y. Huang, P. Chen, L. ]. Li, Phys. Rev. Lett.
2009, 102, 135501,

[15] S5.Y. Zhou, D. A. Siegel, A. V. Fedorov, A. Lanzara, Phys. Rev.
Letr. 2008, 101, 086402,

[16] H. Huang, S. Chen, X. Gao, W. Chen, A.T.S. Wee, ACS Nano

2009, 3, 3431.
[17] X. Wang, |. B. Xu, W. Xie, |. Du, | Phys. Chem. C 2011, 115,
7596.
Verlag GmbH & Co. KGaA, Weinheim small 2017, XX, 6-7

77




smll201101927 sgm Generated by PXE using XMLPublish®™ February 8, 2012 12:28 APT: WF JID: SMALL

AN MICRO

Converting Graphene Oxide Monolayers into Boron Carbonitride Nanosheets smu " ——

[18] W. Zhang, C.T. Lin, K. K. Liu, T. Tite, C. Y. Su, C. H. Chang,
Y. H. Lee, C. W, Chu, K. H, Wei, |. L. Kuo, L. ]. Li, AC5 Nano
2011, 5, 7517. Received: September 15, 2011

[18] M. Deifallah, P. F. McMillan, F. Cora, J. Phys. Chem. C 2008, Revised: November 16, 2011
112, 5447. Published online: MM DD, YYYY

|20] T.B. Martins, R. H. Miwa, A. da Silva, ]. R. Ocircnio, A. Fazzio,
Phys. Rev. Lete. 2007, 98, 196803,

[21] F. Cervantes-Sodi, G. Nyi, 5. Piscanec, A. C. Ferrari, Phys. Rev.
B 2008, 77, 165427,

[22] R. Relddn, M. P. Lépez-Sancho, F. Guinea, Phys, Rev. B 2008,
77, 115410,

[23) D. Wei, Y. Liu, Y. Wang, H. Zhang, L Huang, G. Yu, Nano
Lett. 2009, 9, 1752

[24] B. Uchoa, A. H. Castro Neto, Phys. Rew. Lett. 2007, 93, 146801,

[25] M. Peres, M. R.F. Guinea, A. H. Castro Neto, Phys. Rev. B 2005,
72, 174406,

[26] L. Ci L. Song,C. Jin,D. Jariwala, D. Wu, Y. Li, A. Srivastava, Z.
F. Wang, K. Storr, L Balicas, F. Liu, P. M. Ajayan, Nat. Mater.
2010, 9, 430.

[27) F. Kim, L.). Cote, |. Huang, Adv. Mater. 2010, 22, 1954,

[28] Q. He, 5. Wu, 5. Gao, X. Cao, Z. Yin, H. Li, P. Chen, H.
Zhang, ACS Nano 2011, 5, 5038,

[29] ).E. Kim,T.H. Han,S. H. Lee, |. Y. Kim, C.W. Ahn, |. M. Yun,
5. 0. Kim, Angew. Chem. Int, Ed. 2011, 50, 3043,

[30] C.Y. Su, Y. Xu, W. Zhang, ). Zhao, X. Tang, C.-H. Tsa, L.
Li, Chem. Mater. 2009, 21, 5674.

31 €Y. Su, Y, Xu, W. Zhang, |. Zhao, A, Liu, X. Tang, C-H. Tsai,
¥. Huang, L. ). Li, ACS Nano 2010, 4, 5282,

[32] D. Golberg, Y. Bando, K. Kurashima, T. Sato, Chemn. Phys. Lett.
2000, 323, 185.

[33] W.Q. Han, P.|. Todd, M. Strongin, Appl. Phys. Lett. 2006, 89,
173103,

[34] W.Q. Han, ). Cumings, X. Huang, K. Bradley, A, Zettl, Chem.
Phys. Lett. 2001, 346, 368.

[35] M.A. Piments, G. Di Ih M.S. D lhaus, L. G. Can-
cado, A Jorio, R. Saito, Phys. Chem. Chem. Phys. 2007, 9, 1276.

|36] B. Krauss, T. Lohmann, D.-H. Chae, M. Haluska, K. von
Klitzing, ). H. Smet, Phys. Rev. B. 2009, 79, 165428.

[37] Z.H. Sheng, L. Shao,).]. Chen, W.). Bao, F. B. Wang, X. H.
Xia, ACS Nano 2011, 5, 4350.

