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Abstract

Synthesis and Application of Various 2D Nanomaterials

Seula Lee
Department of Carbon materials
The Graduate School Chosun University

In this work, we studied the synthesis of two-dimensional (2D)
nanomaterials using chemical vapor deposition (CVD). Firstly, Tailored
CVD graphene as a transparent and flexible gas barrier was synthesized
by controling defect densities. Secondly, To resolve the bandgap
problem of the graphene, we synthesized 2D hexagonal
boron-carbon-nitride (h-BCN) materials and fabricated organic |ight
emitting diodes (OLED) with h-BCN as a light emitter.

Graphene with chemical inertness and complete impermeability to any
gases can be used as a gas barrier against water and oxygen diffusion
and protective layer to prevent the metal electrodes from oxidation,
corrosion, and degradation in electrochemical systems. We use a
combined approach of electro-chemical polishing (ECP) and two-step
growth methods to improve the gas barrier property of graphene without
an increase in the layer numbers or additional fabrication process.
2step—ECP graphene on PET exhibits the lowest water vapor transmission
rate (WTR) value of 0.665+0.046 g/m2-day, which is 60% less than bare
PET due to large domains and improved graphene quality with minimized
defects. The CVD graphene reported here could open up the possibility
for exploring graphene-based gas barrier.

Ternary h-BCN emerge as a new active materials owing to its interesting
and attractive semiconductor properties with tunable energy bandgap which

can be controlled by their chemical stoichiometry, atomic arrangement and

_\/l_
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geometry structure. We use a n-tri-methyl borazine (CsHiBsN3) as a
precursor to grow high-quality h-BCN layers by CVD using Ni foils.
Large area h-BCN layers were synthesized on Ni foils where the optical
bandgap of h-BCN layers were found to be about 2 eV. Recently, the
detailed opto-electrical studies of h-BCN synthesized by various
approaches and the adoption of the field effect transistors (FET) using
them have been introduced, but application of optical device has not
yet reported until now. Therefore, we fabricate OLED using h-BCN as a
light emitter for the first time. The current-voltage characteristics
and electroluminescence (EL) performance exhibit that OLED fabricated
by h-BCN layers well-operate and uniformly emit over the whole emission

area.

- VIl -
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Figure 1.1 Molecular structure of graphene.
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Figure 1.2 Schematic illustration of chemical vapor deposition (CVD)

setup.
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Figure 1.3 Schematic illustration of graphene gas barrier.
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1.4. h-BCN (hexagonal Boron Carbon Nitride)
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Figure 1.4 Schematic illustration of h-BCN (hexagonal Boron Carbon
Nitride).
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Chapter. 2

2.1 NE

of Sl ESEN eI S S = U= oed Ot
A XY MEE A2 ZEMNZ S0 &M 22l AF=ZE 10 JUCH LoDt
AF & OF OotLlel CIASdol X sHl MEE= dXE 8& =8 &
ObA S0l 212522, JtA Y Mze= AS 20 20 ML 38 20t
OANE O QI U D UCH 2AGH, DHES B AXNS0l sp” &
422 0OIR0HE s2"d IFEXE TR Us 2xF  HYAE
(two-dimensional single sheet)® H& HHXZ IJIXMH JIAHAE 2%, A
el &I S40| iR 2=6t1, R4 EH482 Iille 222 0|

JdejElg Detez st MX388& (electronics), OIUXI 24 (energy

generation), M&EAXl (storage), M=3F (biology)S2l AHARIb LD

UCH 1-5]. Eal, JHES 2, &L, =4 22X S 22 2 JtA0 &

st OtMAM  (chemical inertness)nt &XsH =ESUA  (complete

impermeability)S JtALD UAO &tgh, 241 X0 228 St UCH
=}

StA J|Ab =&Y (Chemical Vapor Deposition, CVD)E Ol26t &4
= B0 EHd¥ez JIE 2406} Har MALHE MY =atst 2
oM QO OEoE 2306t CvW JdeHEe 2 J| o =N

(thickness), & D{& D] (surface roughness), 1dIe! AJ| (grain size),

(surface impurity), &AIE
process)S2l R0 Clol MAC= FZ (wrinke), JAIH 2<
HAHE (point defect)l 22 L2 2AE (defect)Ol =ML, A

A U HORE XSS 0|HE ZHS = 0/Sa6iH =015

BtSF (orientation), B8 ===
(e}

FlAstotE 240l IS S6tCH
u]

(transfer
(crack),
N ESES=N

,16]. et

S251)| AohAd=s ol BAHHE (domain

Oletgt 1

(necleation density), &

H [t
Z & (point defect)SES 2ZAAIZID JeHEO SO 3I| (domain size)E
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2.2 &A™
2.2.1 Nlg & &Xc
JeEe eastl s Pel (Cu) JIEE ARSSHICH el (Cu) JIEe

