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Abstract

Study on Functionalization of graphene

by Two—dimensional crystallization

Yoon-jeong Kim

Advisor : Prof. Jae Kwan Lee
Co-Adviser : Ph.D. Seokhoon Ahn
Department of Carbon materials

Graduate School Chosun University

Graphene, two—dimensional material consisting of sp carbon, has been
attracted because of its great potential for many applications such as
multi—functional composites, gas barriers, and flexible electronics. However,
the application using graphene has been limited by absence of various
functional groups in graphene. ‘Therefore, the development of
functionalization technology of graphene while keeping its intrinsic
properties such as transparency and electron mobility has been needed. In
order to solve this issue, two-dimensional crystallization, physisorbed
molecular self-assemblies on graphene with monolayer thickness, was
used to non-covalentyl functionalize graphene with hexatriacontane(HTC,
Cssl74). The formation of the physisorbed monolayer was confirmed by
atomic force microscopy and scanning tunneling microscopy at molecular
level. The effect of these monolayers on graphene was examined by
measuring transmittance, and electron mobility. After graphene surface
was modified with these organic molecules, transmittance was only
reduced by about 0.5%, while electron mobility and charge homogeneity
were improved under ambient conditions. The plausible explanation of this

is that the self-assembled monolayer, an atomically thin passivation layer,
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blocks outside dopants such as water and oxygen. These results showed
that graphene could be functionalized while keeping intrinsic properties of

graphene by using two—dimensional crystal engineering.
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1.1. 13 ¥ (Graphene)

Hol At} (Figure 1.1a). Q143 A obe] spo] A g WAl (benzene) ol A A &
}o]-conjugation[1] 2.2 FHE 3}7] wjio TP HL 7|Fo R ¢ ofgf=
Al vpolAge] AAFFol L AA ol ARSI HAUE FRolHh &
gt F4 3 o] b A (Valence band)®t 7 =t (Conduction band)9] 4
A M (Energy gap)©] $1= A2 WMZ=79(Zero bandgap)e 7FA7] wj&[2] A
felE =7t Ha1[3] A7 A oz x| folgt 5AL 7AW olyd HE&
o] & e Aol st A o] FolA L Qtk 53], Zef¥ L2 mono-
layere] 7] w0l wi-¢- f<detai[4] FH L] 54 AL Utk ol#E 5

AE wiEe 7 g AQl 239 B 5 shvE Zdan givH2]
TIPS SgFop= w9 thFEty 1 Ad¥ Alzo] Figure 119 bTh)e]
ol vk e 54 HE BEAEe] B deEE 7S JHH A o]
A&

TYPH 2AE Gas sensor® &8o] 7bsdla(Figure 1.1 b6l a7 A

b,

)
-0,

7N1HEA, FHACl Fol FAHMTIAAHTI BHAAETHE] FEokoll 8%
91t} Figure 1.19] ¢ ¥E #x &1 @S o83 a9 d9 =4 3%
2 &89 Aol de FAddTI&aA ok A T8 FufEolth HEF
aYgEer @ Hry] &3S AASE super capacitor’} &3] T ar
Ao (Figure 1.1 e, 7P 142 5L ol &ste] 37 FxA=ZR

ANk= 5 ok (Figure 1.1 1).

olgAo® # AL Figure 1.1a®] o|u A A7 AT F715 o]
Z|ihe] Aol edEH T FoE FAHA Fevid dzpe o
=3 7200000 em’/Vs7hAl vhe 5 lth3] ol ¥ = b
W (221 2022 drelE e Zo A dojx e
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ol AAl S8l AHEshrlels dasitt. diuAe] adde s ds

H(Chemical vapor deposition)22 A =o] A 4 Qd=d, T Sl
A7 add Wel Asta FVIEe A B EE Ak #A4 Tl A
A dopingel Lelu9] 71AA Btegoz dojxl Ay} Hlaste] HEX
e dAel s R s YehlA "k oA o] e AEE fAskd
M F7)sol A 2 AAel s E YEUWA st WS Adsks Aol &

H=
TEolA g neEE ¥ drdAs FavdsRger ¢4
o U= Ao HEue wolste] ajde we AL 825}
7159 FRoU AAEAEe] HHe] THEE e WolF: "L W
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1.2 Scanning Tunneling Microscopy (STM)