[38] Y. Shi, C. Hamsen, X. Jia, K. K. Kim, A. Reina, M. Hofmann,
A L Hsu, K. Zhang, H. Li, Z. Y. |uang, M. 5. Dresselhaus, L
J. Li,). Keng. Nano Lett. 2010, 10, 4134,

[39] S.Y. Kim, |. Park, H. C. Chai, ). P. Ahn, ). Q. Hou, H.S. Kang,
J. Am. Chem. Soc. 2007, 129, 1705.

[40] S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A
Kleinhammes, Y. Jia, Y. Wu, S. T. Nguyen, R. 5. Ruoff, Carbon
2007, 45, 1558,

[41] X Li, H. Wang, ). T. Robinson, H. Sanchez, G. Diankov, H.
Dai, J. Am. Chem. Soc. 2009, 131, 15939,

[42] X. Blasé, |. C. Charlier, A. De Vita, R. Car, Appl. Phys. A: Mater.
Sei. Process. 1999, 68, 293.

[43) X Sun, Z. Liu, K. Welsher, |. Robinson, A. Goodwin, 5. Zaric,
H. Dai, Nano Res. 2008, 1, 203,

[44] D. L, M, B. Muller, 5. Gilje, R. B. Kaner, G. G, Wallace, Nat.
Nanotechnol. 2008, 3, 101.

[45] D. Long, W. Li, L. Ling, J. Miyawaki, |. Mochida, 5. H. Yoon,
Langmuir 2010, 26, 16096,

[46] L Song L Ci,H. Ly, P.B. Sorokin, C. Jin, ). Ni,A. G. Kvashnin,
D.G. Kvashnin, ). Lou, B. |. Yakobson, P. M. Ajayan, Nano Lett.
2010, 10, 3209.

[47] ). Tauc, R. Grigorovici, A. Vancu, Phys. Status Solidi B 1966, 15,
627.

small 2011, XX, 7-7 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com 7

78




8-2 Synthesis of Large-Area MoS, Atomic Layers with Chemical Vapor

Deposition®

ADVAN?ED S
MATERIALS

Synthesis of Large-Area MoS, Atomic Layers with Chemical Vapor

Deposition

Yi-Hsien Lee®, Xin-Quan Zhang®, Wenjing Zhang, Mu-Tung Chang, Cheng-Te Lin, Kai-Di
Chang, Ya-Chu Yu, Jacob Tse-Wei Wang, Chia-Seng Chang, Lain-Jong Li* and Tsung-Wu Lin*

Transition metal dichal ides (TMD). MX; (M=Mo. W; X=5,
Se, Te), have attracted considerable attention for their great potential
in the fields of catalysis, nanoribology, microelectronics, lithium
batteries, hydrogen storage, medical and optoelectronics."*! MoS,
nano-materials have been known in the form of nested fullerene-like

and one-di I nanotubes.!"*'* d by the

T Gyienaial

MoS: thin layers is still a challenge. Chemical vapor deposition
(CVD) has been one of the most practical methods for synthesizing
large-area graphene!™™™ and graphene analogues such as boron
nitride and BCN nanosheets.! The sulfurization of MoO: using
Ih: CVD method has been adopted to synthesize MoS: materials;

discovery of two-dimensional graphene monolaver and its rich
physical phenomenon, inorganic graphene analogues such as layered
MoS,, where the Mo layer is sandwiched between two sulfur layers
by covalent forces, have created great interest in the past few years,
Recently, Radisavljevic er o/, have dem d that the istors
fabricated with the exfoliated MoS; monolayer!"™""! exhibit high
on-off current ratio and good electrical performance, which may be
used in future electronic circuits requiring low stand-by power, The
strong emission inherited from the direct gap structure of monolayer
MoS, also promises the applications in optoelectronics. R
Substantial efforts have been devoted to prepare thin-layer
'\-'!nS« including scoteh tape based mlcmmechalucal exfoliation, L

assisted ex "Niquid exfoliation,” physical
; g L (20230 g 1 hesis, !
vapor dep . i thcmmivsm of
single precursor muunnmg Mo and SI 3 Thl. lateral size of the

MoS; films synthesized by the aforementioned methods is often in
the order of several micrometer; how ever, the synthesis of large-size
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. the reaction normally leads to MoS, nanoparticles or
nanorod structures during the synthesis. ™" To our best knowledge,
synthesis of large-area, monolayer MoS, films on amorphous Si
substrates using a CVD method has not yet been reported. In this
contribution, CVD is adopted to synthesize MoS, layer directly on
Si04/Si substrates using MoO; and S powders as the reactants, The
growth of MoS; is very sensitive to the substrate treatment prior to
the growth. The use of graphene-like molecules for the sub:

treatment,  such  as graphene  oxide  (rGO),

reduced
perylene-3,4.9, 10-tetracarboxylic acid tetrapotassium salt (PTAS)
and  perviene-3.4.9, 10-tetracarboxylic  dianhydride  (PTCDA),
promotes the layer growth of MoS;. Large-area MoS, layers can be
directly obtained on amorphous Si0, surfaces without the need 1o
use highly crystalline metal substrates or an ultrahigh vacuum
environment, which is in clear contrast to the reported epitaxial
growth of MoS; nano-islands on crystalline Au(111) surfaces in
ultrahigh vacuum.™" Spectroscopic, microscopic and  electrical
measurements suggest that the synthetic process leads to the growth
of monolayer, bilaver and few-laver MoS. sheets. These MoS; films
are highly crystalline and their size is up to several millimeters,