Nippon MinningOlA 28t 35um SIS el JIEHS AFZotRUCEH. el I
o ™ HZEDIl (Roughness)= &MJI3kst H0OF (Electro—chemical Polishing)
HHE SoHA BISEHRULH. HMHE SEHOZ = 3HPO HL =BHE ALESHY
Ol 2ve M2 128 SO Jtol=0 =~StACH. (Fiugre 2.1) &I|3tst

(acetone), OIAZZHEE (isopropanol),

cleaning)dtd LIZ =F0| ESo Ex=28

CVD Jei¥ gd
stetX J|4 ZEYE 01235101 72| JIZ0o JAES SHEACH. HIIE

st G0F Melgl el JIE0l SAJ=s 220X Ag2=S CV0 & Wl €10 1

CH S&Y (1-step growth)t 2&HH H&E (2-step growth)22 Liw 2Jt
A ZTHe2 QS HEGACH. HAY 1HAH J&3ES s 20, =4
15 scemit 43 72 mtorr E<IJ10IA 1030 °C DHAl JtZst £ 0|2 22 2
IO 50 2 S Exel 332 6t} 1 F HE 13 scemdt =4 15
scem, 23 160 mtorr ESIIJI0M 23 = S¢ EINAE EHAFRUCH. el

KJ

=2 15 scem, &= 72 mtorr ERIJI0M &20X =A0HAH H2AIH 1
cHEIS SHGIRLH U822 28N HEEHE S8ItA ZHE 2EHZ LA
SO ACEH. =4 100 scemit 202 340 mtorr 2IJI0IA 1030 °C WXl IOt
st = 0|2 22 =RIJI0AM 50 = s el S3S oft. 1 = HlE
5 scemdt == 100 scem, & 365 mtorr ERJINM 1 2 S ESINHAE
d&E = MES 2= = HE 13 scom, =2 100 scem, 21 405 mtorr
o E SJH=A0. del =4 15

72 mtorr ERIIIUA ASNA SASHH YW2AIA HEZS SHoHULCH

(Fiugre 2.2)
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2.2.3 el XS & CV0 el & &AL
2oz &) g4& eHE2 PET (polyethylene terephthalate) JIEH0il
HALAIZID] R1GH0, el J1E Ao Sd& e <10l PMMA (polymethy |
methacrylate)E 4000 rpm & 50 & SOt ATIDE GH/ACEH. PMAIL 2 EE
JeiElS 120 °C O 5 & sot & tQCH O osez Fel Jw
Ho| efEES HMAHGH| [ 2tSH 0l& (Reactive-ion etching) &

el J1E RHol JefElsS MAMHSHCH T

-

A

g0z Rz JlE=s 0.1 M IEAAD= (Ammonium
Persulfate) 20U 4 Al2H Set G =12 P2l IS A StFCH. ek
T goe & S24E Solf 0D PET JIEHM

MAFGHRACEH. eHEI0l MAE PET J1ES &A20M H=ZAI2ZI & 50 “COIlA
== =

30 & 2 EXe2l otACH. CtEe= il 22 PMMAE HMIHGHD| <o Of
NIE0 1 Al2E S &34 PMMAE MA & = 3 SF=+=2 JIE0 E0tA=
OINIES Sl & 50 °COIA 30 & St EXMel otACH. DHXYe =z L0t
= PUWAS 25 Aot ol ot2=2, =4 Z2JI0AH 400 °C 2 3 Alzt

SOt EXel SHES +EoIRUCE. (Fiugre 2.3)

2.2.4 el 2E 24 (FIFE)

el I A0 gdE Dol Fel HdE ALS & 22 Eote F
£ Sl 28 2% (etching density)

— I

=X
9 22X A (etching area)S =4otHLCH?27]. (Fiugre 2.4

2.2.5 JtA el 5

WVTR (Water Vapor Transmission Rate) =Z

iy

2 MOCON =lAt2l  AQUATRAN

model 2 ZHIE AESIAL. =HE 1D ot &=200M 100 % &4UHSZUHA

Nl
ﬁ il

LS, MEQ B HHR2 == S THAMUD MEOS| OleHZ=
T2 24 JIAZ HANMUCH. S 2XANE2 ME9 OliE EHE Soll &
AElD B A JIAZ Qo 2E AN HAEECH. (Fiugre 2.5)
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Cathode

Workpiece Copper foil (35um)
Electrolyte 80% H;PO, + DI water (3:1)
Electrolyte Voltage 2.0V

Jf,/ Time 12 min

Figure 2.1 Scheme of ECP (Electro-chemical polishing) pre—treatment

on Cu foils.

