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ABSTRACT 

Thermally reduced ~raphene oxide (T-rGO), a carbon-nanostructured material, 

was prepared from chemical and thermal reduction process for performin~ the 

photosensin~ in a visibleran~e. Raman spectrum of the synthesized T-rGO thin film 
-1 

on Si/Si02 was observed stron ~ intensity of two-major peaks, D-peak at 1603.7 cm 
-1 

and G-peakat 1346.3 cm .The film mopholo~y was observed by optical microscopy 

and was also determ ined the avera e thickness of T-rGO sheet s <2 nm by AF 1.11 

Inlerest i n~ly, t he low-temperature PL spectrum of T-rGO t hin film showed two-broad 
2

visible emission peaks, which have been similar to those of the presence of sp 

doma ins in nanostructured amorphous carbons. Moreover, this stron~ broad band 

pos itioned at 560 nm (221 eV) was consistent w ith the remainin~ disorder induced 

defect states as show n at D-peak in Raman spectrum. In the application, the T-rGO 

was applied for photosensin~ to incident laser diodes with hi~h power <1000 mW at 

wavelen~ths of 450 nm, 532 nm and632nm. By applyin~ 0.5 mA of DC current, the T­

rGO sensor exhibited very fast response and fast recovery dependin~ on the 

frequency of laser. The photosensin~ was investi~ated by measurin~ its resistance 

chan~es with incidence of laser beam with different frequencies in real-time. The 

higher frequency provided the more resistance cha n~e, especially that of the blue 

co l.or From the results above, t he developmen of photosen sors w ith high 

photosensi t ivity and stab le response ould be further proposed. 

Keyvvords:- , hermally reduced graphene oxide,Carbon-nanostruc tur d material, Photosensi n~. 
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'\J , 

325 	nm (3.8 1 eV) 

17 	 ~flf11':J~tl'Ui:1'Wtl~i'imbi:1-1~Yh (450 nm) bbfl~bbi:1-1~b~tJ1 (532 nm) '1JeJ-1 27 

~~I'1l bbm:W'WtleJn1'lJ171 b~mU(i1 (ON)bbfl~U(7) (OF F)bbi:1-1bflb'lJtl1 

18 	 ~flf11':J~tl'Ui:1'WeJ-1i'imbi:1-1Mh (450 nm) bbfl~lbf:1-1~b~tJ1 (532 nm) '1Jtl-1 28 

~~h'llbbm:W'Wtltln1'lJ171 ~lm'W 5 ':Jtl'Uf11':J~tl'Ui:1'Wtl-1 
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'U'Vl'VI 1 


o 

'U'Vl'L!1 

lUll 2004 unvH~m1'U11B'In~'lj Prof. Sir Andre Konstantin Geimll~~ Kon~tantin 

Novoselovllvi'l:lJ 'Vl 11 'Yl tJ 1~tJ ll:lJtll 'U6'1l(9)B~ 1~fl'U9,Aj UlMl6'1B'IiJ ~ tJ"j ~ nBU ~1 tJ B~\9IB:lJ m ~U B 'U, 

~(91l ~ tJ 'I 1911 fl'Um!1 '1 'Vl'U III ti 'U1'U ll~ (9)~'IJ II UU'Vl m 'Vl~ mJ ~n'ljru ~ Aih tJ ~'1 ~'I II ~ ~ iJ1t1U'11(91l 'lJi'U 

(Hy bridization) llUU sp 
2 

iiA11:lJ'Vl'U1l-WCJ'I 1 B~(9)B:lJ 'Vl~8m\Jmi111~11ltJ'U~'Ul~CJ1'UB'Illm1'\A1(9) 

(Monolayer of graphite) ll~~ltJ'UBt\J~tJ~'U]1'U'UB'I6'11"jtJ"j~nBum~UB'U l6'1~il'lmj11l~c.Jnl1 

"llmYl'U" (Graphene) [1] v1111Xun1~m;(11"mn(91A11:lJ~'UrX11'Un1"j~n'lj11~m~'1'Yl1'1'Yl~'lj5ll?1~ 

'Yl1'1tJ5u~ l~B'I\J1n~ru6'1:lJU~lQ'I"I1~1'11vft(91(91l~'Unl1l6'1~'U11'U'UD(91~'U1 ltJ'Umh-:J:lJ1n iiJ1'VlUm U1 

iiAl1:lJ~\91'VltJ'U6'1'1 A11~lll~'1:lJ1nnl1ml(9)'Ul"6'1~'1200 l1~1 ii6'1:lJU~'Yl1'11'\AIYl1ll~~6'1:lJU~'Yl1'1f111:lJ~8'U 
, 'IJ 

~~:lJ1n 1(91tJ lQ9,Aj1~A11:lJ6'11:lJ1"j~1'U nl"j lA~B'U~'lIB'IB l~ n(9)"jB'U'Vl~ BG'1 m9,AjA11:lJA~B'I ~'1 200,000 

cm
2
V-

1 
s-

1 ~Bru'VlJiiJ1XB'I [l -4J 'UBn\J1n-t1 6'1:lJU~~til6'1'UhBnBtJ1'1r.\B 6'1:lJU~l;a'lll6'1'1'UB'Illm Yl 'U ", 

6'11'Vl:rtJ'I1'U l~'U \JB~:lJer6'1 l'IJ~~ll6'1'1m~mJ1(911B(91ltJ~'1ll6'1'1 'Vl~Bl'U'I1'U'Yl1'11 '\AIl(9)Dn61ll~::;BBtJl(9) 

Bl~n'Yl"jBDn61cJA1'VlJJ ltJ'U~'U [5] , 

llm~'U~1m1:lJ1'Um1JA1(9)6'11AlI (Raman spectroscopy) m'\AI~lCJ\J1 nmlm~?1'Yl"j"jf\tJlltJtJH ll6'1'1 

1'U1'Vl:lJ(916'1~ViB'Ull?l'l (OM) ll6'1(91'1~n'ljru::;~~:lJtJ1'1llmYl'U~ lA~BtJtJ'U'B~ nB'U ll?1::;Ji1'1"!\l1 n nilB'I 

\l~'Yl"j"jf\tJllUtJll"j'lB~(9)B:lJ (AFM) ll?l(91'1A11:lJ'Vl'U1'lIB'Ill~'UllmV1'U<2 nm ~'1~ti1?1'Uh~B t:-J?1\lln, 

1'U~1'1nl1'1~m:lJB'Il~'U1~ ~'1ll?l(91'1~'1~n'lj~J::; sp 
2 

cluster 'U B'I1Y'l"j'l?l~1-:JB::;(9)B:lJA1~tJB'Uii~n'ljru~ 

Y'lil1tJ'lIB'I amorphous carbon ll?1::;nl"jln(91~'U'UB 'I di sorder l'Ullm :W 'U 'UBn\J1 n-t1 Y,1~:lJtJ1'1lln 

"j VlJ ~ i1 -:J l Ad 1::; ~~ 'U fl n 61 ~1 ~ 'U l tJ 'lJ BUn d ru ~1 vt ~tJ (;111 ~ 1(91 66 (1 , b~ b'IJ 8 fl V11 B (91 n1 i].:) ll 6'1 'I 
" I 

<1 000 mwl'Unl'~'Yl(91?1B'IBtJ1'1~lCJ 1vwl'ii\m'IJB 'd 9;iiJA11:lJCJ l'J () ~i 'U 450 nm, 532 nm ll?1::; 6 32 

n m Y'11'Ul illA1 nl"j(9)BU?I'UB'I'Yl1'1ldYl1\J1nA11:lJ~1'Uh~Yl1~ ltJ ~CJ'U1 U IIUU real-time 1(91 tJii n1 "j 

DB'U m::; ll?ll 1Xllnl-:J\J "j 0,5 mA 'V~U nl"j(9)BU?I'UB'I~ mm'IJB~~'Umj flU A11:lJ ~'Vl~B9,Aj~'1 '1 1'U'UB 'I 
" 
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tll:lJ1YY~'U 1(9)'€J ltJ'UiX'~rr(Yll'1ltJl'/j'€J1ml 'J1(Ylll;;1 'l ~li nl'J\9I'€J U;;1'U'€J'lll'fl :::;fi'U;;1[) 1~lil'€J ~1'l 'jl(Yl l~lll'fl:::; li 

flll~l;;1~m(9)'€JhJlm'U'€J'Ulf1\91 

fi n'tll ~'fI'lJ'€J'l nl 'j\9l'€JU;;1'U'€J'l(9)'€J ll;;1 'l'lJ'€J'l16i(Yl'Ul1 'Ufll1U '€J'U l ~'€J'jI~~'U 1(9)'€J l tl'U iXl 1 (Yl, ( 

6'1l'U 6'1l'€J 1ml 'J1(Yl6l6i'l~li nlWleJU61'U'€J'l li ~'U61[)1'j1~lil'€J ~ 1'l 'jl(Yll ~l ll'fl:::;li flll~ l;;1~ ~n(9)eJ1 Dl~ 'U 

1.3 'UeJUb'U\9I'UeJ'lnlTI~f.) 

1. 1;;1 (Yl'U11 'U fll {u'€J 'U~ 'J :::;tll m1ifin'tll ~'fI 'U '€J 'l n1 'j\91 '€J U61'U '€J 'l Vll 'lll;;1 'l fi '€J ~ ~l'llll n, 

'j~'UeJeJn1'1l~ ~'l~'l lfl'jl:::;Viill(Ji5Vl1'llflli~'€J 15'UeJ'l ej~ 6~'€J1(Hummers' method) ll'fl:::;~l~~ni'U 

ill(Jn1'j'€Ju~mUv'l.f1:iJ~l
, '\J 

2. ml'J;;1'€J u~ru;;1~u~ll'fl:::;;;1n'tlru:::;6Q~1:::;'lJ'€J 'l llmV-J'Uill(J Ram a n spectroscopy 
OJ 

ll;;1(Yl 'l ;;1n'tlru:::; 1 'U~lilltJ optical microscope (OM) \9I'jl'J;;1'€JUflll~V!'Ul'U'€J 'l~~ls566m :W 'UilltJ 

Atomic Fo rce Microscope (,A,FiI ) bl'fl~l(Yli,'1:UU~ l '1ll~ 'l '1JeNnl'j ~Vlfl~'U bl'fl :::; ll~ (Yl' n1'j fl lt ml1~ 1i.~ 

ill tJ Photo lumine scence sp ct roscopy (P L) H ilw 'll'fll'1l eJ1 He-Cd ~ml~CJT~ fI ~ 'U 325 nm 

Q.I oC:'t..:J 
l(YlVl'€JruV![)~ 11 K 

, '\J 

3. n1'j1(Yl;;1~U~Vl l'lll6i'l6b'fl:::;;;1~U~Vll'l1 'jI'j<{h 'J:::;1oi]'ll;;1'll'flb'IJ'€J{1(Yll eJ(Yl~lifh;;1'lb66i 'l 

<1000 mWflll~CJ1lfl~'U 450 nm, 532 n m 6b'fl :::; 632 nm btJ'UbbV!~'lnllU(Ylll;;1'l\9lnm:::;VlU ~b'fl :::; 

1(Yln1'j\9leJu;;1'U'€J'lill(Ji5h~'ju 4 ~l b~eJ fi n'tll~ 'fI'U eJ'lflll~~'(jeJ'l ll;;1'l (flll~CJ1lfl~'U) €Jn~'lflll~'b 

lb'fl:::;'V'j~&\m'j~1'Unl'j\9l'€JU;;1'UeJ'l 

n1WhlU'Un1'ji~(J 1tJ "" b(Yl'€J'U 

~ 

n'Jm'j~ 1 2 3 4 5 6 7 8 9 10 
-

11 
-

12 
r--­

1. fin'tlll l'UlA(Yl 'll'Ul~(J l l'fl :::;Vl~'tI5~ 

l n CJln'Un1d~'l lfl 11~"h6n ,,'h.J ;;' l!u O)vn:; 

ll6i 'l lb'fl:::;nl'jD'j::;(JnI'lVll 'lll;;1'l , 

• ... 

2. ~'llfl'jl ::;Viblm~'Uill(Ji5(9)1'l1 l'll'U 

I 
I 

Son ication-assisted method ll'fl::; 

Hummers' m e thod 

3. \9I'jl 'J;;1eJU61fI'tIru:::; lQ'Vn::; ~l'UeJ'lllmv,l'U~ เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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;;1~ bf1'il~'v11(9) Jl1tlj5liil~ ~ 

- Optical microscopy (OM) 

-Raman spectroscopy 

-Atomic force microscopy (AFM) 

- Photoluminescence spectroscopy 

(pL) 

4. eJeJ n bb 'U'U n1~'V1~(;1eJ~1'U n1~111 bbm~'U1J1 
I 

~ 

tJ~~tJnl'1bU'Ub 'IJ'U b'IJeJ1bb6'l~, 

5 . Pim~l'vHl&\m~:lJ1'Un1~V1~l~l~bb61~(9)ltJl~ 

n1~ b'tJ~ tJ'Ubb tJ(;1~'V11~1~vh 

7. 61~tJ~mb(;1::;l bf1'il::;,,1~(;1/ b~mb'\AI~~I'Ul~tJ, 

bod'll 1'Unl':itJ~~'1J:lJl"l.J1n1~'v1~eJ~~:lJ'Vn 'U, 
v 

11~[11~1'1Jl n1~~~~~~'U'1Jl&\ bb(;1 ::;'U1'Ul'1Jl&\ 

1.S tJ ~~btJ'1iU~fl1(i1il'il~1(9)~'U 

1. b~ eJ'Ul'1J bb(;1::;'\AI ~ &\ m 'J:lJn1 ':i V1 eJ'U [1'UeJ~liimbi:1~'1J eJ ~l[1 ~'Ulb'UfI1~'U eJ'U 1(9) bbn 'J~h"ll bbn 

~~'UeJeJ n16(j~ bb61::;'Ulb'Ubbn~1~1'1 

2. b6li'U b'lJeJ {bb[1 ~ ~ 1 nl[1 ~ 'Ulb'U \"11 ~'U eJ'U ~:lJ 1"I11:lJ111'U nl':i V1eJ 'U [1'U eJ~ bb m ; f1 'U[1 m '\AI :lJ, 

3. e-J61~I'Ul~tJi:11:lJl~me-Jmb'V~':i"l'U11''j[11~~::;~'U'1Jl&\ 'v1~eJ'Ul'Ul'1Jl&\~ ii impact factor 

'v1~eJ bo1Jl ~l:lJtJ~~'1J:lJl'1Jl n1~~ ~~'U'U1'U1 '1Jl&\1(9), 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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'U'VlVi 2 