Figure la schematically illustrates our experimental set-up. The
MoO; powder (0.4 g) was placed in a ceramic boat and the Si0y/Si
substrate was faced down and mounted on the top of boat A
separate ceramic boat with sulfur powder (0.8 g) was placed next to
the MoO; powder. Prior to the growth, a droplet of aqueous reduced
graphene oxide (rGO). PTAS or PTCDA solution, was spun on the
substrate surface followed by drying at 50°C. During the synthesis
of MoS. sheets, the reaction chamber was heated 10 650°C in a
nitrogen environment. At such a high temperature, MoO. powder
was reduced by the sulfur vapor to form volatile suboxide
Mo0;.,.1*"! These suboxide compounds diffused to the substrate and
further reacted with sulfur vapor to grow MoS; films. Figure Ib
displays the OM of the MoS; sheets obtained on the SiO./Si
substrate pretreated with an rGO solution and inset shows that a
white dot is present at the center of a star-shaped MoS; sheet, where
these dots seem to act as the seeds for growing MoS; layers. More
images are shown in supporting figure S1 to evidence the
observation. The star-shaped MoS; can be merged o form a
continuous MoS, film (with a lateral size up 1o 2 mm) as shown in
the upper area of figure 1b, where the seed density is higher. In
figure lc, smooth surface morphology of MoS; sheets is observed
with atomic force mi pe (AFM), that a layer
structure of MoS; is formed. The cross-sectional height in figure 1d
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reveals that the thickness of the MoS, film is ~0.72 nm, which
corresponds to a monolaver MoS, sheet based on previous reports
for a monolayer MoS: on a Si/SiO; substrate.”! In addition to
monolayer MoS.. we also occasionally find bilayer, wilayer and
other thicker layers. Supporting figure S2 provides AFM images and
cross-sectional profiles of the thicker MoS; films. Supporting figure
S3 shows the optical micrographs (OM) of the layered MoS; grown
respectively with the PTAS and PTCDA pre-treatments, where the
MoS; layer growth is initiated from the PTAS or PTCDA molecular
aggregates. Similar to the role of rGO, the PTAS or PTCDA
molecular aggregates act as the seeds for growing MoS, thin layers.
Experimentally, the MoS; layer growth initiated by rGO is more
homogenous in layer thickness. Hence, the subsequent discussions
are mainly based on rGO initiated MoS; thin layers.

(a) (b)
o000000

(c

£
£ o72nm
)

0.0 05 1.0 1.5 2.0 25
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Figure 1. (a) Schematic illustration for the experimental set-up. (b)
The optical micrographs of the MoS, layers grown on the substrate
respectively treated with rGO solution. The inset shows the
magnified OM of the MoS; films, where the seed is observed at the
center of each star-shaped sheet. (c) AFM image of a monolayer
MoS; film on a Si0,/ Si substrate (pre-treated with rGO). (d) The
thickness of the Mo5; layer is 0.72 nm from the AFM cross-sectional
profile along the line indicated in (c).

To explore the Raman and PL dependency on MoS; layer
thickness, we identify an area with MoS, monolayer, bilayer and
trilayer films. Figure 2a and 2b respectively shows the mapping
constructed by plotting the integrated MoS: Raman peak intensity
(360 ~ 420 cm’') and the PL peak intensity (650 — 700 nm) in
confocal measurements. The thickness distribution seems to
correlate well to the contrast in OM image (figure 2¢). The Mo5,
monolayer sheet exhibits two Raman characteristic bands at 403.8
and 3858 cm™' with the full-width-half-maximum (FWHM) values
of 6.6 and 3.5 em’”, corresponding to the A, and E;; modes
respectively. Note that the peak frequency difference between A,
and Ey, modes (A) can be used to identify the layer number of MoS..
The value of A(18 em™) in figure 2d evidences the existence of
monolayer MoSy.***!! The inset in Figure 2d shows that the A value
increases with the layer number of MoS; where the layer number is
confirmed by AFM thickness (Supporting figure S2). These results
agree well with the observation for exfoliated MoS; layer. ™! In
figure 2e, the PL spectrum shows two pronounced emission peaks at
627 and 677 nm""! and these emissions are known as the Al and Bl
direct excitonic transitions.*'! The emission intensity (normalized