_18_

Collection @ chosun



Seula Lee — M.S thesis Chapter. 2

Chosun_University, Department of Carborn materials

i CH,=13 sccm |
(ﬂ) H,=15 sccm i Hy=15sccm | Hz=15 sccm
0.07 2torr ! 0.160 torr 0.07 2torr
= . i S . kO
1030%...Heating : nnealing : ynthesis : ast Cooling
25 min | 50 min 23 min
{ CH,=5sccm | CH,=13 sccm |
(b) H;=100 sccm : H;=100 sccm : H,=100 socm H;=15 sccm
0.340torr i 0.365torr @ 0.405torr 0.072torr
€ T > € > € > >
Heating : Annealing :1-step growth:2-step growth: Fast Cooling
10307 ; ;
50 min 1 min 8 min

Figure 2.2 Schematic illustration of (a) one-step growth and (b)

two-step growth processes.
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y &3 = -

Graphene | Cu foil PMMA | Graphene | Cu foil PHHA_.!_Gn;-vlnm

—/'"::rm:" ’*"":'“; ‘—.fJ

Graphene [ PET e — e
PMMA [ Graphene | PET PMMA / Grapk

Figure 2.3 Graphene transfer process.
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(NH4)2S208

=

(Before Dropping) (After Dropping)

Figure 2.4 Scheme of Film-induced frustrated etching (FIFE) test.
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L]

[ TS Cm—
A a~j-:
d=»r -

Figure 2.5 Equipment of Water Vapor Transmission Rate (WVTR).
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CHy Sscem/H: 15scem

Growth time

10 pm 10 pm 10 pm

1

Hydrogen
flow rate

10 jim 160 jim 10 pm 10 jum

Figure 2.6 SEM images showing the effect of growth time and
hydrogen flow rate at first step. The optimum condition for large
domain graphene was 1 min of growth with hydrogen flow rate of 100

scem.
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(a) 1step-w/o ECP (b) 1step-ECP

10 pm

(¢) 2step-ECP

Nucleation density {muntfcmzl

lstep.-“-fn lst.ep- Isiiep—
ECP ECP ECP

Figure 2.7 SEM images of graphene on copper at the initial stage of
growth after 1 min. (a) 1step-w/o ECP, (b) 1step-ECP and (c)
2step—ECP. (d) Variations in nucleation density and domain size for

three differently grown graphene.
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2.3.2 el =dH
Figure 2.82 &DJ|stst A0l &
Tl (1step-w/o ECP), &D|3ztst
Bl (1step—- ECP), &DJ|&tsr A0 Hel

2step ECP)S FE-SEM =4 Z 1},

= 2ot

Monolayer

=
)
3
=
®
<
)
0o
o
O

cHEO| & &
Figure 2.
cl J|EH

o o;
S In
x §9
rooo w
o

Bl
=0
o
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Wrinkle

v

> 4
Step

Grain boundary —»

Flake —» 10 pm

d
O el

A 1step-ECP A
1 2step-ECP A

15.00 2000 25.00 3000
Raman Shift (cm™1)

o P
SEpS Flake

Grain boundary

Raman intensity (a.u.)

Figure 2.8 (a)-(c) SEM images and (d) Raman spectra of fully
covered 1step-w/o ECP, 1step—ECP, and 2step—-ECP graphene films.
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Type | a)lstep-w/o ECP b)1step-ECP c)2step-ECP
Process
RMS=T8nm RMS=T7Enm RMS=T8nm
| ¢ .
(1) Electro- “? .
chemical polishing

RAMS=3Tnm RMS=3Tnm

6"

2) 1step \'
graphene growth

RMS=28nm RMS=1Tnm

(3) 2step ('
graphene growth

RMS=11nm

Figure 2.9 AFM images and root mean square (RMS) roughness values
of Cu foils that went through various graphene growth processes.
(a) 1step—w/o ECP (b) 1step—ECP and (c) 2step—ECP, respectively.

The scan size is 10x 10 um?
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2.3.3 JiE & M| SH 24

Figure 2. 100IA= 3JIX 2oz A& 1

cElol 2-&MIIH S48 2
Aol)| 216t EUE (Transmittance) 2t HX & (Sheet Resistance)ES =3
OIRACH. EWUE Yt AHI|Eo HAF S

=M2 3JIK XA DelEls &
S =HoIGC. O 20, LB O =2 Monolayer ZeHEISl A 500nm 0| &9
TN LAIZS 2F

S0l 8 & AACH29]. SO SiNE =

97.4 %= Monolayer JeiE 2 =1
M2 3JMA 2oz A& OB S Si0/Si JIE {0 HAS 20 & =
A (Hall effect measurement) BtEIS O|2ct0 SHoIFCH. O 2 &