'r 
Lbmw'U (Graphene) [1 , 6-8J btJ'U1?\~?l 'F} :iJ ~ ~tl"J ~ fltliJ~ltJEl :::\?1 il:lJ 'I''Uil'U:al1l b~ tJ ;) \9)1 

n'U D~l Vi'U1 Lbtl'Ul\Ju.(;'I ViSO bb'U'UVimVi~ tJ &rfl'\<1ru ::: i~htJ -r;j~.:J bl.(;'Idn~'U~l b"IJi'U (Hybridization) 

l.1.'U'U sp n Al l:lJ VI 'U lb-WtJ 1 fl ~("'e:l:lJ Vi~tlU1 ~fl~1 11~dJ'Ui'Ubl1l tJl 'IJeJ.:jbbfl';i1 'jll , Vl~tltJJ :;;:lJ lru 

0.33': nm [ll'W~ l(a) Lb~ :;; bU'lr811 11tl~'U~1'U'Um l 1tl1 :;; n B'U A'l1'U 'i) 'U ~ 'U G'i ~bbn bbnJ'l '\<'Jr.) ,v tit! \.I d.3 1 

Al ' u~n.J 'U l1'Uvh {J bb(j ~ '\<'JrlbflD1 'U bbm '" 'Ub-U 'Ul(1I1l ?1l 10.:Jbi;1Vi ::: Vi~m-U'U ?ll "J~ ,:j~"d\h ""hiihWiJ 
~ , 

! V ~ V Q,..I 6' IV v , d . 
'I.ltl.:j1 1 .:j'W~ .:jnU :lJml ll?l:lJ Y~'U'B 'IJ 'iJ ;) 'W~'l 'l 'l 'Ufl'U L1fl WI tl J A~'U'Um el'4 .fl1 A'W1 Vi::: ( arge ca rrl er~ ) 

1'WL"IJ'U'U"ji;1m'W (Brillouin zone) btJ 'U b L 'UiJb~ .:j b~'U ~.:jm'W.yj 2 ~.:jvil1Vl~bfl1 ~ 'UiJ 111lbbl9lflt'lI ;j '.nfl 
" 

l?l (;)?l l"JX'll'll,jl'lJiJ B'U bbi:1 ::: vhlVlbn (;) ?l :lJ'U~ 9!l l'llvJvhvi :iJ &rfl1Sru., 1.~'Wl :;;l91l :lJl{;'1V"l e.J(;'I (Effe tive • 
mas- ) 'lJf:Nfu~ fl\9l"JmJ bb{;'1 ~1~(;'Ihmmw'U\:U 'U~'lm bb&1.., :iJ'W~~m"JlI b~ CJ'U LVU'U t)'li m b'WeJ'~:iJe)D'\..m'UiJ 

~:lJ~'V1 fll'W :iJrlJ b v~ ~ tl'U~ bbiJiJl~ ~ fll 'iW~::: b~ -11(;) &"1 (Balli stic t ran_por t) ~ltJmlllb~ l B"ltl '4fl1 A 

m/ s ...-l85iJ1CJlJlJl"w?1:lJm Jnl'HA~ B\J ~ '1Jtl"l ~ bb 1n (Dir c equatio ) ?\l Vi1''Utlttrnfl ?1 'iJ 'U 112 

EI.ect ronic dispers ion '1ltl ·mm~'UA1 'Ulru In Tight bindin 'S approximat ion 

\J';l ::: ntl'U ~1m tl'U'W thn'U 2 bb. 'U~ tl bbfl 'U l lb(;'l 'U6i5Vi ';ltlbUYU'UB'lL ~ (U.fl'Urll.:l) bb fl ~Lbfl'U fm'U#ln-8''U 

'Uti BI.~nl9l 'jeJ 'U ( b iJ'U'U) "J (j) ~~.:j ?\ 8 .:J bW'U~iJ er?1 n'U 6~ tJ n l l 'Il (;)~ b b';in (lJi rac oint ) n6 \1,(;) i1~1 I'!..!~ 
1 , 

(a) (b)~ 

1~i ' ;'. 1!: I . : 
1 ! . •

I: ;
• : : : . t . : 
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JllW~ 1: iJ~1J''fIJ'lJB~ 61 1'~1 r1 ';i \l 61 'h~ Al1'\Jtl t! (a) I.bfl'S~'\J (2 ~~) , (b) Ikmli"lrfi (3 iJ~ ) , (c) r11 ~'Ut)'U 
~ " 

tilhrvbli ( ..~ ) Lb~ ~ (d) i"ImG1tl~'\J (0 ~~) [6J 

-l 

() 

--1 
-2 

2 

cO 
JllWVl 2 

<vleJG1~:!J ~'?1 <')'IJ~~(;l~ II. 'HI, 

- -1 
-1 

Elec Ionic dispe rsion 'lJtI " Lbfj(Pl~'1l'VIm'V\~fJ:)JhmnJ~'W 

(1 )E (k,.. k, ) =±l 1+ 4cos ' [ ~ "ok, J+ 4CO{ ~ a"k, cosGa"k, ) 
b~ll t (:::::; 2.8 eV) ~h.l~A\l\l l '\J hoppin~ ';i :-; Vdl \l ll ~ V1Cl:WfOll~'\JB'\J~lnti'~~ (?l L~G1~ 

U (::::: 1.418 A) b'U'U'J~tJ'i::'~l J <v 'VI11\lB~(Plll:W C - Co 


t'IJ b ~~'iJDllii :WJ ltJ \l 1'Ul-.ijmb6Wl\l61:!JW1\1l1\l~ 611:!Jl'H) 61 ~iJl~~\l~ 


1. fil nm11h -Wl'1J {) ~ bbm~ 'L!il l'h~lC1 !9lhib'u'U 'lJiibbilfOl l1:!J 'VI'Wl bb'IJ 'U'tr~wJ ';i~ \11 ~'\" 1, ,~ 

3- :WJG11'lJt~flwa'U (Cyclotron fllass, m ) 'lJe:J \le:J~mfOl bi"lEl~iJ·tlB'Wlub n'jwtJ ij [m~ 

Hmfl (Massless) 61 1:!Jl'HlB5'\JltJl~~J 

)) 


4. bflC'l'iJJlfl[)m) rui(;lbb~\l 'IJ e:J~ l r1 ~'L! (Klein paradox) mndABB~iYl '}n\llg:;l'Ul~n 

J" 'L! l:WT~ml"l~tJ'L!'" 'V] " " ~l'U fh bb'l yljn cj1~ 100% b~tltl'U[)'l I"l Wl 'Vl g:;~'L!(ij nm:;'WUrll bb"'J\lr,lln eJ" :W~J, , , 
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tlBml1ndtJ-1i:1i;ld-J1J&\~tl1 ~tili;ltlh bb6'1~;;hf'1~\9iB n1~lh~~nii1otl b'1ltl iJAll:1WUJJotltl 

'UB-1i1Tl.hvn'V1~i;l-1B~1tl~~~'U 10
13 

cm-
2 iJAllJJt.J1lA~tlb"l'lB 'HJ AF ~ 50-100 nm~~tJ~Vl1-1~?l~~ 

" " 

b~ tl ~ B ru'V1 fI ~1XB-1 bb 6'1 ~ Btl \?l ~ n~ tJ 1 ~ ~ 'V11l-1i;lDtl'U B -1 n 1 ~ bA~ Btl~'lJ B-1 ill (lTV'll 'V1~ (spin-orbit , " 
coupling) ~1 ~-1r11V111bbmYltl~~~mllmHb~BVlV1blVltl68~nBtl1tl~tlmru~l~nVl~Bun;;i~h~ 1 ~1otl 

ntlB ~1tlIJ~ ~Utl hJl1~~ bDtl b'(jtll'(jB11'(j6'111l'(j6'1~ Vl~ltl68i;lb(?)B1 ltJtl~tl 1V1tJbQ'Vn ~1JJ1r1~lltl1 tl" , 

m~'Ultln1~~-1 lA~1::;~l?lV)tl11 tl fiB m~'Ultln1~~-1lr1~l::;~ II'U'U'Utl6'1-1~l-1 (Top-down) ll6'1::; ll'U'U 

~l-1~'Utl (Bottom-up) 1 tl m ~ 'Ultln1~~-1lr1~l~~ll'U'U'Utl6'1-1~ 1-1 bb U-1ltJtln1~6'1 B n bbe-ltlllmYltl 

1 V1tJ\?l~ -1 l'1ltl1o~?lnB\?llVltl6'1BnLbe-ltlbbmYltl'iJ1nLlm1yjii'U~6'1Vl~ n1~Hl~JJ AFM 6'11nLle-lWlmYltl, 

Graphene Synthesis Methods 

I 

Mechanical Chemical 
exfoliation exfoliation 

AdheSive 

tape 


[
 

-AFM tips 


f11'V'l~ 3 :llt:J'UflTIJ\Jbl?lV1-115n1 ~

Chemical Pyrolysis 
synthesis 

~sonication 

L	 Reduced 

graphene 

oxide 


~-1 lA~1~~bbmYl'U[8J 

Bottom up 

I 

Epitaxial 
growth 

CVD Other 
methods 

1--Thermal 

L plasma 
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2.1.1 nl'~~~b01~ '1::: ~ bbm~'W ~dtJ1D o n icat io n 

If) Sonlca ion Vl~ tlnl'~l'1lI"l~ 'W\'~1'J "" fl dl1Jk4r~~ 
\. 

'1l18lurl'~~.:Jb l"l ~1""h n 1W'W[9­

1Clj b~V·r;,:n nfl~ '\.Jb~m~l ' 1 1m~'U 'Vl l -\l 'l 'W'l'lfl w"llnm-\l~ bU'\.J'DB\l bVlmVl1tl~1 ';i""' ~11'.J1~ dl tJ 'Vltl~' 

.!':".:J 1 'lJliXbbri'IJtl .:J 6Vlmvhl~" nl'HtJ~tJ 'W 6LU .:j'fl11:lJ~'\.J ~ 1'Wtl\1l (comp essie ) 6btl v ~ 1'W'lJ tJ1 CJ 

(rarefactio ) ~~6n~we:p , f~qjlmY'l'IJm~b~ nl'W'lJB.:J6vml~1'W1'W::Wlf 1~ CJW'Wl::: 'U~ ld ru ~ 1'Wtl~~ .:'j il 
v "" .,. ~ • • 1 I .,1' Q ..1 I

0)d l:lJI'liJG'l .:J b':itJO'n Cav itatio 66~9 ~' bn l91 rn':i1::: 'U~'1J'i).:J Yl il.:Je)1rl 'f1 bltll(Plf.)~l L~uunl'l 
" 

. ~ i.I ~ .J' oCt ~ ¢i d vcS 

cav itn .Ion VI"'tl~"lV>l l :lJ'i'i)'W'IJ '\.Jl (>lbfl OJ '\.J ~ :::::W BruVl.fl:lJ{'\ -:J :lJ l nfl .:J 5,000 K bb"nl1'J::Wfll1::W~iJ tr.:l .. I , '.I <>,j 

2,000 atm~'Wtl~n'Ufl l1J~VI~fJ 1\J ~.:j.:J1'U'1JB 'fI ~ 'lJb~ tJ .:j ~~m";j'i:::b'iJ~~.:J mn;n;,nm';j fl 'V111V11:lJLtl~~ 

'lJm6Vlmij fl l 11Jb~ 1 ~ .:J 280 n / s [1 0l m V\ 4 b6~ ~-\l m ::: 'Ul'W 0tlm6N '\.J6bn1W'lJ\J1mbml~!Pl~'w 

l lSTn:i Sonicatiol ~-\lLn~ l~tl-:Je.nm Y'l '1J'WlI?l6 ~ nVl·H) cav it at ion bb0vbb ;)':i ::: {j~~:lJlnnilll'j-:Jbn'W 

I, B4rJ1~~ vl'llVf' 1::W1 J~1&l tln ~'W'1Jtl-\lbbm" 'WBBfll~ U';i l flJ n l'm :i15i11:lJl1'1l 'W'Vll .:J So nochernisl y 

vll tl'W ';} n~ tJ1J:::Vlll~'W~-\l -\l 1'Wn'J?lm 'il'llt1~~fl ll ::W~fJ 'W~ Lil~~'Wm tJ1'lJ'~il.:) en fll f'1 'IJt.!11?l b~ n L~ tlrJ, 

~l'!l-r'UflT~ b!1l~m.mn'jVJt.! fll ~1i ~~JI.~ tJ· bu'Ultht11':}l~ BnVl~~~?l1 ~,nJ(llVf~ ~b~'W 

Ll.m~'U 0i tJt.!4rl ,:tl'Vl tV, bl.tl~hUL/J5~ ~ ltJ ~ lfl Jl"',flJJ1'W '\J~1Jl [w::W l n ;~1~iJ n J <U\?JJ lJ l1V1tJ ~':lb , 1 1 ::: ~ 

It.! ?llJ&l ~ ~ltJ 1 ~ "l b'1l fl';i\9)B'U ~iJ bbB~nCH'ltl~ tIl Lb~ ~ iJm ';it:mJbl~ -:J l~ tll~ :W 'W ~;j l 'WbXbbr1 

hH.flfli:l1t111V1?l l1Jl'HmtJ rl~t.! '1Jtl,mn ~ iAJ'Um)fl<;l1ml.fl ll~Mh)~~ , 

ij';il r'l.ml';iT~(tMlb~t!tJ i'h fl111-in'" Son icat io n l'Ufl1~~-:Jl fl J l ~ "v1 L6n';iW'U;;]ln 

ll.W· vJ "'l'U~qJL UVlJv~{,"l'a&l t: tlltJ 1 tJ1.;r"'1vl1 0 "'f1 1tJ~ij ~I'W ~;J ~ 1'W ~ 1 (Surface e nergy) ifl';i~n'U 

'1JB~lbm"''LJ L'li t.! N-methyl-py rro li done (N IP) [12] 1~11Vl1~.ff'\.J'lJv.mn1w'UV\'Vl~ ~ ~'i) n m)n1J l 

~,'lJ 'W ~LJ "'U l~:Wln 6b~~m ~ltJ~11~~mn bl.(;; Lotya [13] l~LI.?l V1 -\l1Vfb~'Ul1.§'U '1JtJ~bbr'J~'U ?l 1:W1J bl 

tl nfltlnl tKl'W.Jl bbtl~m..,~;nCJ;'11J)~ b~·m~ 81n'U b~Bij nl ';i1.;rf11 ';i0~l.b "i ~ ~ 1 (Surf c tant) mfJ1~ 
" 
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~Qn~tJnv11 tJ fl~'Ub~tJ.!l l1dJ~\!~'ii ~Al1moifdJ-u'l..J 1 mg/ ml 1'l..J til ~i,?1 {91 ~ A l l dJ"'j'\J1 -1 nm mJl 