Scanning tunneling microscope(STM, FAIEY® v %)L  Binning#

Rohrere] ¢fa] 1980t Z7]ol &= oi[11] 19861 =2 Zeleds ok
s12] B4 2448 i) w5el 43 fEe 2Y 4L dAFes Ao
7b5alA FArh[13] STMS) F2 92 AAe] Tunneling effect® o] &3}
o] AEe BW olulAE A Zloly] wite] AuH o (ip7} sampled 7
77} sz gdelolof dlal13], sample ®@e] wolel @ Tunneling
currento] W37} A7 oA Ao} oulx g sl u] o] th(Figure

1.2). &olxl oju|xel M ©af= Wtew 2 o =d sampled} tipo]
A7y 7W7kE Fdel e WA olwA gt = Ayl W i w2 ol
A mdEr. BHE, £2 STM ouA& A7] s|AT Figure 1.200A41* &
el gel dA shyr 2 @7bg A Az olok shal, sampled] 3%
ML imaging°ol < 5 o} ZjFLafof gt

STMe +2 ¥ & (Ultrahigh vacuum, UHV)AEol 4] @o] A5- o]
A E71E Ee AA-LA AFelM Y A7t Zhesh o] Air-STMAH]
+ Figure 1.3¢] Yl it} ol & %, HOPGZ# 14 F7]Eo] Holgl+
€S "gojmely frleol xWe AIxd ==, Air-STM2 ]85}
A712HE BAES EAFEAA olv A F W&ol 1991 %= Sciencel
B ATH14] a3 &3 Afolo]l EA7F A skA = EAbel =
A B 715719 F5ol Wl Tunneling AF7F v ASHA @84 a1 o] & o]
|5k AldE EAY ovAE d& F A ErkFigure 14[15]. Faz
HOPGE %< A7dEet Wish w9, WAool glar xHE 73tehA =

7] #5822 STMAT ol 7 @o] 2ol =dot13]. ol %, F82 F

e

71 HAE0] A1) | e A77F Aol ga[16-18], 53] 2#f¥ 9
WAl FURAES ArHALE A FEEok] AEstE ATt
23] s an JAoH19]. B AFolAm fr]EAe o g v)Est
& STME o] &8t gletairt
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tip atoms

sample atoms @

Figure 1.2 &2 ©@xlo] wg} tunneling current”} ¥stal o7& E3a] %™

2 oA 3= STMe] 9¢E nelds ZA%[2)

Figure 1.3 ¥ <79 A Air-STM #H] o] x|
A]. stagee] & o} 71 {8 &2 A= U=

Tip

—

Tunneling Current

Figure 1.4 Z28j¥ 3} STM &3 Ateldl £47F ol& 74-F 2eFA= tunneling

current® H o5 E2A % [21]
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1.3 o]x9 ZAAFS (Two-dimensional Cry

stal Engineering)

fine)
=2
=
roh

o]
N
N
Do
(]
T
O,

120041 ABe vt Zo] {F7REAEY A7z
A oA gk, olgjdh AT HobE olxd A -FE (two-dimen
sional crystal engineering)®]&2tal . SHAHHE EH
71 olxtd ZAAFseolgteE folv HE ¥ Wk A4 v wol AFEH L 9
© m[22], 274% AA-Fto| A= A7 7339 van der waals A5 283}

A= v]9) ebgA, 1 ﬁ?ﬁi?iéﬂy%é%vwiﬂiﬁﬁ/W%ﬂE
#

29 BAE $HA

Z1Zgolgh oj| 5 o] e glo] & %X}—%X}, l"‘irx}—ﬂ%r
Aol FAhAF Y van der waals €2 A (P AL o) Gt
ARo 7 AALFE NS 2ol H o] Ar|xy AL A ura23] B}
o] @ A A[24] T Fotdx &= Urh

B AGo| A& van der waals A3 A-82 o] &l dukgow F=4A
Foluvb F&5-2te Ao AE R o ofsltigt: WA R A o® AV
Zo] 7hesltH12]. ek o]#¥A Ay #H W B EA-EA
Abole] Az Argol AAMg P o ofd Y} e 5Wg v e
th. Alkyl chain &8 &9 == T4 f7] 8452 STMe® o|n A3}
7} 7Fssb 14,251, 53] alkyl chain®] 9rE-& &d-314] qHAA F7]%

el @ Fo 2 AVIEY HE bAAdS Btk o] b AR el A
alkyl chain Atole] Azztg # vk ofye} Eaket ¥ 2] van der
waals A3Ag] A= Xﬂ%lﬂoﬁ At (Figure 1.6). =3t alkyl chain®
A e spe] wjd wake] wet wjdelr] wiiEel[13] A S wet
A 34E s %U}.(Figure 1.7)