-

=] o
A0F XMclothl g0 18H d838ez &8s 1

&t cHZl (1step-w/o ECP)2l
AR 726430 Q/[1, &MI|ste Ot M2l & 1EH dTHo2 HASH e

o (i1step— ECP)Q B 627+20 Q/[1 , MI|stsh A0t M

9,!
N
0
=
X
N

JSEHS AAIGH defEel Tolel AJIE

HES ZAAHA MY ZLAEHJASS 2 = UAUCH
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100 — 800
=~ | o
?; 90 <
W
E = 600}
.*;E 80} E
= . S
g TU L A — lﬁlup-“' O [._,(_ P |
= —— Istep-ECP @ 400
; [ (a) 2step-ECP E (b)
6“ L 2 2 L m i 2 i ™~ i
300 400 500 600 700 800 Istep-w/o  1step- 2step-
Wavelength (nm) ECP ECP ECP

Figure 2.10 (a) Optical transmittance characteristics and (b) sheet

resistance of three differently grown graphene.
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2.3.4 el =2 &EUT L Permeability 4
o10} M2l = 20HH AFHOR AEE JHEQ

2SN T (Water Vapor Transmission Rate)E =&ot)| fall PET J|EHoll
X

= i
1EHH &Moo A& JeHB (istep-w/o ECP)Sl 2 1.05x10° g/m’—day,
HI|gtst AQF M2l & 19 d¥Hoz 4&s OeHE (i1step- ECP)Sl &
S 0.89x107" g/m—day, ®I|3t8t A0t M2l & 2&HH AZYoz HAFE 1
2T (2step ECP)E 0.65x107" g/m*~daySl ZHE S0=RAC. PET J| T CHY
HI|ats H0F XMel & 28 AdAgoz2 g&s o £82 SEUEIt 60
% 8& dAadte NS HOIE > JUJUCH. Figure 2.12 (b)= Fick H2
=l (Fick's second law)Oll et Figure 2.12 (a)2 Z2UE TES Z2UE &
OZCH32]. =& SEH (water vapor permeability) a2 HMIIS& A0t
HMelstRl 2D 18 SEHo2 AXs JejElel AL 6.608x 107
mols'm'atm', ®IIBHE A0t X2l & 1S H4FHO2 HFF DHE A
S 5.806x 107 mols 'm'atm', XI|5tEF IOt X2l £ 2CHH HFPOR A
et DfEe 4.224x10" molsTmatm 2l HUE 2HFACH
Permeability g L&t =2 ST gtdt 201 IS8 AOF Ml &= 25H
HEYHOZ S&st OHEC H PET Uil Jt& 3N ZAstse HE ¢ =
UACE.
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Figure 2.11 Photograph of graphene transferred on to PET film. The

image showing excel lent flexibility.
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— (a —  8.0x10™" (b) PET |
;n 15 " ' p— T _—
s E j/’
- < sox10™f
= 'E > Istep-w/o ECP/PET
E - 1step-ECP/PET
1.0} w A -
= i 2 a.0x10  aaEcer
= £ et B
e =
= t o 2.0x10"}
0.5 L L L L i " A
1step-wio 1step-ECP 2step-ECP 0.0 4 4 4 4
ECPPET  [PET PET 2.0x10 T-.Il.ﬂ)ﬂ? E.JII}MU 8.0x10
ime (secC

Figure 2.12 (a) WVTR and (b) water vapor permeability (P) of

various graphene samples studied in this work.
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)

5 148

Jaxio’ £ 2 065 q12 .2

— = =

Z 3 060} =

] 10 4

Jasw’ T & 5

25055 s &

{210 5 Tos0 {6 2

EE gus * 2

qix107 I =

" 2E 0.40 Ps

0.40L— : 25 =B . . 0 =
Istep-wio  1step- 2step- = Istep-w/o  lstep- 2step-
ECP ECP ECP ECP ECP ECP

Figure 2.13 (a)-(c) AFM images of the surface of graphene films on
native Cu substrate after dropping and washing copper etchant.
(d-e) Correlation between the ratio of WTR of graphene to WVTR of
PET and the etching pit density or etched to the total area ratio
(n).
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oy
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——

-
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=

Etching pit density (cou nt.f:mz]
b
=

=

1step-w/o 1step- 2step-
ECP ECP ECP

Figure 2.14 (a)-(c) SEM images of graphene surface on Cu foils
after the copper etchant dropping, and (d) their etching pit
density. The defect density shows a |inear decrease from 1step—w/o
ECP to 2step-ECP.
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2.3.6 M3 Z2Eds 0I888 AHE el &4

M

ﬁ

MHI

Figure 2.132] AFM =24 ZWE otod, #=EEUT (Water Vapor
Transmission Rate) =t3t OlZ ©X H|l& (Etched to total area ratio)<l
HA2ZHZ =OIGHUCH. Figure 2.150lA= Olelst Z2UE EUZ, & bH
clo0l CHEt ME22 Z2EE =S MetotRUCH LEHEOZ s =20l CHst

HHelod EA2 Ficke M2 8= (Fick's second law)0l H&EH =IC}.