G'l111bG'! :lJtl ,mb~'U 

~ I = -§- 3J • . .,. ,.­
-§o , 
l o 

u.o u.~ Jl 1!J ~ 2.0 
-," 

~ ] I~ L ~ 
~1
·i t----·- '--. --..~.# 

) .­
:l: II , I 

OJ) 0.5 1 Jl 1,] ] D 
I 

=- 3 t 

-?J% , . 
~11 ------~1------------~1~-----

0.0 0.5 HI 1.5 7.n 

Jll'W~ 5: il1'W:;:nn AFM lV1:lJ{91 non-contact '1H}:llbW b~m"" lJ BBfll"ll <u>m~ A r:lJi!I'tnvi °lb VI1.l~ 

I'm [1 Ll] 

2 1.2 nl1 ~-'l bfl"".i l ::; 'i-hlrn"" 'i.JI'1J CJ1"~;fli'U~nnu>n~~h.meJf)llill~ 

bbm~'l..JtJtJnllill#l (Graphene oxide) dJ'l..Hbn1w'U~rm~~~ bb'\..lfi'l l~ bfl:iJ 

(C emically modified graphene) ~V\ ~tJ:lJ'<\l l nn~ ~'Ul'l..Jn1~'ll5n~tntJtJfl6lib{91i 'lJv,mml'Wvl bb~::; 

6'wmU'U~'l..Jb~tn·lJtl·mn';jw'U ;'l ~Vl?il'U'lJB ~ 'll~mCUEl"-;Cfltl:lJ'lJtl ~ fl11'Utl'U "immn&86"J'U (c/O) -wmJn l l 

3. 0 bb~::; ~m~l'U"'''' Vi G'l•~i'.1 0111m9\~ (J~ 2. 0 [15- i) ] [l TW ~ 6 bb ?l ~ ~LA ';; ~ G'l ~1 ~ bbe-J'Um1'IJ B'U1 

m.,'Ul'Um'jvhLl£Jn~V1tltln6Bb~i'w ~~1~ni'U'(Jtl ,mmly.J iii l'1"wm )'Vh'll5n~81n\Jn~ {91 bbr1[ 6J ~l1n 

bb'\J'\J~l fitl.:J'1JrJ Lerr - Klinowski [19] bb?\ {91 ·yIj~tJtJnllill 'I, 'Vl'H1J ::; vrh~i'U'lJtJ bbml'\IIJ\?1 vr~tJ '\.J 'UQ' l 
\J 

'IJ'i)~bb w 'I..Hbml'\IIJ vl l \?1 mmlljl ~ n~:lJ 1,2-epoxides bb£lO:: hy roxy l ~l'L'U~l:J ru'(J'i)'\.J"il ~ :n fl ~:lJ 

ca I oxyl ~~~~ hydroxy l Ln1 :t l.lJ'U?h'Uh'l~ bb(i .,81\ii1S- Llll"" 6-rn mbered lactols [20] vh1Vf 

d-s acin~ \l I n 0.335 !l ITl '(JE.J1EJn 2-3 b'Vh b~tJnm':i~l~'"h bbml'1"liiimm1"IJ1iJ (Graphi e oxide) 

\JlmY'U ?l l:lJl'Hl lbtJni'U'IJ EJ 'H~m1'\IIJv\elEJ nl"IJ(;)1'tJJl'Vj~B1'U ~h\tllfl O ; fl'l tILiJ .ff'U b~tJl b1 n bbfl':iVl'U 

'i)EJflllill~ (Graphene oxi e) l.:Jjtl'\lh\J~n~tJ1~ "'n-b'wl'U l ydr zine hydrate ( .H ) \I..,lm~h"llu,n 

11/J'Utltlr1"il1ii (Reduced q aphene oxide) ;~'V1~tmnl"IJ~~ 1 'Ub~1y.yjB~'\J~llrue.J1 tJ;jlL~ Q I.bm~'U 

Vif1~Btln fJ1\1:iJlIm 'lhVl ~uv\I:Jj'(Jtl'IJ'tJl .:j 'i)~ 1.:J' · ~ n"l1:1J nl1 ·1~~n'1j'U ?l1:lJ1~ 'whI'11U nl''.llVfth VlJl"?\ 
, '\ '\J \I 

[4] L~Bnl~' BBn68b\J'UviG'l~1 ~ ~~'U 5~ n n~lI arom at ic carbon, fI1'jl<ffY'1~'Ull1lA 'j" 1. 1.( n1':il<ffLl?l ~ , 