by the Raman scattering at ~482 nm) obviously decreases with the
laver number. This can be reasoned by the fact that the optical
bandgap transforms from indirect to direct one when the dimension
of MoS, is reduced from a bulk form to a monolayer sheet.!"”! The
X-ray photoelectron spectroscopy (XPS) scans for the monolayer
MoS; sample confirm the chemical bonding states of the MoS;
layers (Supporting figure 54). These binding energies are all
consistent with the reported values for MoS, crystal "%

_—
(]

Normalized Intensity (a.u.)

0o L] B0
Raman shift ;cm1)

850

Raman shift (cm*1)

Fignre 2 (a) mapping of Raman peak intensity (integral from 360 to
420 em™), (b) mapping of PL peak intensity (integral from 650 to
700 nm) and (c) OM image of the selected area with various MoS,
layer thickness (1L, 2L and 3L). (d) Raman spectra and (e)
photolumi of the layer, bilayer and trilayer MoS,
sheets. Both Raman and PL experiments were performed in a
confocal spectrometer using a 473 nm excitation laser.

Figure 3a shows the transmission electron microscopy (TEM)
image for the monolayer MoS;. The high resolution TEM image
(figure 3b) and the corresponding selected area electron diffraction
(SAED) pattern with [001] zone axis (inset of figure 3b) reveal the
hexagonal lattice structure with the lattice spacing of 0.27 and 0.16
nm assigned to the (100) and (110} planes. The distinct SAED
pattern suggests that the crystalline domain of the MoS; layer is at
least 160 nm in lateral size (SAED aperture size ~160 nm in our
measurement). Figure 3¢ displays the TEM image for the selected
grain boundary area as indicated by the inset AFM, where the
junction between two MoS; domains is clearly seen. The in-plane
Xeray  diffraction (XRD) profile for the MoS; monolayer
synthesized by the CVD method is shown in Figure 3d and the
diffraction peaks at 32.4 and 58 degree are atuributed to the (100)
and (110) crystal planes respectively. Meanwhile, the stoichiometry
of the MoS; film has been separately confimmed with XPS (S/Mo
ratio ~ 2.08) and transmission electron microscopy energy
dispersive X-ray spectroscopy (TEM-EDX) as shown in supporting
figure S5.
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Figure 3. {a) High resolution TEM image of MoS, monolayer. (b)
Enlarged HR-TEM image of the marked area in figure (a) with an
inset showing the SAED pattern. (¢) TEM image for the MoS;
domain boundary at the location as indicated by the inset AFM
image. (d) In-plane XRD result for the MoS; monolayer.

To evaluate the electrical performance of the MoS, sheets, we
fabricate bottom-gated transistors on Si0,/Si using conventional
photolithography. The bottom-gate tr: were fabricated by
evaporating Au electrodes directly on top of the MoS, layer. Figure
4 demonstrates the transfer curve (drain current I; vs. gate voltage
V) for the device prepared from a MoS; monolayer. Inset shows the
top view OM of the device. The on-off current ratio is
approximately 1x10". The field-effect mobility of holes was
extracted based on the slope Aly/AV, fitted to the linear regime of
the transfer curves using the equation p= (L/WC,V(AL/AV ).
where L, W and C,, are the channel length, width and the gate
capacilan:&.'“' The effective field effect mobility for the MoS,
device can be up to 0.02 em’/(V-s) in ambient, in agreement with
previous reports.* ' We note that the valley point of the
transfer curve is at -84V and the FET shows the typical n-type
behavior, which is consistent with other reports."™*") Although the
device exhibits a reasonably high on/off current ratio, there is still
room to improve the carrier mobility. The relatively lower carrier
mobility than the mechanically exfoliated MoS, is likely limited by
the structural defects, such as the grain boundary observed by TEM
(Figure 3c),