O

1o
I
40

|J

s
m

e, 2Z2F80F% el SHOt O Sl =20 Fick
o M2 #8x0l d8&X #=Ch. PETS < NIt &= um0l1] JdefElel =
N= mm&  PETH cHElel &M XOIJF 3J1 W20 & ere

permeability (P) 2t 2J(JF GIECH. JFEO 26t8, DHEI2 2AHE |
2t AXOo| EHEHE AHEICIH HEo NRE EMOZ QF JtA L 2=
[e] _i_g

Of ENtgr &= g2, JOdcHE0 HAHZK €S F20HAME JbA &L =

SEWIF LA S0 DAL, DdHEN=E el 2010 2ol MAE =

(wrinke), HAIH Z<Z (crack), ®Z& (point defect)lt 22 &S Z&
)

(defect)Ol EIH&ICH. e2ldted, <el= Otefiet 20l 1d

e
oy
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2
E
o
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P, =wP’+(1-w)P%P°=0

Perr= _1cHE gH2IOf0f CHSE M2

(surface defect ratio), Pl= &t
PETOI CHSF permeabilityOICt. Peti=
0l gl= J2HE HI8l P2l 32 O A

SE0IH, Y= o ZE dHIE8

HO

|'0||
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St TJcHEICEO] permeability gt2 00l2t] JHESIKCH. Oefl, AEAMo=Z

e NS SHAE BZ GX %S ZHSO0l JACH A 0 AloiIA
9 20| P° 22 00l JIZXE X0l 001 E 4 QiCH. Ol2A3 AFME SalA
T 2= PN S ZEFSS 244 AL JIFIES 0. 128 OS
I 22 A0l HEED

— 0
P, =VP'+B

S Figure 2.13 (e)2 ZUE EUZ VE HHEH Acle M2 Z2E A
HIE (etched to the total area ratio (A))2Z2 UEHHEZS &HCH. O™
OfeH2t 22 TJ2HE HHZI Ol CHE M2 20| A2 ST,

— 0
Py =AAP+B

Ol248h 20T HH2IO0l CHE MES a2l A8 2tS st IIEsHH
A= 2.080+0.027, B= 4.157x107"£2.205x107°9 gt2 AQUCH. MetA,
MII5t8t o10F Mel & 2 A&Yoz AXs DT (2step ECP)o EL
W 2t2 0.0624+0.00812t= 2t2 2 SCH. 0ls, J2HEIS 100 %2 2%
£ M &AM HIIEE o0t XMel & 26H HFEo HFE JHH
(2step ECP)2l ZR ZHO0| 0.6 % & ECh= 272 20/8C+. 0/A20l,
Ficke M2 8= (Fick's second law)0l Ot MZ22 RS Soff defEl
o Hi2l SAZ2 2AGIRCH, 0128 MES 2

i

O AN A CVD JcHElel 2E=S B FALCH

ton
[o]]
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7.0x10™
—/\— Istep-w/o ECP
g | —O— Istep-ECP A
= —O—2step-ECP )
: T LI «Cacluated Eq.3
E 6.0x10 -
= !
3 r
£ s5.0x10™f e
.’ - ’
4.0‘_10-14 2 1 4 M 4 4 4
X 0 2 4 6 8 10 12

Figure 2.15 The water

vapor

Eched to total area ratio (%)

permeability of the three different

graphene layer/PET film as a function of A given in Figure 2.13.

The symbols are experimental data and the dotted line is a fit with

by eq.(3).
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2.4 Z2&
2 HAR0A= st DJ|a ==" (Chmical Vapor Deposition)S 0| 2ol
Fel JlE EtA MRHE EEols BtE DA L 22 Jiol BtSAIZIS

ZM F2l JIEH0 monolayer HEIZ &AGIQCH. el E42 =0I7|
off el J1E=2 &MI|stst H0F (Electro-chemical polishing

0 )
1EHH A&EN 2CH AAYS Hluortd 20 d&38E2 #2610 £%ol
X

SHAISE viclol S=E O JdciEls gdotRbt. &dJlgtst A0t Xelot
O 22l J18 HHo E=2£ MGt P2l I8 ZHO =% (Roughness)
A (0]

S EHGIUC0, 20 HFES

=0 oS o =
J10 ZOe BHES Z2AAA Dol 28 = A8 of b, O 21,

Pl
S
o
I
e
2
Pl
o
o
N
i
=
0
02
113
0
Hy
0
02
il
u
&
=
S
2
D
©
-
D
=
10
0
10

C
TIol CHet He=otd st 2EE S MAIGHH e Hiclol Ed=
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3.1 NE