dJ 'U I'1'U [19-20] 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 

http:V1~tmnl"IJ~~1'Ub~1y.yjB~'\J~llrue.J1
Lib
Textbox



9 

E-
Oxidation 

Graphite Graphite oxIde 

~~ _.:- -:' , O,H.Q,M0_ 
~~~~"~" ~'-"~-~o~r
E • "-' _ <0-1' 

r: 
<fJ ~ l	- o ..0.' 
'0 

o 

~-
~, 	 ~o 

1C).,4: 	 '. '.'" .)'I.- . .' 
'--, . . 

~-. - ~ 
<"1'~ """ 00,.. 

Reduction 


Reduced graphene oxide .. Graphene oxide 


.n l'W'Vl 6 : ~n' YI )lm W~l ..m~'iJ .. l 1uDU'l tl n ~ ~'Ul 1.JfI1"j'V1 l tJl\ fr~ cne:r€ln 5UbV'li'W'ueJ .:!rhi!~ i Bt! n'l"lldi 
~~ 	 ~ 

ll'Vl'jm~vrh:J~u'lJ B'Illml~l'll~tJn llml~I'lm)nl'il~ 'Jlmr'W~eJn~U'1J€l'l l\'ml~ il eJ€lnl'il ~lmhM~B 

'lu(kn(h~~mtJ ~Ul~ m~'M~(i)~€lmJl\,~tJn \,lmV11.J€l€lnl'ill'l l~m(htJ5n~m~~n-ll'Wn'U hyd ra zine 

hydrate (N 2Hq) 'J~l~~l'llllmv~'W€l€lnl"ll~ [1 6-19] 

2.2.1 	 nl 'j ~(i)~Ull?1'1'1J€l'll\'mV1'W (Optica l abs orption) 

nl'j~(i)~U ll?1'1'1J€l'lllm~'W (Optical absorption) lUU~~'Jln1f1'j 'l?1~l'lleJu~(i)l(i) 

l'il -llU sp 
2 

'1JB'IllmV1'W ~'1iJ B l~ nm €lUB?1'j:::; 'lU€l €lUv1~ Pz'lJB'I €l~(i)€llJf1l ~UB'W1'W sublattice-r'I ~'1 

(.nl'W~ 2) B€lUv1~~ overlap '1J€l'l?1m'W~ n ll~~ n* .a'Vh1~lil(i)?1lJLJ~~l'l1~lu'Wl~~l1(yWlu'Wl:::; 

~l'Wll?1'1\'l~:::;nl':i(i)BU?1U€l'l~ml?1-:J llmV1'W?1lm'jf)(i)€lu?1uB-:J l91 ml?1'11mU'Ill'l nll'l ~'1 ll~BU'Y~'jll 'j(i) 

ln~~'1el~(i)hb1m~ (i) ~'1.a [21-22] 

1. '01'B'UW~ lL~(i)ln~ (Far-infrared) nl~ (i)B'U b'1 U v 'lm;jL\' A 'HU t!f..Ji:l~I ViJln 

~h~ n (i)'j €l'WB?1'j~ c'htJ?1mu~1'WLlf)U'V~~'1'1l'Wl~tJl nu (intraband transition) ?1lm'jf)B5Ul tJl~~ltJ 

II uu<5l~m'1JB'I Drude [22] ~'1'W~~ m'jlJnl'jlf1~€lUcJltJBl~ nmB'W1'Wllm~'Wl?1iJB'W~ lL 'jm'V~€l ~iJ 

€l€l'WHm~ (Massless Di rac fermions) 'Y~ullrll?1m'WL1l1~~l (Conductivity) :ffU€l~nUmllJ~ 
'U 

, v " 

(Drude-li ke frequency dependence) ll~~ l~lJ;Uum.h-:Jmn'VlmllJrl'j:::;~U THz rll Drude 

we ight (D) ;;1l'M-rU e lectron-hole ~?1llJ l'jf) r\'lUl rul~\1ln?1lJ nl'j~ (3) In(i)fIlllJl~?1lJm(i)'j เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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D= v"e
2 FA (3) 

n 
tdB v; = 1.1 xl 06 m / s ltJ'Um1lJt~';lti.~j B {i1 


In! ltJ'Um1lJVl'U1ttti'Uen~.fI1A'W1Vl:; 

. V 

'lJ ~ Q..I """""" ,.:::. c::: ~ ~ d v
ll6'l:;6'l:; l l'U r:-J 6'l t'U eJ 'I ~1 n B'U V1 ';i n ';i tJ 1';i :;Vll1'lB l6'l n V1 ';i eJ 'U-eJ l6'l n V1';i eJ 'U 'U eJ n~1n'UtJ 'I 

'Wtr11 ?l1lJ1 ';ibiA1UAlJ nI';iV1eJU?l'UeJ'l~ml?l'l1'U'lll'lB'U'Y~ ';i1 t';i(9)ln6'l'VeJ'l eJ'U.fI1 A'W1Vl:;1 'UllmYlt lli1li1'w, , 

nI';im:;~'U'Wm?llJ eJ'U (Plasmonic excitation), 

2'll1'lB'Uyh1t';i(9)nm'l-1ml (Mid- to Near- infrared) ni';i(9)(9)srrUtt?l'l1'U'll1'ltfbJ
'\J 

~ate ;'lvh'lV1~1'W~'l'l1'Ul~eJ{i1tn(9)nI';i shift ll6'l:;tVl~tJ1L111V1dl V1 Pauli blockin~ (?lb11'U:;'VeJ'l 

Bl~ n V1';i eJ'Ubi nu';i ';i~ l~lJ ~'UBl~ n\i1';ieJ'UB?l';i :;hJ?l1lJ1';i bi l<U 1lJ1 l~lJlli1B n ~'lhJ l n (9) ni ';i lA ~ eJ'UcJ1tJ 
'\J , 

~V1~ii~m~ru:;ltJ'U sin ~u lar ity (.fI1'W~ 2) 'VeJ'lllm Yl 'U ;'lttJ'U'W~~m';ilJt~eJ~nm:;~'U1i11tJbt6'1'lmGJ 

vh1V1tn(9)leJn~V1eJ'U (E xcitonic effect) 

22.2 ni';i0i n 1jl 'V1 1 ~LlGl 1il111Pho tolu m ine sce nce 

nI';iltJ;;1'lll?l'l (Luminescence) ltJ'UnI';itJ;;1eJtJbl?l'l (Emissio n) 'VeJ'l?l6'1'l';i;'llU'U 

cold body radiati o n fleJhJlli1t~tJ1<UeJ'lnLJnI';itJ;;1eJ tJA11lJ~eJ'U nI';i t tJ;;1'l tl?l'l.niieJ~Vlm tJ'lJU(9)
'\J 

~'UeJ~nU'\i~~'l'l1'U~1in';i:;~'U (Excitation ener~y) n;;111fleJ [en,wikipedio,org] 

Chem ilum inescence (CL) ltJ'UnI';itJ;;1eJmt?l'l~ In(9)~'Ul~eJ'l~1ntJ~ ri':i tJI'V11'llAii vh'lmlJl6'l~6'l'lJeJ'l 

m';ibinm:;~'Umn 'U?lfl11:; intermediate [0] l'll'U tJ nn~tJ1'VeJ'l6'liJ'UeJ6'l nul~1(9)';i lOJ'Ul tJeJ{eJeJn16(j~
1.1 'I 'U ';,..J 9J 

In(9) vibronic (3-APA, [0] ) 1'U?l.fl11:; intermediate ~'l~nm:;~'U~'U1'UltJ?lb11'U:; fluorescin~ 
I V " 

liieJiin1';iAltJ'W~'l'l1'UeJeJnlJ1'Vru:;6'l(9)6'1bi1'U:;6'l'llJ1'li'UVi\9hnl1 In(9)~~V1ilru·~htJ'U 3 ­

aminophthalate (3-APA) ~'liinl';itJ;;1eJml?l'leJeJnlJ1 

luminal + hydro~en peroxide ~3-APA [0] ~3-APA + li~ht 

Crysta lloluminescence (XTL) ltJ'UnI';itJ;;1eJtJbl?l'l';i:;Vll1'lm:;Ul'UnI';i crystal lization l'll'U ni';i 

In \91 r:-J~ n'V eJ'l certa i n salt 1'U l~6'1'VeJ'l'lJeJ'l tVl6'l1 ll~ iJ'll:wii nI ';ieJ59J1 tJ nI';i In(9)tJ ';i1 n£] nI';i ru~ IIti'li\9l11i1 

Electro l'.Jrnlnescence (EL) ~tJ'UtI'J1n£]nI'JtW~ Ln ~'Uvr.:J'Vl l ~b "m(l~'V111~~11 ~'l lG'1 Vl b'li'U m1~ 
1i11111 Bl~ nV1';ieJ'Ull6'l:;l~6'lm~~:;bi ntttJ nn'U1'U';ieJtJ~eJ p-n l~eJiinl';i m:;~'U~1nB l~ n\i1';ieJ'U1 'Um:; 

'\J , 

1'V'1{'11~1Vlm,h'UVl~eJeJrJ1 'U?l'U1lJ1~ofl1m1lJl<UlJ?l'l OJ :;tJ6'l(9)tJ;;ieJtJbl?l'lVl~eJ1~ V1eJ'UeJeJ nlJ1 ~'lL11m1i 
'\J '\J 

VhtJ'UVl1.J1~eJ~1'l1 (m';i phosphors) Vl~eJ LED 

Pho tolurn inescence (PL) ltJ'UtJ';i1n£]nI';irutJ6'l(9)tJ;;ieJml?l'l~'l ~ nm:;~'U1i11tJLv1 

V1eJ'UVl~mtJ 'U nI';i\?)(9) n~'UA~'Ull:W lVl~ n 1 ~ofl1 Vl~eJ l~tJ n11 l tJ'UnI';itJ;;ieJtJ tt6'1'l1\91 tJ m:;~'U1i11 tJ tt?l'ltl''UleJ'l 
'\J , 
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\J'j lfl{J nl'Hil'tJ~ tJl'm~~vhn (9) ~'U l ~(9) .:j ~.:Jm "..J~ 7 tb,j ,(i)tJ mtJ'U nl 1111 bb?!.:J (Fluorescence) bl.fl ~ 
~ - ~ 

mJL~e:l'lbb?l ~ (Phos[Jhoresce n ce) YI~ tJ~tJJln{)nl'HU~1 .:J n'UV1m~'Ul'UmJnGl''U111~ m'U~-w'l 

... 

Energy 

so --~--~--------~---

.f11W~ 7: Lb e-J 'Ufll'W'W Gl'.:J.:Jl'Ulb' ,(9) nlJ~li1 n ~'U1V'Jl11 tl 'U Lbi.l~mv 'Ul'Unl':! :-N'1Vibfi(nn'Uf1l'~tJ~mm?l 

tJl'U'Wi.lti tl Ld'6'\ b6(l'Ur-l L bi.l :~~e:J i?1'W f) b';i ~ b"1l'Ur.l[www(en/showcorn]
" 

PL 'i'Ul~ (9)l , ~;j f:r}l 'Ull'U'lJtJ v:t::Wv 1'\iJi;'1rl l''Ue)'U ri'dltJ.nt.r;hbil l'1 ~'Ul'i1f);j'l1 n f)1d, 

'Jllln'W'lJv.:J~h~ fWl'jf) 'U Lbfl'"Illfll band- ta il sta e 1(9)tJA-r?l b(f181 '/J ;j sf} He ley, et 01. [231 

Lb i?1I?l ,:tl Vlb~'Ufi;jm'J ~mJLL .:Jl'U 6'l LDrl l!l-rdJ L ~tJruVi [l iJ 6 f< tWnm1'U ~1.:J"(?ndJv'Hvn.J'lJtl-lf.l:t:dJv~ 
, \J 

'\iJ?l 1"l 1 ~'UmJ1'U11"l 'J .:J?l ~1 .:J 1"~'U'lJ11'U~hJ~w'U'5~ (b~'iN~ln LA (jijm ";i r;m~lrieJ'UWlhdll nT~ bn~I~'U'5~ 

n'U1~1 (?,";jb'<\l 'U °l1Jfl"11 F'L L~),J ?I .:J ;ff'U) ~lmflb6(jf)~Lb ?l 't'U l'Jm~~ 'I I tJl1A~ 'lJ 4 8 nil 'W'Ul1
" . 

peak 'lJB.:Jm 'J tiG'lf) W'liJ 11dJ boar I"1 m.ih .:J lI l fHbi:1 ~ ?lldJl'jf1bbtHltlv fll'iJ'U e ak ~1 ;j 'l n'Un'U 

nlJ ~ fiI ~JCJ¥l;j ' -TI'U Gaussian ~ °l LbVi'ln 575 nm :n peak ~ tl 'Uill.:J-TI lLfj ,; ~fiI1LbVi~~'Jl1'l 700 

n r~l ~ tJ'U·ih.:J b oard L~u.:J';l1n BI,~n\?m) 'lJtl .:JY'n1'UtJ'U ~ n local ized l i.l'" pdarized l\Ji"1~(?1lfile:d 

'IJ'tN sp [23] 'U tl f1';Jln.Q Cuon~ , et 01. [24] l~fin~n~ tmb~.;j bb ?1 .:J'lJB 0 Lbn~YJ'U~ ~-:l b01':il:;Vt~';lCJ15 

'l-HAij~ '1f)?tliJA r-)-rllJl),Jl 'U Ll61 ~?\h '\J A ~)-rdJ PL ~ ~ 'U tl"h~;j ?\ lU Vl -r:w PL ~Q ?l ldJ li1\J , 1 '(~Vi 8( ) 

'lJB -:J lbmYJ'UBeJf1l6(l ' (GO) b\J~CJ'U L "'CJ'Un'U'lJtl~~~lOi1 bn':iYJ'UtlfJnh~~lCJ?l';iI, Aij (CRG) bbi.l:t:#hCJ 

0\'"J ldJ1tJ'UV1 TOO oe (TRG) 11'l;;lm~ 6(ltlim~ v'Ufl'ndJEJlJY'l~'U 325 11m ii A11),J b o ard , 

.J o . Vi.' I d ~ 9/ 

pea k fil 1\b'i)j'U ~ fiI1.:J'-1 LI?lLLn 513, 559, 620 Lb~ "' 689 nrn '1l -:J GO Lbf1 ~ TRG :W Y'l l l:1-Jnll -:l 'IJ'U~ 

peak :Wlfl nl1bb69",~Y'l~Jl:WI"l~1(Jn'U 1"l 11'l11btJ'U~ i,9\)ln dlsorder 1'U1 Y'l':i~ 11~ sp bbfl"-'fll';i locali?e 

Bb~ n 'jtl'Ul'ULbt,1tJ~fJ .:J 'J'N'WGi'-:J TulV1m~"vn:~,'{JtJ~ GO L b~ bdElf) n~~l~bbf\ ::; nl~I?l'i)j&J'\iJ.:J r1-TI'U'tmn l'lj~
" " 

r-11 -:j "1 °ltVf~ v .:J i n>j Gi'~ -:J l 'U ll 'Ufl .:J ~ ~ b~'UiI?l L\1'Ul'U?1LtJ Y'l Vl-rdJ'Iltl~ CRG ~L~n l'l'~B 'U ij 'Wq ~fl':i'j:W 

b ~ tl'U.yilb tunne l barrier ~1 'U 'U~ blru':iv tJ~ v"1J'e:J~I"1 1'mVlv.! ~-:j'W'U b lue-sh ift ti~ tJ EJ1'W'lh ~ LbG'l 
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~\?llJJ8'1b~'U1~~'U8~ nutJ~lJlru·1J8'1 defect bb61~'lJ'Ul1Yl'lJ8'1bb~'UY'I-rm\?l81 8~1'lhnmJJ n611n'J~'11 

'lJ 8'1 n l'~tJ ~ 8I'J bb~'11 'Ubb mY-J'UtJ'IY'I'IhJilYl b 'J'U b,\Aj~l ~U 'J<iltJ1'U m ~vh~~ni'UbbmY-J'U~61'l bm 1~~~"JtJ15 
v 

b Aiiu'Uii ~ 61 \9i 8 n 1 ~A1UAJJ n 1 ~ btl IYl ~ 8'111'l'W~'1'11'U, 

550 600 650 700 750 BOO 850 900 
WaYelength (nm) YA 400 KJO tQIl ,. I:GIJ .. 

Wf'll"'~ I 'l4ItJ 

m'}Aj~ 8: (a) m'W SEIV1 ~n'efru~~I~JJ8~JJ81~6'1A11U8'U;'1bu'U~m~ru~'lJ8'1'U~11'UA-r6'1b\?le:J1 [23J (b) 

mtJA\?l-rJJ PL ;'11·~bm61m1m~~'U~A11JJmlA~'U 488 nm bb61~~\?l~lCJ~'1ni'U Gaussian [23] (c), 

b~tWillnmliJO)Vl l 'l bl~'1m'j~Bl~n'lm:l'Wni;1~~'l1 1i.1\J1'iJ'ua 'lbbm~I'U ~'1ll " l'lJl~tJ J lmJltJ~ 

u'mmY-J'UlJltJ~~CJ,n\?l1.ut'U1'Y'11\?lumhb61~e:Je:JtJ1\?lBb~ nVl~8un~ ;'1 bU'U m~tJ~~~1'UA11JJ11Yl1Yl b~'U'lJ8'1 

6'18'1~JJU~ b.u1~lCJn'U ~18~1'1b~'U 1'lJm1b'lJ61~, 1\7l18IYl btJ~'1bb?l'l, '1/ru1'J 861JJ~?l, 8tJmru\?l~1'J<ilubb6'1'1, 

bb61~ ultrafast laser bU'U~'U [5] 

1. ~l1u11tJ ~'11?l (Tra nsparent conductors) bU'U'QtJ mru88tJ1(7lB b~ nVl~8Un~U1lJl1'ff 

1'U 'J861JJ~?l 11Yl18 IYl btJ~'1 bb?l'l 1'lJ6111 b'lJ61 ~ ~lbU'U~8'1Hl?llYl~iJA11JJ ~1'UVll'U~11'U'uru~~ii Al1JJ, 

1tJ~'11?l ~'1 1'Uu'J~uwil1u11tJ~'11?lvlllJl'J1nl?l~~11~'1\;l1U1 b~'U B'Ub~CJJJ88 n1'l1~ (In203), ~'1r18 

8n1'lJ~ (ZnO), ~~n88n1'lJ~ (Sn02) bU'U~'U B'Ub~CJJJe:J8n1'lJ~b~8~~n (ITO) [25-26] bU'Ul?l~?ll~ 

~'1~lUl'lJUIYl n-type tJ1~n8uli11tJ 90% In203 bb61 ~ 10% Sn02 ?lJJU~Vl1'1l'V'l-W1bb61~Vl1'1bb?l'l'lJ8'1 

ITO bUmJ61lJl'J1n impurities 8~\?l8JJ~~mu'U n-type donor ?lllJl~rI~IYl~Ubb?l'lb~8'1'J1nn1~ 

bA ~8'U~lCJB b~n\?l8'U1'UbbrlU'W~'1'11'Ub~tJln'U iim~m~b~'1'lJ8'1B b~ n(7l~8'UB?l~~'J1 n8~(7l8JJ·1J 8 '1~U,n 

;'1 bU'U~61'J1n ~rain boundary ~~~~U'Y'I~'1'11'U~111IYltJ~11tJ ITO iifi1n1~~e:J'I~l'Ubb?l'l T =80% 

~~fl~mJi:l 11A~'t.j 550 nm bbmdjrh flTu.Jil1'U'Vll'U~1 Rs~ 10 D r. utlnJ ~ 'Iln bbft :::; ~~ 60 - 300 

D /lJ U'U 8~1'1hn\?llJJ polyethylene terephthalatelTO ,1'Uii11A1bb'W'I b~8'1'J1nB'Ub~CJJJ 

m~Ul'Un1~~~\?l~~U.zr8'U m~?l~l'1 pattern ~~'1mn bb61~m ~\?l8U?l'U8'111i1~'11'U?lmY1~bu'Um lYl 

bb61~?lJl1'Y'1~11tJ 'U8n'J1n.Q m~u1 ITO lJl1.ut'U'J861JJ~?l1~'1'181~ m'JbnIYlUb!JVl1m~bb(7ln1Xn ~lJJ1tJ 