As revealed in figure 2b, the star-shaped MoS; layers were
grown from center seeds, which suggest that the nucleation was a
crucial step. The spin-casting of rGO solution before CVD growth
introduced some tiny rGO flakes on the substrate surfaces, which
experimentally enbanced the growth of MoS: layers. Supporting
figure S6 and Table S1 shows that the morphology of the
synthesized MoS; film is significantly affected by surface

pl like molecules including rGO. PTAS, and PTCDA. the
GO is with randomly distributed defects and dangling bonds, which
might be one of the reasons not being able to initiate layer growth.
Although the GO may be thermally reduced to rGO™ at the MoS,
growth temperature (650°C), the formation of MoS; seeds should
involve many other factors such as the reaction between MoO; and
S, the attachment of MoO;., vapors onto GO, the conversion of
MoO;., to MoS;, and the morphology of the MoS, seeds formed on
substrates. These reactions may occur during the temperature
ramping period. It is likely that the MoS; seed morphology formed
on GO prefers particle growth rather than layer growth. It is noted
that our experimental results only allow us to conclude that the rGO
treatment helps to form the MoS; seeds which prefers and promotes
the layer growth of MoS.. The morphology and structure of the
seeds, requiring intense research efforts, are currently under
investigation in our group. Meanwhile, we observe that both MoS;
and WS, two typical transition metal dichalcogenides (TMD),
exhibits similar layer growth behavior on the substrates pre-ireated
with graphene-like molecules (Supporting figure 87). The growth of
MoS; and WS layers is highly reproducible with our experimental
conditions. A similar enhancement is expected to be observed in
other transition-metal-disulfide TMD family materials.

— Vg =2V
10°7 4 »
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&
— 1091
10-101 ey
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Figure 4. The typical transfer 1V, curve for a monolayer MoS,
synthesized at 650 C. The inset shows the OM imge of a FET
device.

In conclusion, large-area MoS; films are directly synthesized
on Si0./Si substrates with chemical vapor deposition. It is
noteworthy that the growth of MoS; is not unique to $i0; substrates
and it is also observed on other insulating substrates such as
sapphire. The as-synthesized films are consisted of monolayer,
bilayer and other few-layer MoS;. Chemical configurations,
including stoichiometry and valence states of MoS; layers are
confirmed with XPS. Raman spectra and PL performance of the
maonolayer MoS; are presented. TEM and SAED demonstrate that
the monolayer MoS; exhibits six-fold symmetry hexagonal lattice
and high crystallinity. The electric measurement for the bottom-gate
transistor shows a N-type semiconductor behaviour and the on-off
current ratio is approximately | x 10°. The seeding approach can be
further used to grow other metal dichalc id

Experimental Section

Without treating the substrate surface with rGO solution, only MoS,
particles were found on the substrate. Other control experiments
where the substrates separately cast with a graphene oxide (GO),
hydrazine or KCI solution show that no MoS, layers but only
sparsely distributed MoS; nano-particles are observed on substrates.
Compared with more ordered aromatic structures  of the

y is: The MoS: films were synthesized on SiO./Si
substrates in a hot-wall furnace. The ultra large and single-layer GO
nanosheets are prepared by a modified Hummers' method as
reported ** For the reduction of GO, GO solution was mixed with
hydrazine solution and mixed solution was then heated to 90 °C for 1
hr® Prior to the growth, a drop of rGO-hydrazine solution was spun
on the substrate. PTAS (50 uM) or PTCDA (26mg in SmL DI water)

81




solution can also be used to treat the substrate. The morphology, size
and distribution of the rGO flakes prior to the MoS; growth are shown
in Supporting figure S8 High purity MoQ, (99%, Aldrich) and S powder
(99.5, Alfa) were placed in two separate ALO, crucibles and the
substrates were faced down and placed on the upper side of MoO;
power. The MoS; samples were fabri by ing at 650 °C for
15 minutes with a heating rate of 15 °C /min and N; flow (1 sccm) at
ambient.

Characterizations: Surface morphology of the samples was
examined with commercial atomic force microscope (AFM, Veeco
lcon) and scanning electron microscope (SEM, FEI VS600). Raman
spectra and photoluminescence (PL) were obtained by confocal
Raman microscopic systams (NT-MDT). Wavelength and spot size of
the laser are 473 nm and 0.4 pm, respectively. The Si peak at 520
cm” was used for ion in the experiments. Field-emission
tr ission electron pe (JEOL JEM-2100F, operated at 200
kV with a point-to-point resolution of 0.18 nm) equipped with an energy
dispersive spectrometer (EDS) was used to obtain the information of
the microstructures and the chemical compositions. The TEM samples
were prepared using lacy-carbon Cu grid to scratch the surface of
Mo$; sample. Due to that only van der Waals force exists between
MaS; and underlying Si02 substrate, a few MoS; flakes may easily
attach to the lacy-carbon TEM grid. Chemical configurations were
determined by X-ray photoelectron spectroscope (XPS, Phi V5000).
XPS measurements were performed with an Al Ka X-ray source on
the samples. The energy calibrations were made against the C 1s
peak to eliminate the charging of the sample during analysis.
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