Alkyl chain® ¥4t F45 o|Folxl 2 el dwtxow A o
o2 7]57] ¢lo] alkyl chain® &% o] Fof
w2kA alkyl chain®] 2el &+ 7157 wet 2k 540 debA]7]

OSL‘
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&
ML
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jas}
D,
wn
o

2 ATl E oy d FAE ol&ste THHE 7Est shAth 2 AT
o A AFE-F alkyl chain ¥AF= Figure 159 a1, ©4367]9F F4742 &
T alkyl chain® = o]Folxdglom 152 E 7k Ut} o] EAk+ o]

v HOPGH ol A A7z o] STML 2 geld a7t ) [26]
A712¥ He A Figure 1.67 Zeo] §53 § Aot WA, BAE0]
g £& wEoryrt s ofd & #A7F HOPG %W van der
waals 3 AE&oR A @rh 2AE& AF g FHo W BAER A
ol Be A deom AudE FEEA Ha olw Azt Aule oF 44
AC® van der waals A3.2H& 2] Aottt o€ HOPGH #7129 &
A= STMo =z gelo] 7lsshd (Figure 1.7) W34S 7M1 & AHEd
ok webx] 2 Aol A E HOPGSE fAFeE 728 7F 231D 1ol o]
v ®agE vk Sl HOPG $lelA Ap71&Hel 7be 3k alkyl chain =& (HTC)
2[26] 1HAE Vw3 g & e SAWEE A7 BRE Aes 54
02 AT Figure 1.8914 HojFZo] HTC A&l 1o F2h¥ oA
UL B EE A BAES 7] AV EEGES T3 2 muselA
A = oA Ao wmg xpr)xHe o83 alkyl chaine AW dipole
moment”} §17] wiZol ZefHAe] doings T F°
FASIEAME adHe] Rod 9e #E ¢ g ez yd iAo
3, B AP AlgEoeld REEe U2 = FAE g Fi4e

=
=7 -
FASHEAAME Bed gas 2 @ 5 Jve Ae $8E 7 AU

.

b ogla, R aFgEe
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HTC (C36H74)

Figure 1.5 7] AF8%¥ alkyl chain 7] A} Hexatriacontane(HTC, CgHzg) 2] A A%,
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Figure 1.6 HTCS 1#i¥ xH{A Y A7|xH BAHE BT

21 shurt 1@ A2 symmetryel 9A 2ElE

Folgel e PAEE nebd 3Py,

_’IO_
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Figure 1.8 18|32 Expujd-e 3l 189 429 Passivation 2%, passivation Aoll= &7 59 83 A4A7F 1
e GepEo] AAT passivation $-olv HTC EAFE©] 2dHE HAE FAZ YolA Fi3 A EAE9Y A

AYFOE FFIAE QFHOR FEHE AdW 24F TES F UL
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21 A& 9 A

o] Ao Ab-8¥ alkyl chain A& Hexatriacontane(HTC, CasHz, 506.97
Mw, 98%)3} Heptane(C/His, 100.20 Mw, 99%)L A] 1wl =g] x| oA 4 5)
¢ 31, Tetradecane(CiHso, 198.39 Mw, >99.0%)< TCIlA 43k T

22 A% W

221 13 AXEY

1) 338714452 (Chemical vapor deposition)

3}8} 71 4% 2HChemical vapor deposition, CVD)o| & 3}stz oz —1g¥e
st WY T shutel™ 7k AEje] =do] AEVF Ho ]deld &4
Sl B ot} )3k Ak A |+ Figure 21915 A& 2] 32 ZolA
WhjE o2 VlAavE FY, WEE T URS UL, #EY FUHFFE 4
& 7hE 5 YRR PrEolx ul gz oz

of Zro] Z it} o]H e AL Figure 2.2°] =243} FH ot}
= Frgel Wol Ab&H= Vw2 ol gy A
Ho JA AAZ 7hsstt,

et agEe A Ay AvA] HdozZ s de W

2 # gom gaE 2z FeA }

Fehed el AgHa ik AR A7HHY WEes g o
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223 1% r|s3E gAA%E

Aol AEF AL F AhA ow ARE E ok HICE AHSSAL &
Wg geste] AxzsArh AaE GEAY STM, AFM, FHE, d47]5%