~'1~tJmru~lu1h~-w11tJ~'11?1\9i1'11 1i18'1iim~yjl'lJ'U1A1U~1tJ~l CJ b~'U n~lYll61V1~ b~'UmlYl'U11 'U161V1~ 

~'1A1 IYll11?l1Yl'Ul1'UA11U8'U8 ~1'1 bbmY-J'Ub b61 ~A11u8'U'Ul1 'U-vhtJ 'J ~f1 nullJl'VllYl bb 'Vltl1'U8'UlA\?l 
, 'II 
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v 

Wu et 01. [27J 1Iilb~jJ~h.ml"HV1~l'JjJ~~jJbbmvh.Je]"e:Jn1'1ll91vll111hJ~"l1;;:1 (Graphene 

oxide-based transparent conductive films, GOTCFs) bb~b~8"l'l1nfn1jJbU'UiJ'Ul'U'1J8"lbbm~hj 

88n1'1l191 ~"lvh~~n-if'Ulilll'J dimethylhydrazinebbfj~1ViA11jJ~€I'U ~lm~jJA11jJ1111'V\h~1 'l 1nRs= 4 
.c:::t QI .::::i , I I 

M n 1[1 bVlfj€lb'VW"l Rs = 800 nil VlA1f111£.'1€1"lt:-J1'U T = 82% 

Blake et 01. [28J 111'J"l1'Ubbmvl'Uvll111hJ~"l1£.'1 (Graphene-based transrarent 

conductive films, GTCFs) ~~~~1Yl ill V1€1'Ut1 ~"lbV1~l'JjJIil11'J16f111m8"l~fl.Jfl.J1f11f31bbfj~1.(j'Al1jJ 

~€I'U 'Vh1mIilA1Al1jJ\9l1'UVl1'U Rs = 5 k n 10 ~A1f111~€I"l~1'U T = 90% fI11~A1A11jJ\9l1'UVl1'U 

8"l A"l £.'I"l €I ~ dj €I bViI'J'U rl'U'1J €I"l ITO bU'Ub'\AI 11~ bbm~'U~~"l bA1 1~ 'l,nliliJ'1J'U 1IYl b~ n" bb fj ~ b U 'U n 1 1 
'IJ 'IJ I 

~'U bb~A1f111~€I"l~1'UfjlYlfj"l 

2. l'1lm{b'llfj~ (Photovoltaic devices) Vl~8hl1V1bmVlBfIb'llfj~ bU'U€lUmru~bb1.J fj"l, 

(4) 

d 
bjJ 8 P,,,, ,, = V ()I ' x 1,(. x FF 

P"" bU'W'V~~J"l~1'U\i l llm ::; Vl'U 

1\( bU'Umnb£.'l short-circuit ~"l~1Yl 

Voe bU'Ubb1"l~'U open-circuit ~"l~1Yl 

FF = (Vrna, x I'llax ) I (~)( XI\c ) 

ih 'l,D'UbVlA1'U1fjti1 '1l m4b'llfj~i1n1-rr~ ~n8'UbU'U~1'UVl~n iJU1~~Vl5[111'~ 25.6% ~"l 

111'J"l1'U111'~\9)J'U111YlI'JfI111.(j' perovskite/ silicon multijunction-1J'U11Yl 1 cm 21ViAl~"li;)"l 1.65 V 

[29J 'U€ln'l1nt1cJ"liJfI11Hl1'\AI~bjJ€I{111lv,jYhjJ1vl1bU'U Orsanic photovolta ic cel ls ~"l 

U1::; n€l'U~1I'Jvll1111v,jyh 1 u~"l1;;:1, ~'U photoactive bbfj ::;~l\l v,j1'~1 fI11vl1"l1'U€I1~I'JVl~nfI11'1J€I"l 

charse transport b~€IiJfI11~1Yl<6'Ubb;;:1"l bb~cJ"l1Viu1::;~Vl5m'\AI~A€I'U'lh"l~1 ~1Vl~'l11'1lfj1{ b'llfj~~tJ€ljJ 

11 bb;;:1"l 'l ~1-rrBb~ n 1 Vl11fj~bU'Uvllnfj1"l1111v,jV11 ~"lu1::;n€l'U~hl'J photoanodebu'U'U11'Uf1~;;:1vlfj iJ~ 

'\AI1'U£.'I"l€l~1"l Ti02 bb fj ::;1jJ bfjnfj~tJ8jJ bA~€I'Ufj"l'U'Uvll111h~lV1rI1u~"l1;;:1 b~€lbb;;:1"l V1 nm::;Vl'U 1jJbfj nfj~
'I 'U 'I 'I 

tJ8jJ 'l::;11 n m::; \9l'Uvl11 Vi btl IYlA e lectron-hole Bb~ nV11€1'U1'U Ti02 -:v ::; l1nm::;\9l'U~'U1 u1 'Ubbfl'U111 
1J 'I 'U - 'U 'I 

\b~ '11 bLfl ::; LA ~i t1 'W~lU 8--1 counter-e lectrode ~ 1 'UljJ bG'1 n 
; 

f1 £.'I tJ 'iJ jJ \l::; A1J~1 fl1 'VlllYll'J n 1 1'l1il-r 'U 

Bb~nV11€1'U'l1nBb~ n1Vl11fj~ U'l~D'U ITO bU'Ul;;:1~~iln111jJ1vl1bU'U photoanodebbfj::; cathode 

11YlmA~ €I'Ubb'V'16'lVl~l1jJ 
" 

-ifl photoactive, 

~€I"lVll"l~1Vl~'UfI11bA~'iJ'UtJ11'J'\AI1Vl::; bb f1 ::;A::;V1::;~;;:1~ m'\AI~ 9 (a-c) bb£.'llYl"llA1"l;;:1~1"l'1J'iJ"l1'(jm { b'(j f1 ~ 

'l1nm1€1D'UVl~~J ;;:111B'UVl1 tJ bb6'l ::;~tJ€ljJ11 bb;;:1"l V11jJ~1~'U ~iJfI11111 bbm~'UjJ11.(j'b U 'Uvll 1111 U~"l'l;;:1 เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Wang et 01. [30J 1.0 GTCFs ';;l1nm~tJ1IJn1~~'lbfl~1~~'Vl1'lbfl~?f~1'l1'll~14b'll~61ihJ~~~'Vl6m'\'~ 

0.3% ~lIJ1'llm4b'll~61~vll~ln~~libbmYJJj'~)'~n1'llv1 ihJ~~~'Vl6m'\f'J 0.4% fl1l~~11J'Vl11J Rs = 1.6 

kQ 10 bb~iJriln1~~€l'l~llJ~~lbY1CJ'l 55% De Arco et 01. [31J ~'lbfl~1~VibbmYJIJ~lCJ16 Chemical 

vapor deposition (CVo) 611V1~tJb1JIJ~11vjvhhJ~'l16'l ~Uil1Vifl1l~~11J'Vl11J Rs= 230Q 10 bb~~ 

riln1~~€l'l~llJ 72% 
v 

3. 1~l€l~bLJ~'lbb6'l'lBIJ'Vl~cJ (Organic Light-emitting diode, OLEO) ~~iJ'iJIJ'U€l'l6'l1~ 

bLJ~'l bb6'l-:J (Em issive layer) ~~Vll1-:J~ltll1vjvh 8 ~1-:Jtl8 tJ~lIJVI~-:J~8-:JiJfl11~1LJ~-:J1?f 1?f~\i1-:J n~11 

iJ6'l~DfhtJIJ6'l1~ ~-:J(»ltll~iJ~~\i1tJ.fftl'\'~K'l-:J11J 2 'U1J~ 1~bbn .ffIJ~K'l-:J1IJ~iJB b~ n(9)~€lIJtJ~~~ €l~ b~~ , " 
(Highest occupied molecular orbital, HOMO) bb~~.ffIJ~K-:J-:J1IJll-:JbLJ~1~hJiJBb~n(9)~€llJtJ~~~ 

€l~ (Lowest unoccupied molecular orbital, HOMO) b~€lU€lIJbb~-:J\i1IJtJ'l~11vjVll~'l6'l€l'l m~bb6'l 

Bb~ n(9)~€lIJ1VI~~ln~l~tJ (cathode) hJtJ-:J~ltJ1 n (anode) l~~~~bfl~€lIJ~~l n~ltJ1milh..l1IJ 

HOMO 'Uru~~B b~ n(9)~8IJ~ln~1~tJ~nfl~€lIJ~bi11LJ1IJ LUMO bn~lbb~'l'Vll-:J'lvjVllvl~11ViBb~ n(9)~€lIJ 

bb~~l~~~-:J~~bilV11nlJbb~~~1~(»lnlJbtJlJb€ln68(9)€lIJ€lCJ1IJtJ~ nru1nil" 6'l1~ bLJ~'l bb6'l-:J b~€l'l~1 nl~~'lIJ 
" "I 

' i ,-' 

'ljIJ €l ~ ntJ A1 1~nll-:J'1J€l'l<J€l'l11'l~K'l'l1IJVI~€lfl11~ bb(9)n~1'l~~Vll 1 'l ,rr'W HOMO bb~~ L Ulv\O 'U €l'l1?f ~ " , 

trIJb€l'l \i1'l0IJ OLEO ~iJLJ~~~'Vl6m~~~~€l'liJril work function 'U€l'l~ltll1vj,\,~16'l€l~f1i1€l'lntJ 

fl1l~bb(9)n~1-:J~~Vll1'l.ff1J HOMO bb~~ LUMO 'U€l'l6'l1~bLJ~'lbb6'l-:J OLEO ~6'l1m~l1tlclmLJ~~CJn(9)1.o, 

1IJ'ilmb?f~'lr;.J~ bb~~fI€lJJ1~1 b(9)€l~ nileJ-:J~~(9)eJ~ bb~~Vltll~€l'U€l'll'Vl~A~ViiJ€l~eJ1~ 

l~ CJvi'11LJ~ ~1.0 ITO ~'liJ work function 4.4-4.5eV611V1~tJ btJIJ~61~tl11vjVlllLJ~-:J16'l 

bb~iJ'tmh n~~~1f11ri8IJil-:J bb '\f'J'l bb~~ bb(9) n1Xn1~ b~m~'(hJIJl btJIJ~61~ lf1-:J-:J€l IJ€l n~l n~ BIJb~ CJ~ 

m'il~~bb'\f'dbilh..l11J.ff1J active 'U€l-:J OLEO 1~ ~'l~~1LJ~~th~~'Vl6m~'U€l-:J OLEO b~m1m~lIJ1LJ 

\i1'l0IJ~'liJ n1~~(hJtl1 f1IJVll(»ltl11 vjVlll LJ~-:J1?f~iJLJ~~~'Vl6mV1f1i11tJ ITO VI~8~~nl1 bb~~ bbmYJIJ 

~'liJ work function 4.5eViJfl1l~~~VI~1J1~~bb~~~lf1111n fll~11~~tllm'Vl~bb'VllJ ITO 1ibtJIJ , " 
TCFs m~~ 9(d) btJIJlf1~-:J?f~1-:J'U8-:J OLEO m.obbmYJIJ~11vjVlllLJ~'l1?f11J~11J anode [27] 

4. 8LJmru01"j 1~~tJbb6'l-:J (Photodetectors) btJIJ€lLJmru(9)~l~l~vjKnilvj(9)€lIJ VI~ €l, , 

l-VllVl0'1LJ l f1~€l'lb~IJ ov o mflCJ VlKnn1~A8 b~mb?f'lVl~8h~~ e:JIJm(9)n n"j~ 'Vlu~ tJ~ b1ru(9) ~ 1 "il~tJ °11Vf 

'\'~ 1VI ~ 11 n n ~ ~ ~ IJ ~ 1 n bb 11 tJ 11 b ~ IJ 'IllLJ tJ-:J bb 11 tJ fl8 IJ \i1n 'iJIJ b n ~ n 1 ~1VI ~ 'U 8 -:J n ~ ~ bb ?f1'\'~ '\'~ 1 <J 1-:J 'U €l-:J" , 
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(G aphene-base photodetector, GPOs) vl~m'\>"vl 9(e) ;;n1J1';j11~r.J'U(1'UeJ'l1#\''1l1~~ nl1'lm iJ 

(1 m'If,JI"IT1~I"I~B 'lG'l'l ~'l '\lh'b~\iJ'U~"Wl"al'JoD'UIJ,G'I'll"lll :W~lG'1 'l 
~ ~ 

I I 2.1 

1"1~'U O.51t:l , 0. 633, 1 5 ~b~.., 2.4 ~m [32 ] 61i'ld'i'U fl ll?1 nB'UVI{i111 Xia et 01. 133J ~ 'I (Nl'Ue-r rn~ 

'V)fIlr;,t1 .:Jfn \p1"jl'-l~\JU> G'I fll1:lJb~"J?\~ lm'U(1 bU~ -r:U~1-:m11'l 'lJtl'lbbn Wtllf1l(JhJljnl'~b~U:U?\~lWyt1U
'­

CV I 'q i.J ~ cJ . . . 

nl'H1 (i1G1'l 'lJtJ ~G'lrYqj1ru(wtJbL(1~ :lJl"l l 1 :lJb'lJ:lJ ~'l 40 GHz :lJ RC-l lnl lted bandwidth ~6Cl0 GHz 

b~ ", ~ ~ tJ ~ L1~1 f)'U ?l 'U iJ'l ~ m~ G'I .:J (tr an i t ime) Vl1 tJb 'H11vil~ 'U rn 'Hl 'U i;l.:J~~.:J .:J 1'U bb i,'l ,:atJ u 

phorocurrer lt 'li .:J dJ9 -rrf) lilln~r'lJil·HJ'\.Jm (W(>)'n'.FJ'Jbb 6'1 .:J lf1ltJvi'- l'U lWLl,fnw'Ulflll":lJlnrl'il 1, 500 , 

Grlz l33] 

(a ) (e) 

(d ) 

(e) 

Jll'Wvl 9:11"11'l 6'111 ·(J () .:J B'tJmrubbm"" 'U ilBtJl\PlBb~mwJ t)'un~ [5]: (a), (b), (c) 1"/j'11~b'li ~,;;)lfl?l"";lB, 

ii'U'Vl"1tl , ?l "')B'U"vl~ii bL~ :~ ~tlB:ul1bb(1 'l i'l l :U~l vl'U (d) fIllBfIlvu ~'l bb 6'1 G'l l )B'U'V1~ii (OLEO) u,m; (e) 

Bum ru\Pl)l :;] oD'l..Hh G'l .:J, 

5. 'JB~:U ~(1 (Touch screens) fl'm Vi 10(a-b) bb?lI?1 'l1011'l?11'1 '1JB,:roil{) ~:u eri,'lV16'111 .,:j (Il(J 

Hfblnd"" 'U bb'U'U Res istive bb61"'bb'U'U Capacitive \Pl l:lJ~lt;l'U ';;)u ~:lJ C-Ji,'l ~b'U'U Capacitive 

,J1~n -'U#i tJt.1'U rJ'U~ bfl 61U tt1'JtJ ITO bduHj~-;'~:lJ V?l 'U'U \i) u"il t1t111'~bn~m ';D I'1 'lJ 8,:jG1i.n:uh~,~h G'I~ ~ 

;'l G'l l~n 'Jt:Ylf1l'itilt'U1''U'lJ'iJ'l fll) b'tJ~tJ ~b'tJi:1 ~ r1 11"111~~l1~Wl bbG1 :-; hJ;;l'l b'U 'UafB-!lb.ijbb 'J -!l n~:lJl fibvh n'LJ'J B, 

b~ 8:U~t1 TCF 'J fIl vl "':iJ ~~1'il~tln y;)1'Ul(\.J bU iJ y;) l fl ll :u afl 'U 9 It! \] tJ ~:u e.Jml'u 'U -diJ 2 '1J'u~ "' v at ri x , v 

bbG1 ~ analo~ue 'D b';in matrix \i)~ biJ'U~11 'i4 1 ~lJ pattern bbvl analo gue illv,joy'ht tJ~ -!l1 ?,! \)~ 

bU'U bb'U'U non pattern ;~ 'nrn~n rd l ~1 'Vl -r'U TCF :;i1b'u 'U ~e:J 'liJlii lflJl:u ~h'UVl lt!'lJe:J~'ilB 1'U ,:lJ 
เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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.., 
?I~l -:l 'V'lJJ1'J8itl Screen-printin 'tJ'lJU,e.j llm-W'lJCVO b\Ji..!~m.'1f1.J~'(JtWJ tl ~lJ e:ri;'l ~b'tJ'U analos;ue 

ld tl i1 f\l~'ih GTCFs l-1Jl&Jlll 'lJ~ ITO i;'I l ~J l ~fl nl'lJ -li tloJl n\Y1li.Jl~rJ .:j1"\ 1 1 ~CJ (9)Vl ' 'lJ ~lJ1nni 'l, 

6 , Vl,}1(9)l 'H);;]~ ~CJ ~1 ~-:l'H)lJi' (F exi U e s lart winoows) !:-JAil Vlml~~ ~ 1 

(Polymer-dispe rsed liquid crystal, POLe) b1J'U~"Jm ru ~\l n~(9!li..!lm'hJ~l .:l tl 1980 

th v ml'u J11tJ~ ~1I'Ul .:j1w~ ~~)'rrtJ~,:jl?1~iJ e.JBn 6Vlm 'lli.Jl(;1't~ l"l dfJ 'U'U";i'r~1'U 'JV'l";i 'U'llm1w~~~ tl1~ bU'lJ 
, \J , 

iJnl"J1Vf?l 'Ul:l.ilwofJ'lLbn pOLe vii1~ '1~'Il{j1i(mVf'lltl ~e.J ~m,Jj G'l11n~l~ ~nu 'll e:l ~l'Wfh tlt " lu'lJl~ ;;]~ 

nm c.li;'Imi.J ~ ltl 'Ul'tJ1 ~1?I ?I~lJ,ft1 l''jl''J ~tJi..! ?l mi..! ~ \l nvhntl ?!m'U~hhi~ ~\, i;'I ,:j #lltJnl'j1i?iln~ hv'Vll 

U'lJ i;'I 1J,:mvi'Ul ?l 'lJt~'l'lJn1';jth:~ntid ~ cJn(9) '~\U 'lJ "Vl ,}1 1P11 -:JeJ"\l~ ~ lrltJtJn~ bbfi'l ~ tHr ITO 'U bnld~h, 

imhliA!'V~-I~lVl~'\J ~ l fJ ?I'lJ l~l'v'J·fhlVf bb r; PDLC l6 ~#I1 tJ 'CJ' tJoJln\Y1'lJ tl .:j ITO lVfnd:-;~n'VlrJ ~,l n1':i ?1 tl 'i 

e.J l'W 60-90% Vl1 tl ?l -:Jil l 1 ilrllR 100-1,000 D I [11 'W~ lO(d) b6?1 A.:je.J ~nl ~Y'h.:j li.J,~tl.:jl'tJ':il (9)
\J 

'VlthJj'}'vil.:jeJ;;]~tJ v ~ 6'1l ~1'j (ll rl.:j 'H) lJi' 1(71 EJ1-li GTCF b'Vl'lJ ITO lbwJl-rr~?I ~ 6'n dd .:j 1''UbU 'lJ 

polyethylene tere hthalate 

(a) (b) 

Ie) 

(d ) 

[)1'W~ 10 : ,\)B ~:l.I W bb fl ~ Vliil ' 1.:j~\l i11I'J ~ l m~mvhJ [5J : (a) "D ~' Wflbb'U1J R sistive, ( ):utl 

611JWml'UU Capaci ti ve, (c) 11"l ';i .:j ?l~1 ~ ~~ ,}1 \~eJ'OJl.1~tl q ~6mW'lJ POLC, (el l Vl1111P11-:le:('3t:tv lbn ~11/ 

1"l11'Utl'lJ 'W11'lJ~l tJ'lJ ru~ OFF U.&l ~ ON 

~~lI'\Jl lbmW'lJ Lb~~l?l~fl 8:l.J1'W~ 'Vl ~ ,:j dJi.J bbi.J1 A (;11'lJf1l dtJ~ ~ ~n(;)1-rrJi'li.J1'Wl(;)iJm1 b~r;; "" 8 8"Jb(Pl 