200440l HS g2HE DEes SS& 203 RXZ2 o) 22 =528 8
ObRtCH[1]. DcHE2 EtARRS BSRZECZ SHE o FAXNS2Z 0IR0
& 2xH PEO EAATHOICH. WMetAd, JddEE2 =2 el ols=
(carrier mobility), =2 @&&EE (thermal conductivity), FO< &I
MEH (electrical conductivity)Sel 2cI& S48 ER6t1 JAAH Lix
HMXES& (nano-electronics) HIMSE M28H (biology)l OIZJIMHAl CreF
st ZOtOlA AFSEIO{RICH1-8]. Olfst 22 EEWT S0, JHES
e (channel) = &S3Z (active layer)2 AtSdte 28 A% HME

(optical devices fabrication)OlLt &H S ESHXAE (Field Effect
Transistors) &M AHA BHE (bandgap)Ol 02! OIRE &H HI2E =
SARUCE. Oleist 2HME aH&Z5HI| RAGHH BHEMS JiXl= el J|8tel 11X
2/ ULeFEQ Def® Liel2 (Graphene Nanoribbons, GNRs)S 0l &35t

aaly

CH9-10]. O2iL, GNRsOl &H S E/HXIAEHW AZ2ZUCH StEHHT HI
WA X2 (0,1-0.5 eVo YHEWMOZR OQlgf & AXH MZEO AN LBE
(light emitter)©22M ZEotXl LQULCHO-10]. Ol0l, MBS HIHATHQ!
h-BCN (hexagonal Boron Carbon Nitride) &2 HHEHO0| 022 Mt =

JeHESl ATHAE BHHIE 258 diElo 2

eVe ZEEE= PBEX S4 S22 SEJCH[11-17]. WOetAd, X
h-BCN 2 &2 &4 L SE0 et 2720 HLED ATH[12-17]. Rel= &
emical Vapor Deposition)E 0l&dot J|I=0 21050
(Boron), Et4 (Carbon), (Nitride) 3JtAl &4
WM EHEHS MRHME JIStAIII= YEHE 2 E25HH

==
8 A0 HEHES IEE h-BNS HE 2H0ITH 8,

o
S
rr

]
A
S
e
Ol

A
i
T
un o
B
o
LA
mn =
b3

1o 0
n ot
I
o
_O'j
N
50
rr

= Jlg 2 =
ZI2 h-BCN 2Z2= 0IE06t0 &8AH s EAHXIAH, st A% MAS O
gt h-BON SE= &0t UKL h-BONS &dott S MIMA 2UEX H=2
SE Y-OZ h-BONS €EE2Z 0IE6t0 h-BON JIgtel RI| &€& C0lL
c(

Organic Light Emitting Diode, OLED)S XM=& Z40|Ct.
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3.2 A&
3.2.1 Al2 ¥ &Xc2l
8BNS BHAIGIDI Sioh LI (Ni) D

=
o
>
0i0
ol
2
o
c

2
=
N
e
r1o

£ OtMIE (acetone), OIAZZEZ (isopropanol), OIEFS (ethanol) =2
2 2eclY (cleaning)ottd LIZ =0 EHO 2+
dAX=zE =4, B, EAE PS5 ZLEGHD Us HXAEHC!T NTMB
(N-tri-methyl borazine)S ArE5tALCH. (Figure 3.1) NTMBS Bubbler setup
of &XlIot0d 28t JtAZ =42 02610 JIStE NTMBS #H WE 0ISAl
I, =Aie Ch2 Mass Flow Controler (MFC)S AF=5H0 two flow Zalo
H W&

ME 255101 AL28HSCH. (Figure 3.2)

M

st A0F Helg LIZ J1E0l €HesE S8 E
(Atmospheric Pressure) &<IJI0lA =2 300 scems £
st = 0|2 22 /UM 30 2 S el 33 -
0 scemdt & 4 torr 2RIIJINAM 30 =& =S¢ S4, &4, EAE B
LGt A= NTMB (N-tri-methyl borazine) Xl (Figure 3.1)8 10
=UCH. Odelld =4 50 scem, LS torr ERII0MA A20HK &

&5l H2AIA h-BONS & 4AGHACH. (Fiugre 3.2), (Fiugre 3.3)