S @ uo = Tetradecanes &7 & AMR3le] &98 %3} 3L, Ramane
Z22A37] Y3 MEE WwE ul= Heptaned &2 Algsle] £d2 A %3}
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226 1A AXA X

agE 2AE oy GAE AA AxEHed G ABA AEIyd 3}E
71745 2H(Chemical vapor deposition, CVD)¥ o2 G2 ¥ 9o 1gid
= AT olE A whEolx adAE CVD-1yjdolgar st o] A¥
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28 EEF 46x10°9 ¢ el A AT F4E CVD-2 Tl A 1
YA EEdersty] witd e 29E& A sk 3AE Azt CVD-1
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A2 AA|Fo oF ghrt. CVD-1e2 Al ol ¥AW T 2de] 9
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A ZHECE AlHTE T NELS oA B R 4 3 Fo] AR Fe gl o
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31 2R A9 dF4x v 23

3.1.1 &9k 339 (Raman spectroscopy) =74
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Wl go] AHgE ol M= 532nme] IFE e Aoz Abgstsien, Wy
A= Figure 329 2o w3 olu]X|= G peakE normalizedle] 2D peak

intensity?} G peak® intensitye] ®B]&2 olu|xZ el Aot} o w|Hy
olH|A| & HW HTCE ¥ A3 £ Zold FdstA & & =,
% 2D peak® intensity7} 4¥] ol F71e AL & 4 Slvh 2D peak’t =
A F7hgk FiE2 HTCY s®o]l F4A 4 Fiow F5Hh

Figure 3.1¢] olu| Ao s=215 €L ZAd A= 1039 2
o} G, 2D peak shift®} 2D/G intensityS H]W 3] H ka1 o] 212 Table 3.1
el th 2D peak shift™ tHEE ZAY d=AZE(red shift)¥ At} 2D
peak”} red shift¥y &= o]+ T Y tensile straine] F7}8= Aoz Ay
gt = At [29] passivationg $FOEAX HTCHEAFEC] 13 xHd dehe
oA A FHol WA 7] wjFEo|tl HEIF 2D peak® intensity’} = A
S7FetAs=d ol AL AelFE delddd HAAE e 4$  charge
impurity7} 1% W Jel= A3 5 shuoltl G peaks HT Ao E
dEAZE Y. % T #Ae] dopingg 4% G peak’l EFAIZE(blue
shif)yshe=dl, d=AZE | 21w Kol HTC #AHE°] AV|EH HWA &
7] %9 dopant®Z%H-H doping= "ol o2 d]4e = 13l muld layerdl
A1 €] passivation £27F w9 e S AAUTH

Figure 3.3 mapping?F 2% ojul x| (Figure 3.2)2] W3iE 42l peaksS e}
itk o] 2 Z = Table 3.19) @¥ dlolg o w3tk HTC passivation 5
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b

Figure 3.1 Raman mapping #&9 a) HTC #Z"®3}7] A, b) HTC=

Fo) wetdu olulx. aYBe 222 olH MY 2AHEY W

31 h=|
al, AL HTC EE& Figure 24a0x] HojFZo] &S SdhA]#A

oo n2

) Before (Pristine)

s] After (HTC)

Figure 3.2 Figure 3.19] a) HTC =¥®s3s}l7] #, b) HTCZ =¥ %2 Raman

mapping ©19 A]. G peak?] intensityE normalized ¥ I/l ratio® e,
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e e st ' '
G peak shift (cm?* 2D peak shift (cm? I,n/1- ratio
S36] SDE= G 2D peak p ( ) ] ( ) 2[)4?‘r [

shift®} 2D/G intensity ratio

& e @ | 1587.5  1591.5 2675 2671 1.67 4.81
@ 1587.5 15895 | 26775 2676 168 | 5.52
® 15875  1580.5 | 2674 2673 150  7.05
@ 15885 15785 | 2673 2673 164  8.08
® 1535.5f 1587.5 | 2673 2671.5 1.49 7.39
® 1585 15815 | 2670 2672 149 | 7.3
@ | 1586 1585 | 2671.5  2673.5 1.48 7.06
® | 1588 1575 | 2675.5  2676.5 145 636
©® 15865 1586 2672 2673 146 | 7.73
® 15855 15845 | 2670.5 2673 148 7.05
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3.1.2 3 %= (Transmittance) &4l
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32 17 919 94F T BE 13 uto)
¥