~'h~n'Vl ';i 8 '" ~ I"l lrl 'h\l ~~1'Vlrll6 11 ITO ~b~ ~ v?i!?)~11hlwvhhl~ 1?l~'lJ 'l 1~ (;1~~i1 11 :l.J ~;;)Vl~'lJ~ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Ph( osens i ·ve b~~::; Ulr i'l ·-S l ser 
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'U'Vl iii 3 

i5~1 bD'Wnl';ii:5'~ 

3.1 fl1'HV1~tJ:lJ'W11'WbbmlyJv1~,;ltIi6Sonication 

3 1.1 l6'i~,[1,0",15fll';i 
I,'lo .. 1 <' ~ ~ c

tl, : l"I"1\J'd~ 5' 'L! ~ 0.7 - 2 mm ('r"Il';i\JB'L! >99 .2%, l1Jtfi'L! <0 35 O/C ) ~lfl 

Graphene uper marke , US d'J'L! 1'i:1 ~Jf"'l'i"i/b..J n1·jb~l~tJ1J'l.nl'L! l~ m1vJv>11'L!1}1 (ii1tltJtl" ob 

(Deioniz ater) ~r,ltJ15 so ication 1if'r"l ~'L!b~tJ~1"l111JO 40 kHz (Elma) ~lm ~tl~ 6IJUbfl'1l't.! 

b'" ,1m 120 ii'l 1J'I 'vh'lVli'LI'1Ju'lbbml,\>~IPl'Vl~~fltlrelBmU'L! ll ' 'L!~ 1~6'i TH'l tmtJ~~1 'IHN 'L! 11'L! 

bn"Jh~1fi (n-GP) m..,~1IJal11t1,J1 ~1J1 nif?\ l';ib flil1~ $i'~rn'W d 11 (a) 

3 1 2 fll'Jl flJl",";6'i1JD~'1Je:J~l6'i~, 

v1tJ1-=' drop· e -deposi ior bWtuu~e:Jru'Vlnii 50° C lVi1\j ~:lJbbVi C1 1!lJ1'J bVi'LI~m~ru :;:: irru~lt1 
• \J ... 

If r;'1 ~ ~ l bb 'l.Jn'r"ln:w Vl'U l '1JCl ti l hJ bb n ';il 1fi1(i)~1 CJV1 1 l 'lhh il l tJ1&\n f{ FJ ~0~ ';i';i fl I.JbVU'lJ1if bb6'i, 

(Olympu , BX60) lt11V1:lJ~ t "B'L!bb ~ nl~'1'IJtJ1tJ 1,000 l'Vll ~':)ilTlN~ 11(b) 'Wu-K'L!'U'! '1 Jil 'l 

~bnJ~tlbbf1::;~fj bf1ltJB1bbn';i;N'L! b~f1 ° ,:lJfl1'JobeJ'\..I '"'\In I lfl:!J1tl l~tJ·~-;;)lf1 11'U~bml1AJi?l1J rJ1:lJbiJtI 

hydrophobic ~'1bn~m ';i fI1"'n~:lJ (a~~re a ion) ~Untibil 'l :lJlnnllm~;;:nCJ~JVll1i.'\~?!11';iv~-r\J 

65" b~'L!b'Utl~l'l l ~"l Vhn~';J1nnl1,xmVl~l'wi'\..!VJ~ '(JB,r1~~'L! " ;uu, '.il1AJ ' LbZl.., .rrmmn161Jtil'(Jtl~6/j~m)'L! 

L~tl'm jn~il~ [3L1] Lb~~~~~~m "~~-Wl(911 1Jq;)l 'l'L1i'L!'1JD Lbmv.Jtl~b~~~'L! ~ li.m 'U"" Vl tll'il'UktJ'U 

<v~'UhJi'I';itl'Ubb6'l(?]~~ '(Jl1 ~ 'tiJ~ ~ , l'.i're:).;j-rtJ1,'1~tl68~nB'l.m6'i~I,:J~'lJ1J 
~ 

f1l 'j'1 bi'I ';i ~I ~ ,,; ~n '\'l fl.J ::; l iJ °v~ 1 ~ '(J tl .;j 'U lL 'U bb fl ':! l v1 ~ eJ 1 'W rtl 'J1'1l -u bi'I <ifU (if1 c} X R 

S artRarnan spectrornete l (Thermo Scien ific) "'lmmi(jtl1m<vJ{w;;n l:WtJl d fl~'L! 532 nln 

(2 .33 eV) lb~~ m'll i'l(>] -rlJ i(~[Il'W "" 11(e) b 61t1~ °lbtJ'W~btJn rWr:W',jl1J l'L!'1J cNtll1t!b ndlw~ 

btJ~F.JUbVif ' 1J n\Jb~tI~bb~A~bU'L!~b'l.J fI ~~HJ1.;jB~ El -1?i '11~~~'tHtf1';il"v'J~; 'W ..h D-peak dl(i]V1 

k lbbVltJ 'I 1359.1 en. l.iJtl ~ i;1m<;) l nnl'Jb~l6IJbb'L!'Usii~'tlb 'IJ\J brea hing mode btlu-l~ 'ln lisorder 

~ b-W1J~'U tll'ilQ n5n'1Jl~1'L!1 ::;'Wl\J'(Jru::;if1~bi'l';il.., Vi bb \J'IJb6IJ-Ubfl'1l'tI 'WU\9h .L VltJ:J G·peak ~ 1579.0 

cm ~:UeN~lnn1'd ba161Jbb'L!'LIsii'Vu'l E . mode ~\)~ 1'W?1 b tlflt'1-r r~~'1 '1t1'lJ tl,mmw'U °11Vf~~ 5::;VIfl, 

iVlfim.Jbnvlrn1~Ub'U'U s lre tchin~ -node LI.J1 ';i ~ ~ fl~ d'l'iJ::;(9l'iJ:Wi'l11mJI.J sp ily I idiLotion bbfl::; 

2D-peak 'Vl'.ie) G'-peak bn(i] ~ih Lb'Vl tJ~ 27 16.8 cm btl disordered n ode il'L! ~\J~B~lUl?\~ 

tnl'Ul'n 1utl'l.l ir(i]?i1'UfI11lJboffml:lJl 'U I I I j :i rlwvlln'IJ 0.25 bb~(?].:)fi'l'r"l11 1J11J ~ 1J\l'j '~b~:W~'L!I,"';tl 

vViF.JUn'U ?l l '.l t.:J~'l.I Lbfl::; ~~~ l'Uflll1Jbil1J'.l l1J l'U I ,/ lii Al bvhn'U 0.50 ilfll11JbU'UhJLJ111?l1'5 V1 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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~,j ~fl 1 '1 ~ VI #l~'HtJ'Ufl ~ ~'lJ ~ 'lJml:lJn'U (asse bly) 'IW.:JVlfllfl 61 1 Vfl 11:lJ11'UltJ 'E),j bbfl':i ­ 'tHL~::'\.n1'U 

bbfl')11~~ bV!f11tTcu-ift) 'UVI'Un1Jtl t.1l ,jhJ I,tJ'U'J~ k'lJtl'IJ 

(a) - Nan 0 9raphite 

- R;}'N grar hliE­

(c) 1.0 
G 

~O
::0 0.8 
co 

.2:­ 0.6 .. . 20 
<f) 
c .: 
2 0.4 *c 

0 
"0 
Q) 
N 

ro 
E 
0 
z 

Raman Shift (em ') 

, 37 .7 nm Line 2 
'<.:. 40.9 n'31'L'-r \ ~ 

~ -

269 nm Line 3-10 Jlm 
// 1" ---I 

[l1y.j~ 11 : (a) 'Ul1'Ul,bfl11'\IJW!hall 01 1,~'iJ sonicatel,tJ'Ubll;11 120 ~lhJ,j, (bl [)~~'~bl1tJ'~nflfl~tJ 

O M 'VeJ -i (a) ~ b\>1~mJ~ ,/u~~ Si/SiO afer fh ~.:J'Ij[J l tl : ,000 wi l , (c) LI. ?1 (9) (1 6u01 (Wrm1 :JJl'U'IJ u ~ 

'Ulhmml,\~~l~ ' ~I'Urnd sonication b'lJ~fJ\.nVitJ'U n'IJ"1m''166mh~cii~1ibtJt.l ?1 1';iJf,j~'W (d) m~ AFM 

bb'Wl.:l A l1:lJ~'U'U 11'Wbbn hl 'bbfltfll1:JJ'Vt'W1 

m11(9)A111n~'W1 bb6'l ~ t9n~ru :::: 1Ml,'W ll 'W rn ' fJ'U'L 'W';i :t: #i\ru:::: tJ:JJH'bfl1tJ.:J A Olll ic FOI ce 

icroscop y (A -M, SPI3800 I) «l'U1Vl:JJ I on-contact 6Jj .:l u.?l (9) .:I~~m ' ~ 11 (d) '\AI 1F~ 1 tnl:u 

b~mly.Jvlij 11lJVI 'lVl ~lflVlm tJ <1 00 nm ?ll't'/lVlru"J:t:I.n1:t:n~:JJ vf)'UVI'Un'U~-:l Lb (9)-:jlurl"~
~ , 

topograph'\J~tl ru 'll\llr.. 7 . 5 ~lm x 7.5~m 

3,2 fl1~b~~tJ:JJ~~1qjbbmW'UBBn16!f1i1<i1'-:ltl15VlI,jbflii 

3.2 1 1~~b~f1~i5 I 'd, 

fll'Ht>l1CJ:JJbbm, 'U Ji'l tJ15 1 '1l1"li1 1~i5m~ B .:J ~:JJbl.ltJ ~ (H mmers method) 

[1 6] ~ l'H I"l i1 ~l'~b{j 'W analytical gl"ade ~.:JVl:JJ~ lJ1bbri m(;\-rr61~h1m-il:JJoU~ 95- 8% H SO 

( ReO, t~~\'L'Vl ?!b 61l mJbLJ'i)1 bbl.l fllb'Ut>I K IlnO, (UNIVAR), , 6lJ b~ tJlI1'U1.~ ';i~ N a 0 (UNIVAR) bbr1 ~ 

30% leJlml.\l t.l bi.J'i)1€l'i)n16lJ~ H 0 (MERCK) 
เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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v 

~'Lll'1eJtJn1~b\7l~tllJ 1olif.,J 'Hbml'Y'l~ 1.0 g 1~G'1-:J1'Llm\7l<iJG'1Y-ll~nbolilJoli'Ll 23,0 ml bbG'1::; 

1'11lJ (ih tI1'lJb~CJlJ1'Llbl'1~ \?l0,50 a f.,J~:lJfl'Lll 'LlU nbneJ~~ bb'llmi1'LleJ1-:JJ'rl bb ~-:J~muVln:iJ 0°C \11 ml'Ll 
:::. '\.I 't <u 

rieJ CJ 1 b~lJ1Yl bb Vl6H'liCJlJb'lleJ~ bblJ-:J n1 b'Ll\?l 3,0 g '1J ru::; 11\1 ::;\.nvl'IJD n~ m~'Vh1~~ruVlJ;]:iJ b~lJ~'Ll 1~ 

Al'UAlJeJ ruVlnm~l~bn'Ll 20°C b~ml1eJ1-:J J1 bb ~-:JeJeJ neJruVln:iJ\1~~~lJ~'LlB n 1 ~AlJeJruVln:iJeJCJ~ 
'I 'I 'U 'I <u 'I 'I '\J 'U 

35°C 611Vl~'Un1~bnVl'llDn~CJ1eJeJn~lhwu'LlbbG'1~ stir bU'Llnm 30 'Ll1Vl '1Jru~bn\7l'llDn~CJ1~-:JUll'1~'1JeJ-:J 

~l~f.,J~lJ\1~nmCJbU'Ll~1.~tJleJlJJ1\?l 1G'1 I.bG'1~m\1il bbn~~~n~lJ NOx'll~eJ CJeJeJ nm l\71CJ1Yl bb Vl6U'litllJ, 

b'll eJ ~ bblJ -:J n1 b'Ll \?l \1 ~ Vl1 Vlii1~ VLJ'Lll?1l oxida nt (d ihyd roxylations) ?! 1~~1~ \11 n'llD n~ CJ1 ~ eJ 

diamanganeseheptoxide (Mn207) vl-:J6Wn1~ [36] 

+ ­
Mn03 + Mn04 -----* Mn207 

~-:J M n207 \1 ~ vLJ'Lll?1l n1 ~ 6'11 f1 b1J1'Ll n1 ~ eJ eJ n '8 l.\?1iwl'U1m -:J ~ ~1-:J '1J eJ -:J 1.1. n ~1v~ (i10w eJ -:J mn CJ I. U'Ll 

I.l.ml'1'\I~eJeJfll'llv1 \11n,l'LlrieJCJ1 l.~lJJ1 DI 46 ml ~-:J\1~l.nVln1~'ll~eJCJA11lJ1eJ'LleJeJnm (exotherm) 

'll1mrumnVl111XeJruVln:iJeJ1\1~'Lll'll~-:J~-:J 9SoC 11XAlJeJruVln:iJ~lCJ heater v1eJl'llI.-lJ'LlnG'11 30 'Ll1 Vl 
'I '\J 'tJ 'I 'I '\J 

~ \1::; I. 'll ~ tJ 'Ll \11 n~ I. ~ til eJ lJJ1\?l1G'1 I. U'Ll~J11'11 m -iJlJ \'1.G'1~ ri eJ CJ 1 I. 'll~ CJ'Ll1. -lJ'Ll~J11'llG'1 bVl~ eJ -:J \11 ml'Ll I. ~ eJ 

\1 11JllCJJ1 DI Bn ~-:J -Jl't"J'U lLlO m l, 11XeJruV1niJflVl;;'l 'll'a::; ~mu 10 tnVl b\?lvllm&\lJ 3,0 ml '1J~~ 
, 'U , 

30% H20 2 I. ~eJ~~16Ih'lleJ~ I.l.lJ-:J n1 \. 'Ll1'1 1.1.;;'1::; I.l.lJ-:J n1u~l\71eJeJ n1'IJ v1~\?l nf11-:J eJ~ ?!l~fI::;m CJbl.m1'Y'l~ 

eJeJ n1'IJv1~1~11\1 ::;il~ I. Vl~eJ-:JJ1I'llfi vl-:J bb?!\7I -:J'l 'Lln1'W~ 12(a) 'll~ml'1~~Vl5~~-:J I.A~1~Vl1~ 212 ml, 

I.l.mhj ~'€l eJn1611v1~~-:Jl.m1~~~n'll~'Uri1 pH 11Xbu'Llnm -:J ~lCJJ1 DI 1.1.G'1~n1~m'€l-:J~b1Jb1J1n1f1 \11n,l'Ll 

f1nbl.CJ n~'Llbl.mV-l'Ll'€l'€lnl'IJv1~h CJ15 sonication I.l.fI::;Vl111X1.1. ~-:JI.-lJ'Ll61n~ru::;f.,J-:JI.~ml1m1oliv1'€l1'll 
" 

f.,J-:J bbmV-l'LleJeJn1'llv1~1~-iJ1-:J Ji''Ll ~ml1lJ1f1::;m CJ J1~1CJA11lJ I. -iJlJ-iJ'Ll 1 mslm l bl'1 ~ m.H-lJ'Ll 

~l~G'1::;mml.mV-l'LleJeJn1'IJv1 1.1.G'1~H15?!l.'ll~CJ1Ylhlf1'8~~eJruVln:iJ~l 60°C I. ~mA~eJ'UY-l~lJ I.l.mY~'Ll , " 

i1b~CJn"h The rm ally reduced graphene oxide (T-rGO) 

3,2,2 n1~lI.A~l::;~~lJiJ~'1JeJ-:Jl?!\7I, 

Y.1~lJ'U1-:J~~lil.l.m V-l 'LlVl61-:J\11n~n1~eJ'UI.I.?!\7I-:J\11nmYl OM vl-:Jnl'\,~~ 12(b) 1.1.?!\7I -:J 

U1blW·rrtlU1 -:J 1 ~1 ~1 -:J 'b ~eJ1Jfiim~'€l~n1J ~-:JnTJ~'1 bm1~~bbfl~ 6\?l~tJ lJ a;1 tJ16d~::;1Mbbm:;AI 'W~:!1"tJ'LllVl 

1Vlru 61.G'1 ::;?!lm~f1V111m'Ll~~vl'UeJl'1?!lVlm~lJ 1'Lli;h'Ll'U~1.1ru~ I. U'Ll~.yh;;)dJf111lJVl'Ll1Vl~ml1'Lll'Ll~'Ll
~ , 

'1JeJ-:Jl.l.m~I'Ll~I.~lJ~'Ll n1~1I.A~1~~61n~ru::;I.QYl1~1I.m1~~~ltl DXR SmartRaman spectrometer 

(Thermo Scientific) ~lCJbm'lleJ~m~J1'Urn1lJCJ11A~'Ll 532 nm (2,33 eV) 1.·~'LlI.~CJln'Llfl'U'Ll11'Ll, 
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bb61 ~ 1603, 7 em ' ~ 1 :lJ~1 (i]'lJ 6/J \l fll1 nl1'Vt) \ltnl t m mlY1 < 11'1~ ~?1 ~1~ 'lJ tJ ~~~l~ lbm~1.JtJtJnlE(j~ 

tJ'U nTl~'U"~ ne tvvor k \11 mbmW'U"i)'tl nlE(j~ ~"; jj Vl~tl ~ fii'UtltJ fl6l1 b'il 'U(»1:!J ~l b~61 ~ 'lJ 'eJ 'U 'lJ eN bb~ 'LIB "" ~tl :!J 
, 	 \J 

?1:lJ\j'Ht! 2D-peak 6 fl\9i ~~lbLVl ''I 2700 em . ~,:j 0i tJ'U-rr1 ,:j~1 VU 'U W61\l l f1 d o u b le reson ance eN 

defect b'lJ'Ub~tnn'U bb61..,bnVl °1 6'VI,j 'lJ€l ~ 0 +0 ' ~ 293 ) em \l 1 f1 nld'S1 :lJ~ln'U'lJtJ~1Y1'UtJ'U~ t:m 
" 

Co .;, IV 	 ~ I -=J 

no -contact illV'l topograp h'U 'HltlJ'/J 'U1Vi SJJ.m x SJJ.m 6(j~Lb?1~~ (9j ~J11'W 'VI 12( ) 'W'U T I 11 1"11'111 

Vi'U1 < 2 nn' ?11m t;1m~ ;;] l tJ~l1#l~ b661 ~ .b(';i i;l ~ b6~'U:ri'lJ'tn~'lVl1U vlm~~lVl~\jf11';i111 1th~ cm ~ir, 

1Wl'UYJ~:lJln\l 6~'Uf11'S ?l ~1 ~ TCFs 1'U .~ ~(i]'U1'VlqJ~ 

(a) 	 (r) 160 

140 G 
0 

120 

100 
::J 
(\J 80 
.£ 
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c 
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c 40 
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ill'W~ 12: (a) bbmhIIilBBn1'1lv1~1~~lnnl'~;;r~bf1"Jl~~;'''W15e3dJbdJB~ (b) il1~';Jln OM m'f~~ 

y.j~dJtJl~~ ~libbmvhJ'\J'U Si/Si02Vl~~BtJ~muVlil~ 250
0 

( (C) ~ bUf1~-rm ldJ1'Uy.j ~dJtJl~~ ~l6/hb n 
, " 

3.3 m':i~m~n61~.J'l:r~'Vll'lbb61'l~l~PhotoLuminescence spectroscopy (PU 
? 

~dJtJ~'Vl l~ bbi:1 ~'lJB~1~~'Ul1'Uf11~tJ B'U~6i'~ bfl "J l~~~'U l~~ bUfll'l-rdJ'lJB~ m"Ju6'imJ bb~ ~ , 
11 d . 

(Emission) ~lmf1"JB~ Phot olum inescence spectroscope (Acton SpecraPro-2300i 

monochromator) l~CJHbbi:1~ b~b'llB ~ (IK Series He-Cd) m~<X'U~lCJ, f1l1dJtJ1 lf1~'U 325 nm Vl1B 

Q..I V d = 
~~~~l'Um~I'1'U 3.81 eV'VlBruVlfldJ 11 K 