ﬂJ Il
o
<
S
2]
=
2
0
N
0z
2

3.2.3 YAl 82X E O0l=EotH &AE h-BCN & At

| h-BCNZ Si0.(300 nm)/Si JI1 &0l &AFAIDID| I5HA,
LIz D12 20l &4& h-BCN 0l PMMA (polymethyl methacrylate)ES 4000
rom 2 50 = SOt ATIDE SIACH PMMADE DEE h-BCNZ 120 °C Ol 5
& 3ot gxXel St O 32z U J1EsS MM 2ok Lz ol
2 A2 (Nickel Etchant) S0l 3 Al2t SO T =1 UZ IS WA

bsez &)l g4
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otCH. h-BONOI EOtU= LIZ HEE Alfs 3k SF=+E Sdof 8l
Si02(300 nm)/Si J1 &0l & AHSHRCE. h-BCNOI & AHE! Si02(300 nm)/Si J1ES
A20AM HAZAIZI = 50 COHIA 30 O & X

F12 PMMAS HMID1GH)| 2IoH OtAIEO 1 Al2E St 4 PMMASE HIH &t
A ESFFZ I Z0tJA= OtMIE
el OtUCH. OHXYSZ H0tU= PIMAE =2

EF0I0A 400 °C 2 3 Al2t SOt X2l S SotACH. (Fiugre 3.4)

H[[

nio
Qe
o

=
In

3.2.4 h-BCN 2 &8t {J| &€& CO0IL2S(0LED) X

PN
s

BHEXMAE ~2 eV HEHS JtXl= h-BON £ |I1 Z& CH0I2E (Organic

Light Emitting Diode, OLED)Ol &&= (light emitter) @2 =Z5IULH.

AN

AL =

&35 (Hole Transport Layer) Poly-TPDE XSGIALCH. & AWM &4
h-BCN S Roll-to-roll Y8o2 MAGIH2H HX+5Z  (Electron
Transport Layer) TPBi £ h-BCN <0 H&
evaporationE Sofl LiF/Al 8=2 S&6HH
S (OLED)E MIZGHUCH. (Fiugre 3.4)

ITO IHEI =l Glass Ol ®Z2F2Z= (Hole Injection layer) PEDOT:PSS, & Z=
=
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W HC( B CH P Hac\B,lr:ii\B,CHa
I I | |
G W HN NH
| |
CH; CH;,

Figure 3.1 Molecular structure of NTMB (N-tri-methyl borazine)

precursor.(a) 1,3,5-Trimethylborazine, (b) 2,4,6-Trimethylborazine.
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Hydrogen gas
Bubbler System

Thermocouple

e ]
DT

\’
Quartz tube
Heating Belt Furnace

Ni foil

Vacuum Gauge

Rotary Pump

Figure 3.2 Schematic diagram of Chemical Vapor Deposition (CVD) system

for h-BCN growth
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Figure 3.3 Key step processes for h-BCN growth.
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(b)l Vaccum level
&
2 2.3eV [ ™ 2.6eV
3 3.3eV 2.7eV m
= Poly-
24 488V 0 | gen
Bgl . bt
s ITO " s0ev
ﬁ 6 J 5.2eV
” h+(J 6.7eV
Glass/ITO g

Figure 3.4 (a) Schematic diagram of OLED with h-BCN as a light emitter,
(b) their energy diagram.
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3.3 24 & NFE

3.3.1 h-BCN =H & A= 24

Figure 3.50l M= Optical microscope? FE-SEM2= h-BCN2| HHZE 4
ot1) Raman spectroscopy 514 nm2l 2Ol E Solf h-BON2 ctBt stgts &0l
SR, OHXIY2=Z XPSE Sl h-BON2 &A HE2S ZAH0HRUCH 2HA
Figure 3.5 (a)0llAdE THHZX HSA0|A h-BONO| =Z2otH EAEES Optical
microscopeE Sol Z=0tACH. FE-SEM &4 Z I, Figure 3.5 (b)UHIAM 20l
= Htet 20l h-BONOI 2= IH0AN ZLotH dEE/ASES & = JA/UT
5t Raman &4 Z1k, Figure 3.5 (¢)% 22 AHEZHS LU2H e
O G peak, 2D peakES EQIGIACH. 2l 12HEISl D peakOl2t] M2E&=
peakE Figure 3.5 (d)2 20| HOIE AL = JdeiEe

10 1J o

D peakl h-BNI=S & £ U= Eg peak=S &0l & £ QUCH. CIS2Z XPS
=X Z, B,CN A 25 HSES & £ JUUD, 229 peakES I
IS 220l ZHEtsSS E0IotA2M, Figure 3.5 (e)0lAl Boron 32.76%,
Figure 3.5 (f)O0lA Carbon 40.77%, Figure 3.5 (g)O0lAl Nitride 26.47% 2
HEZ StdEsS &01s 4 QUAUCH
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(2)

(b)

Intensity (arb. units) 3
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Figure 3.5 (a) Optical microscope image, (b) FE-SEM image, and (c)-(d)

Raman spectra of the transferred h-BCN layers onto a Si0,/Si substrate.
XPS (e) B1s, (f) Cis, (g) N1s spectra of h-BCN layers synthesized on Ni

foils.
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3.3.2 h-BCN &2 & 4 24
xH S4

Figure 3.6 A= h-BCN= copper grid0l &AISHH h-BCN2
D olazs MXEW S0lF (HR-TEM)S =Zol L.