3.2.1 9A 73 dlv] 7 (Atomic force microscopy) &4

A71&Y ®H BAgoe] E 207 Aol=x dolny] 98 AFMO®E 1
S 278 FAE 215

3 Rkl Figure 359 a%®t b 47 Pristine 18]#
¥ HTC® =¥ 3§ aefde] AFMeolv|A|e|t}. Figure 352 ¢ 1832 a%t b
o] ol AlolA A Fio @xE adze vedl Zojvh I ZE By
Z7F °F 06nm A= AL &I 5 glar oA HTCYAZF mono ~
bilayer= Z71ZH ¥tk A Wol oW A2 AL om
A RMS roughness& -3 0.5nmell 4l 0.7nmAt

P
M
o] 2 passivation & 27} st ZEEATHE AL VERITH

32, o
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3.2.2 FAFE @3 dv] 73 (Scanning tunneling microscopy)

| ol ofgA SertEA gelsty] 8 FAHEE YA o
A& gelgltl, STM Al8& 22394 #HEoixl &8 g 7|#e
AbEA] Ze FEFEYU AAC] dA4"E CVD-2H#A ¥
AbgTE 1 A3 300pA, 800mVelA] oluAE oL
39 Aole oF bnm=E 1AL ArEYH Ho =
vl zJof| A &lE 4 it} Figure 3.62] STM olv]X]9] a, b, c& Z+7ZF o]
5 gz st e Aow BF e gEeoltt HTCE #A4¢]
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Figure 35 9% 779 passivation 59 #H4& HoFE AFM 27}
a)passivation A (Graphene/SiO2)2] AFMel®| %] bh) HTCE o] —1g)3S
303 &<t dipping$t ¥ (HTC/Graphene/SiO2) 9] AFM ©]H] %], c)passivation
A/T ) Si0.9F T T HAHEE HolF= g =
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Figure 3.6 CVD-1gl¥ oA HTC7F AH71Z2H " STM o] v X (300pA,
00mV)
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323 1M EAA ~E A ] FH}

o2z ox agde EA4A band gape] $17] W] Dirac voltage:
Fermi-Dirac ®A 2 (iy'9, —m)y = 00 28] OVollA vebde} shx gk 221
el CVDHY o=z 4" agHe Ae2 dolHd AHAAE $ Figure 1.8

NMAH F7IFe B A e AASsEAY AHAoE HEsHA "ok o]
213 &3 w9 p-doping¥ ] Dirac voltage’} 0°] obd up shift¥+ &4+
o] dojtr}.

Figure 3.7 302 dippingdt &9 dix2 Ae-Ht agzola %
71 efel g F L passivation F2-e Wl Dirac voltage’} 33.93Ve] A
21.839V=Z 12.04V¥HE down shift ¥ At} Figure 3.891 41+ Figure 3.7¢] o]
HE ¥3glslo] &7 Folxe] w=FA|Zte] wZ Dirac voltage? HW¥3stE
et Tagzolt o] He agd ARk 1599 AvrEE po
doping¥ o] Dirac voltage?} 43.66VelA 7554V 7HA] & F 02 up shift¥
t}. dFA|9F passivatione ¥ I AAFE passivation FF 37.93V ol A
19.29VZ down shift 3FRATE HeF 10577F AV 2 2422VE %7 9] Dirac
voltage Lt} down shift® & FA AT o] 42 Figure 1.8 7
passivation ¢ HTCH-AEo] &7 9 Atav & 2 5 doping=2d &2
gdE xad FE5SA ¥EE S doping e TolgE oz &k Auel
ol ajA g 4 Qrt.

g BREEE FAT 5 719 Aba Aol o Tejd el Hey
W ste] drpud FEFE FEAd deA A 54 Aol E = (electron
mobility) & A3 Bttt ZAbe]lF X (Electron mobility, p)# AAUe] 2
2(source)l Al =Ed¢(drain) 2.2 AX7} o] 53 we] wE7]E el Ao
B AR £(v)E oA 7talE A7H(E)E o

| 2 |

#:E

2 23 £59 S[HYE m/solal A7Fe SIgYE V/melmz Axz)
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o) Fe] Tl

—

m/s)=(V/m)=m?/(V « s)
em?V lsT (=107 Py s

dutx o g ¥ EWMAAHIAME HAA7E Sourcedl A 2 HAL E3
Drain® & A|W7}7] wj&e] dopinge]l ® EHE 7} v g A=
wels wol dApolwx Fho]l "ojxlth Figure 3.9v ¥z iAol B
1 o glo] ¥ HTCO 22 &3 & dAAols g SHS Aiolr}. of
d A E oA %2 Pristine 2 A HF9- AL SAHIAS o 1Y) 159
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