, '" 

<v I 2J' , I 

3.4 m':il~m':i~~tJ(;1'U~'l~~U61'l~1~m':i'Vl~~~'l~CJ1'l'l1~ 

1'U nl"J 'Vl~~ '€l~'€l~1~~lCJ6'11Vl1tJl~~~ nl"J~'€ltJi:1'U'€l'l'Vll~lvH11 v1~il1~~ 13 llY1 tJ ~B~ll~ 

y.j~dJtJl~'Ul1'Ubbm1'\~lilbb~~~~libbm~ 'UB'€ln'l'll(ih'(hntJ ~l1~~1 4 ~l1.;r Prosrammable DC 

source (Yokosawa, 7651) b'U'U(!)l~ltJm~bb~fl'lvh,xbbril~';J"J 2 ·ffl bb~~H Disital multimeter 

(Yoko .,aw , 756 1) 'r\ilbvt\-!h\Jlrtm'J" v1tJ1'V'h~l{1lnrdmJ 2 ~l~bVl ~f) Lb{;) ::;bntJ'ihnJ{;)lLtJtJ real time 

0bb61~fll'Ul ruBB ndJ1 dJ'Ufllf1l ldJ<Xl'U'Vll'Ul~.y1111Y1 tJvll nl ':i'VlIY1~ '€l~~'€l ruVlfl~~B'l (25 C) 1 'Unl"J , " 
'Vl~~'€l~~~1.;rbb~~~lmm'll'€l~1Y11'€llY1nl~'lbb~~ <1000mW~:wrn ldJtJ1 lf1~'U 450 nm, 532 nm U~~ 

632 nm ul~ ~nm~'VltJ1'Ubb'Ul ~~ulnvil'l';Jlnl~~~~~l~b'LJ'U~lllY1 5 cm llY1tJfllflll:lJ<Xl'U'Vll'U, 

1~Yh ell~B'l'lJ ru~:w~ (Ro) bb~~fll f1l1dJ <Xl'U'Vll'U1~'Y~ l'7Jru~ 1'l €JtJ~'UB'l (R) b~€J1,xbb ~'ll'l n m ::; 'VltJ 

tJ1 nru{1l'€lU~'U€J~ nl"Jfll'Ul rur11 nl':i~€JtJ~'UB'lUtJ ldJJh tJ 

IR-R Is ( %) = 0 x 100 % (5) 
Ro 
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.,,; 

'U'Vl'Vl 4 


4.1 t:-Jan111~tJ 

1'Unl'J"fim~1G11nJ&1Vl1..:! llG1 ,:riJlnG1ltJflIWrlJ PL 6(Jtl..:!'Ul1'Ulln'J1vJvllV1(1ltJflV1-rlJ~tl..:! nl'J" 

tJ~mmG1..:!~..:!m'lfl~ 14 ;..:!llG1V1..:!~1'1fl~..:!..:!1'U~lG1V1'Ul1 'Ulln'JlvJvl~n1'JtJ~mJtltl nlJ1l~m'in n'J~ 1'l'U19l1 tJ 
, OJ , 

3.0 eV;..:!:timllJ l o1JlJ'iJtl..:!'Ifl~..:!..:!l'U~tJ~tltJtltl nlJ1~tl'Uo1Jl..:!~rl l~tl":!lJl'-:nnn1'J~ defect lilV1~'U o;J1n 

n1'J~nQn6(J1V119l1tJ15 sonication lla~m"ill'lJ'Ut:-Jao;nnn1'J assembly 19l1tJ tl~l..:!hnmlJ 1911llVlti..:! 

peak ~lnV1~'Ul~tl'UlJ1Vll..:! blue-shift I'il..:!"illntl~lJtl ~~G1fll~Utl'U tJ~tlml{;'l ..:! tltlnlJ11'U'lll..:!~llV1..:! 

[2 3] lll'i~~lJU1..:!'Ul1 'Ulln'J1vJvltJ~tltJtltlnlJ11 'U'll1..:!nl1..:!-tlV1l';;)'U·l 'U'lll ..:! ~l ~tJ1llG1V1..:!~..:! defect leve l 

transition [24] 
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Af),\~lm"a\91'tlU!;'1'U8'1~e:J 66?i'l1~ 6~mJ~e:J~11'v'lyh~~le:J~l '1 ~ltJ lV1n lWle:JU!;'1'U8'11V1tJ ~V1 m"aVlV1{;1e:J 'I v1'1 

m'Y~~ 13 H66?i'l6m'1!e:J1U1tJ~f11l:WtJl1f1~'U450 nm 66{;1~ 632 nm ;;l1nm'\"l~ 15 66?iV1'1film"a 

~8.5% b6{;1 ~~66V1'1 ""'1.5% m:W~lv1u 6l?iV1'1;;1bkFlJl~\J'eJl'1B 'I 'Uru~:w V1Vl~mie:J'UiJlm6?i'l6{;1 6'1lB#Vl61{;1 1 

o - 50 ~hJ1Vl 6~e:JiJlmm'lle:J1b6!;'1'1~Vh 450 nm '\"IUlll?il?l:wm"a~e:JU?i'Ue:J'I~ml?i'lVl'UVl66~Ae:JtJ1 

6~:W~'U;;)'U:WAlnl"a~8U!;'1'U8'1 ~8.5% 66{;1~b~:Wf1'1~ 1i61m"1'Um"a6u~tJ'U66U{;1'1lh~:lJ1ru 2 'U1Vl 6~e:J 

UV16l?i'l6m'1!e:J1 nl"a~e:JU?i'Ue:J'IA 8tJ 1 {;1 V1 "a~I91U 66{;1~ n~u~'U~?I.fIl'\"16~:W1V1 tJ1'1161mu"a~jJlru 2 'U1Vl 

6'li'U 6~ tJl n'U ~8:lJ16 U V16{;1 l'lle:d 66!;'1 'I ~ 66V1 'I 632 nm iJl tJ {;1 'I U 'Ul?ll?l 'l"l'Ull:W A 1 m "a~ tlU!;'1'U e:J'I A 8 tJ 1 

6~jJ 6'li'U 6~ tJl n'U66{;1~ 6'lh?iAlf1'1~ ~1.5% 6~e:JUV16{;1 6'1le:J1l!;'1 V1il m"a~'U!;'1.f1l'\"1'Vh1 ~Al m"a~e:Ju?I'U e:J'I 
~ , 

. ;oc.:: -- -- ----- --- --- -- --- --- ----- -- -- -- --- ------ - -- - -- --- - ---- --- --- --- -. 