£ =Z406tI Sl

Figure 3.6 (a)= HR-TEM2| DHH=E OIOIXIZ h-BCNS =2t EHEHSl AHXIE 0]
2= 2AEs BHFJULCH. L8 h-BONS A Hd=2s2 24561 ol EELS
Spectrune 22 21, 2 JAUA Figure 3.6 (b)OIALt 201 B, C, NOI
25 ZgeE AMEHES 2= = U/UDH. EELS Spectrums EUZ  EELS
MappingS =& & 2, Figure 3.6 (f)2 22 h-BON2 EELS Mapping 010I
XNE 28 &= UY2H, &M =8 HAWAN B, C, N 2F LA 4& &
ASES =olsr &= JAR/UCH. (Figure 3.6 (c)-(e))
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(c) B-K Edge Map (d) C-K Edge Map

Figure 3.6 (a) High resolution TEM images, (b) EELS spectrum, and
(c)-(f) EELS mapping images of h-BCN layers formed onto copper grids.
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3.3.3 h-BCN & &4 &4
Figure 3.7 BlAM= h-BCNZ &st& HEMZ =FSHI| 5t Si0/Si Dl
I 20l MAFSE =0l 325 nm laserE O|20t0{ HIIREOI 201 pL & &t
Z 1, Figure 3.7 (a)llAM  E0l= BiQF 20l 576 nm DHEUA Z2&2 =
Ol & & QUACI. OIS WEBOZ HAGIAS O h-BONOI 2 2.15 eVol
SWS = NS Y & UACH TE hBNS A JIT S0l HAE 2
UW-VisS Soll &= (Absorption) ABEHS =&s 2, Figure 3.7 (b)
o LS AMEHS 92 & UYYOH 012 OfH ZS AS Sof HEAS
Habsh 21, 2 ev? 5.12 eVOIA S0 OGS S & = JUJULCH
Ve (1 1 )
(x: —_—
YR PPN
PLOIAl €2 SHEZ 0 HlWotHES M ~ 2 eVE HCO 2LXote HEHZS =0l
g o= QUUCH. 0|2 EUZ h-BONOl ~ 2 eV &2 HEHZS 2= 2HE &
= ULt
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Figure 3.7 (a) PL spectrum of h-BCN layers onto a Si0:/Si substrate and
(b) UW-Vis spectrum of h-BCN layers onto a quartz substrate.
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W
W
N
-y
(o0
()]
=
lo
J2
0i0
ror
10
S

Z4& O0l2E (0LED)S

BIEXA ~2 eV BHEWMS JIXl= h-BCN S S| &2 CH0I2E (Organic
Light Emitting Diode, OLED)OIl &Z== (light emitter) @2 HE6IH 4
£ MIZ6EECH. Figure 3.2 (a)2 h-BONS & E8H || & OHo|e

s
Pn

AKX
o &st O|0IXIE LIEFHCH. Figure 3.2 (b) OlA= h-BCN 2J|Etel K| &
CIOIRE AXIE 18 VE FUE HAR M 22 HAENAN ZLot] HEAHS
Z 2ASS EOIGHULCE. Figure 3.2 (c)llA=E IV HE =& Z21 O0ILE
SHES EOISIR 2O, Figure 3.2 (d)2F 20l Electroluminescence (EL)E
=Xt Z1, 2.13 eVUlA AHEHZ A 2N 2AZFE pPL ATEH
(Figure 3.1)3F 4o 2dXI&s2 E0F=ULD, Ol= h-BONO| L&E=Co=2 M HE
S ol USE ¢ £ Ul
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Figure 3.8 (a) Photography, (b) EL images, (c) |-V curve, (d) EL
spectrum of fabricated OLED with h-BCN.
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3.4 ZE8

2 dAFME 84, B4, EAE 5 ZE0ID Us BXAEH2l NTMB
(N-tri-methyl borazine) 8 2iME O|E5t0 BONS A&HEZHE ZHGHH e
ool 242 RAGHHANE SHEH ~ 2 eV HENZ IiX= BEXSE 2H
ol h-BCN2 & HoIRUCH =4, A, B4 @5 EetE X e &R
HME tHH=ed &Xl (Bubbler setup)dl AXIct 2EHtAZ A5 01E56HH
JIStAIZID CVD Y W2 |EAI2le E¥sE 0186t DEE 2 h-BINE &
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