8 : OFF 

6 

632 nm 2 
__________ .L ___ _ ____________________________________ _ _ 

o !'-ON--.or-- ---- ----- ----- ---- ------ ----- ON~ 

, , 

o 100 200 300 400 500 600 700 800 900 

Time (s) 

.fIl'V'l~ 15: e.J{;1nl"a~8u!;'1'Ue:J'I\9lm6!;'1'1~vh (450 nm) 66{;1~66?i'l~66 V1 '1 (63 2 nm) 'Ue:J'I'U11'U66mlv~v1 

6~muV1 (ON) 6l{;1~UV1 (OFF) 66!;'1'1 lm'lle:J1 

;;)In e.J {;1 nl "aVlV1{;1 tl'l l158 '1191'U'v'J'Ull nl"a~ 8U!;'1'U8 '1'Ue:J'I'Ul1'U6bn "a1~ v1 %S ilAlr1 e:J'Uif1 'II9\'1 

jJl n Vll n t! ljJ1U"a ~ tJ n 1il1if 6U'U 6{;1 l'lle:J1 tll ;;)"1 ~ e.J {;1 nl"a~ tlU!;'1'U e:J 'I il U "a~i1Vl6.f1l '\"I ~ l66G1 ~1:w l!;'1 ~ tJ "a, 
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1600 T-rGO 

1400 EX 325 nm (3.S1 eV) 

1200 at temperature 11 K 
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<ti 1000 
>. 
+-' SOO 
if) 

C 
(]) 600 

+-' 
C 

400 

200 

o 
-200~~~~~~~~~~~~~~~~~~~ 

300 350 400 450 500 550 600 650 700 750 

Wavelength (nm) 

nl'W~ 16: ~ btJfI!'fI:rlJ PL 'UeJ'lY~~ lJ 'Ul'l~~bo&lbm'~'UeJ€ln1:1jv1 bb G1 A~fll 1 m.u:l.J 'UeJ ':) i, ~ 61'l'l 1 'UbL£'1'l~ 

n1Jvh~i)ni'U'Vll'lflllJJ~el'U n'U llmYlUeJtln 1 '1JV11(9) T -rGo6/l'lfl1 V1l1~ ~1,xDJ~~'Vl5n 1~ nlJ 191 tl'U61'Utl'l 

Mml61'l~~~'Ubl{;l~iJ nlJtJl1'Vh~I~~ nll lV1tJiJnlJll91~mJYl~JJ'\J1'l(9)l tJ1561 l D JtJ1 "I'llJ1{;l;g61 ll{;l~eJ'U~ 

eJruVlniJ61'll~eJ{;lV1 defect 1'UnlJ~n~I61JJU~'Vll'l ll61'l~ 1 n nlJ61 lDfll91-'rJJ'lJeJ'l PL ~lV1lw..l~eJ'U1'lJ 
"I 'U 'U ( 

nm ~eJruVlniJ 11 K 11Xe..Jml61V1'li)'lm~~ 16 vllllVl'L1'l peak 61'l61V1eJ~~ 560 nm 1niillfltJ'ln'U'lJeJ'l 
"I ~ 'U "I ~ 

Cuon~et al. [24] llMDJln£]1Vl~ (shoulder) ~ 490 nm (2.53 eV) iV1l~'U 61lDfll91-'r:W~l'lfieJ'U.ul'l 

nl1'll~'Ul~tJln'U1'U'U11'Ullm1~1'i ~m~'l~l'l~(i)IJJeJ'll~'U (400 - 700 nm) 6/l'l6'1eJV1f1iileJ'ln'U 

6HDfll91-'rmlJJ1'Ull61V1'lnlJ lf1V1 defect 1'U D-band lf1V1~1 nm ~'Ul'UnlJ~i)ni'U1'UnlJbD~m.J 

lf1J'l61~I'l'lJeJ'lllmYl'Utltln1'1JvlltJ'Ubbmy.I'Ubb{;l~~'l defect bb{;l~ disorder 11 eJ1~bbnh1(9)(9)ltJn1Jtl'U 
VleJruVlniJ61'lJJ1n 

, "" 

1S00~~~~~~~~~~~~~~~~~~ 

D61eWeJeJnJJlb1tlblfl m~~\.l~hml61'l bm'1feJ ~fllllJtJ11fl~ 'l.J 325 nm (3 .8 1 eV) 
'\J , 

6'11Vl:r'Ue-J{;ln1Jl91eJ'U61'UeJ'lll61V1'li)'lm'Y~~ 171.ulm'1JeJ4bb6'1'l~-(ih (450 nm) ll{;l::;ll61'l 

~b~tJl (532 nm) 1'UnlJ~fI~1 ~'Ull~lnlJl91eJ'U6'1'Utl'l61'lJJlnfi'l 300% ll{;l~ 125% l~eJHrllG1'l~vh 
'\J 
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h..l~::;(9\u ~1250/0 u~::;:l.J1ru 2 ltl1'Vl b~8U~bb?l'lbm'll81l?l~?ll:l.J1~blAU?lfll'Vinilu:lJ11(1..l~::;(9\u 

e)1'1ii,:j1~fI1 tJ1 Ub 1611 5 lU1V1 bb~ bd8 bV1 tJU nU'U8'1Ul1 Ubbn ~1vj ~ ~'1 A11111 1 1 U n1~(9)8U?lU8'1 
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bJGl lL~ e:; bU(?1 bb b '1bm'll81m tJ 61 '1 1?fVlbL (;l ~bdfll~tI?fJl1 "~ '1 1?1~ 1 '€l 'U61::; 5 lU1V1 b~U~l~lb '1~.:J'j8'U
, 1 

n1~(9)8'U?fU8'1 b~8lJ bb?l'l~<y';Ill11(9) nm::;VlU ;;-i1Ub;;1U~ bb(?1'1 bb?l ~'1~8'Uf11~(9)8'U?lU8'1~lVl-r'U bb?l'l~ b~ tJd 

'Y'I'U f11 ~(9)8'U?lU8'1~~8U.u1'1 b?l ~ tJ ~~'1648'1 bb~~1Vl-r'Un1~-WWJt!1~8 b~8 b DUb'llUb'll8181-;U ~8'1r1 m.':f1 

bb(;l::;l~~8'U nl~(9)8'U64U8'1~1I1 n nlll1b~ 81Vi bn ~ A1 111 bbJJU tJ 1~'1 A1 ~11I11 bb61::; b 1l;'l1 ~1 ,ill un 1 d 
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.nl 'W~ 18 : ~ i;'1nT~V18\J?1'UtJ .:)('riJbb?1,t\~'l (450 nm) LL(;1 ~ bb?l i;k"'tn (532 nm) 'lJB~~~l"libLm~'U 

t:J u n 16(j(1) \ll'Ul 'Ll 5 ';itJ\Jnl'~~tllJ ?1'... m 

l ' 'l.ll ~ u.';in'IJmm';jl~c;l#1'vhnT;j ~-3~ V'l ~ l ~Vil?l . 'Ulhm1 ~'Ut:J'U JlltliB sonication iB'-3 

lVf~ fl~u 'U1h!LI.n'dl "1'UJl iJ",mV V'l l ' ll1Vl'Ul UW t/ 'Ll n'U~-3iJV'll~ln-h 100 nm r l&Jl';ifil bV'l51 vVi 

~ni'1ru~n1vm'W'Vm'l.nh.mn';jl ~Jl1vn~B~ 0 1'Llhlf:IJ(?)[! .,VlCl'ULL ;j LL~:::Hj Raman lLA~ AFM 

L (?)~~ni'1 "'bm l~'lJtJ ;j l ~vhtJ'U1V'l';j ~?1!'I 'l ?l &J'1J~ V!l'lLI.?l'l?in"BI~JU PL 1?lv1~LI.[! ~lfl 6(l ili~, 

1#1 ~lVI~1J1'U'U11'UL1.mlwJi'W'U road peak ~nll ~'ln~b" ~n'Ul'Ll T-rGObb~"1.t/ (>1~:IJ'(Ja,:j T-rGO 

ti51n[] shoulder ~ C! 0 nr!1 LI.?lVl~T d,:j{;1~l-3~iJ _efect I.n~~'U\J'U1V'ld.:J ?l 11 'l sp '1J EJ~li;'\ ~'l.n1'Ll 

V'l 1 1lJu'I..Hilffll.Q L~tJ'Ul l[! ~-3 6'\ tl ;j :lJl " ~l;jl.tJ il'LlJn ru(\'1",t'U~ni'11f11d iirJ . ~;) 1.1. 6'1 \l 1 f1, . 
i.l L~tJft~Ttl fh~.:) bl. ?1" <1OOOmWl 'Um ';jV1V1fj'iNtJV1 'l ~lV .~vH'b~b6(jut~iJV'l11&JfJ11 V'l ;'U 450 

nm . 532 nrn I.bfl ::: 632 nm utJ'\.m';j~1.b ?l1,Xu.ril,:j\l';i 0. 5 rnA "I'J\J'hn1';jiP1B'U ~ 'LlCl~V!l~lvh'Vl 

Ail 'Ll ~l ;j ~ tl1;;) b~ D-.'J;;) 1 n \J ~ n ru ~ fl n n ~ ~'U #11 tHb?1 ,:j bn \l ' ) n nl ')1111 n ~:IJ'(Jtl~'U 11 'ULbml 'V'i1Pl" , . 
(AssembLy of nanosraphit e) ;j':lbtJ'U'bJ1~1 1 f) 1'~~11Vf~b~n{p) 'Hl'U ~ fYb~ fJ?1 1'WV'l~ f)-l ~n~~ii 

grai boundary O;)l'Ul 'U~Jl n ~ -:l :WbVlm t ~1'11! ~\Jn l Wh~tJ 'l.l'Vi1~6(j 'Ll b 6jrtJ1~ "tl -:l m';j V'l 1 1 &Jb1'l.!n1~ 
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6661 ~v11~iIni'UVl1~1"111lJ~€J'U6tJ'U~~lJ'U1~';)~iI'U'U11 'U 111m f1 n'e11G1lJtr&\~ 1~1 6'Ii'U6~ tJ1 n'U n'U'U€J~'U1 

l'U66m1'lA!(9)' ~'Ul1G11m';)m~~'U1nl,;)V1,;)1-:U~'U66G1~1J1~nl1mnnl1 300 6vh 6n€J~11"1,;)~G1~1~'U€I~~~h'l1 

66n,;)~'U€I €In1'llii~1"111lJ 6tJ'U 66n,;)~'UlJ1n nl1 G11 lJ 1 ';)bi 1111'lA!V111J1~ nl1 ~~ 61"1,;)1~Vl1J166~'U~1Vlb1! nl1 

1JJ1J16nV1-:U1 nB,J61'U€J~ nl,;) assembly ~~v111vlbnV1 nl';)m~ 6~~'U€J~B 6~ nV1,;)€J'U 61 V1Vl€J'U1"111lJ111'U nl,;) 
~ 

V1€J'UG1'U€J~ 6661 ~tJ~1Vll"111lJ 6G1~m'U€J~~~~lru~m n nl1 11"1,;)~ nl,;)1~tJl1G11m,;)bit11mvr~'U1vi€J 6tJ'U 

'IX11V16 'll 'U 6'll €J ~ 66 6'1 ~ ~ ~ n 1 ';) V1 €J 'U 6'1 'U €J ~ €I tJ ~I ~ ';) 1 V16 ~166 6l ~ ~ 1"111lJ 6G1 ~ tJ ';) vi €J1 L.J1 Jll V1 tJ 1 V1 ';) €J 'U n 1 ';) 

V1mJG1'U€J~ 6~lJ~'U 6661~vr~'U1 n 1';) 61"1~€J'U~~lJ'U1~-:U 1 nG11';)61 ~ 611 tJ ~~~ 61"1,;)1 ~Vl1mVl6tJ'U'%'U 6~ tJ1'U€J~ 66n 

';)~'Umn~~V1 m-:u1inl,;)€J'U (Annealin~) 6~€J61V1 defect 6661~VlV16l€l~n'U66V1~~nl6'UV166G1~6m'll€J~~ 

6G1 ~tJ ';) nl111 ~~m-:u v11 nl ,;)Vl V161 €J~ 6~lJ1'U nl';)6L.J~ tJ'U66L.J 61~ 1"111lJ 6<UlJ 666l ~ 1"111lJ ~'U €J~ 66G1 ~ 6616 'll€J~'U €I n 

'li1~~V11lJ€J~6{1'U6'~'U UV 6661~ IR 6tJ'U(f1'U 
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d 
'U'Vl'Vl 5 


6l'jtl(;.J61 f11'j1~~ bb61~oUB b61'UB bb'U~
• 

~ ~1'll bb m-~tJm:Jn1'1l1ii' ~ 'J~'Jbf1'a1::;~~tl~1 tJ15"1J8'Je)lJ 6lJ8 ~ bb61::; vll n1'a~~n.vtlVl1'Jf111lJ~8tl 6~ 8 

~n~l?1lJu&1Vl1'JmtJJlTV~~ltJ OM bb61~ ~n~1~n~ru~bQ~1~"1J8'Jlf1';i'J6'1~1'J~ltJ AFM Raman 666l~ 

?1lJu&16;U'J66?1'J~ltJ PL 1,xN61m';i(918U?1tl8'JVl1'J1~vh~mb?1'Jbm'll8~1~18~~iJf111lJ6i:w <1000 mW 

lU'ti1'J~(911:W8'Jbi1tJ 66 6'1~'Jf1l1lJ111tJm';i(918U?1tl8'J nmffii1tlm';i(918U?1tJ8'J 666l~f111:W 66'1~tJ';i"1J8'J 

1?1~~(918U6'1tJ8'J 'V'lul1iJf1l1:wb1tJm';i(918U6'1tl8'J?I'J()'J ~3000/0~m66'1'J~.y;h 666l~ ~1250/0 ~m66'1 'J~ 
, '\J 

b~ tJ1 ?11m';itl(918U?1tl8'J1~Vltl'V; 666l~~tl?1Jl1'V'11Mltl'vh 'titl fltl BnvY'J ii f1l 1:W b?1 ~ tJ ';i 

tl8n~1 nihtl6d8'JJ)tl1~~'Jbf1';i1~~tl11tl6bn';i 1 'V'11?i ~'J 6Utll?1~tl11tlf11~U8tl~mf1';i 'J?1~1'J, 

~tl51 1tl 0] 8 'I bbn';i~tl 6'titl b~ tJ 1 flU ~~1'll 66n ';i ~tl88 n 1 'Illii' 6~ 8Vl ~ ?18U ri 8tl 66~ol,x e.J 61 n 1 ';i(918'Ui;1 'W 8 'I 

A8tl';;l'J~llJ1n 66(1]81';,] 6UtlU';i~ltJ"1J11(1]8n1';iU';i~CJn~l.uttl'J1tl~hJ<X8'Jn1';if111lJ61~ bBCJ~?I'J 
, '\J 

v 

6'i1tl(l]l'J1~'JiJ 

1. ~ltl16'1~ffi';;6Utl'U~ nru(918'U?ltl8'J 6~8'J~lmUtJ16'1~lf1';i 'J6'1~1'Jf11 ~'U 8tl~'J81~Vl tlbb 6'1'J, , 

~iJ~~'J'I1tlV!~Bf1l1lJb';;:W~'J11(9)bJtl1tJ1rn 81~vh1,x~~:w1V!i1v!~8 b~CJ?1Jl1~1~~lCJ 66~6'11lJ1';itl~\?lJtl1 

bUtl'Vlll~f111lJ11?1'l1~~tl8 ~ fl'Um';il.u'lltl 
'\J " 

2. ~ 1tln1'aVl~618'J 6~ 8Vl~?18'U m';i(918'U?1tl8'l"1J8'Jvhl~ f1l1:W11 666l~f111lJ 6~11 tl m ';i 

(918'U6'1tl8'l 6 Utl~ 'J~1~l:1i 81~61~fl11lJ b'~lJbb6'1'l61'J 666l::;~~ m';iVl~618'J 6~81~ bb?1'l~lm6v!;;1 'I rll 6-u~~iJ 

f111lJ~(I]l'111tl'ti1'lnl1'Jl~bbri UV, visible bb61~ 666l~81~'Vl1m';iVl~618'J6~81~1tl~n~ru~~m~· IR 

6i'1v!~'U'J1tl~<X8'J1if1l1lJ116'1'11tlm';il~ BnvY'JVl~6'18'Uf1l1lJ6?1~m"1J8'lm';i (918'U6'1 tl8'1"1J8'l16'1~l~CJ 6~:W 
'\J , 
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