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Abstract

Graphene has attracted much attention due to its remarkable physical properties and potential applications

in many fields. In special, the electronic properties of graphene are influenced

by the number of layer, stacking

sequence, edge state, and doping of foreign elements. Recently, many efforts have been dedicated to alter
the electronic properties by doping of various species, such as hydrogen, oxygen, nitrogen, ammonia and
etc. Here, we report our recent results of plasma doping on graphene. We prepared mechanically exfoliated
graphene, and performed the plasma treatment using ammonia gas for nitrogen doping. The direct-current
plasma system was used for plasma ignition. The doping level was estimated from the number of peak shift
of G-band in Raman spectra. The upshift of G-band was observed after ammonia plasma treatment, which

implies electron doping to graphene.
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Fig. 1. Schematic diagrams of (a) down-cathode and (b) up-cathode. (c) Raman spectrum of as-exfoliated and
plasma-treated graphene with down- and up-cathode.
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g. 2. Raman spectra of as-exfoliated and plasma-
treated graphenes with various plasma power
from 0.45 W to 2.4 W for 10 sec.

st 045, 1, 1.65, 24 We] Ago=z Fg=zv}
WA 1027F 2#AS At 1Y 2
Eoh=nt s gFs Vg o R Eu=
Agst 2o gyt 2 EHo|H, 1Y 3(a)
¢} 3(bye ¥ 285E S4E ArPdE e Wt
02 Iyl In/le lo/hyS YERA 2ej3zolt} 17t
Ago] Z73to] wet D-9} D-band®] ZEx Z7}
3lal 2D-band®] e 7hAEle], 24 WO o A
He Qrtete] Zekzwl AHE)e Ao Iyleet
IDr/IGﬂ 0014 Ztzt 4.7 0.55.2 3A F7FSIAL 1y
Lpel A9ol% 0.18914 1.0308 F53S o
T ATHZHE 3(a), (b))

ol# st Ax= Zatzul Hal® aEiwle] T2A
Ql E4Fo] o= 7] wEelH, 2 RIS EE =
< rkdEe Egznt Wil EAlste o9
AqUA| et WE7F E7] o] v A3} vlast
o] o]ezALEHs} A7) wWjRolt)h Ho] ARS
= *l*%ﬂ S Apg3le] o] LAl HE WS

Sl 2 AHe] STk=riAe 2w

A el FRAH EAL opr|"He
. A me& AgL elvfste] 27
&S FAastely &4 =39S

o mlru rE

O H1 M1 o4
&
ﬁﬂ
QLI

_4

X—i N e
TE3l= Aol a7HT 3 045 Wek 1 We] B
S ol7lste] EEt&Enm s A= Iy
I, Ip/lg I/Lpel 718k 22 A Q?l?—} 2 9
THE 3(a), 3(b)). ©l3ET A= 2] =2 o
UAE Zte o]29 AR} 3 ‘/\5 1) o)
o3k & gl FF| ot} el sp® Ao
dol7p Wstste] v AdE AR dh

g EpRE e Rle] PRl SRR

=

t=



166 olHF 9)/A=RHF

3] 48 (2015) 163-168

ofel =3a¥E I1T F A= vig &g &
2719 olt}. 1. Yan et al.2} A. Das et al-2> 12j¥
o] 714 =@M =gE 229l G-band
A (06)8] up-shifte} WEX]Z(FWHM, Full width at
half maximum, FWHM)2] Z4ZE B2,
2 ATy E Eetzet HEE e =4x
oc®t FWHM:S] ¥slE Fate] glstint. 2
g 30l Fet2rt M kst v gE e s
Eet=al AEg 2] gkadEY o = RE
=45 G-band?] 02t FWHMGE YERH 8=
olth. 1.65 W& 2.4 Wl HHg 7tste] Zetxznt
A28 A o G 02 2em AL AF

mlru

e o

°

(a) 6 0.6
|
4 L0.4
- =
‘-n.n _‘n
24 0.2
0 0.0
00 05 10 15 20 25
Plasma power (W)
(b) 1.2
1.0+
o 0.8
_N
~~(.')
- 0.6
0.4
0.2
00 05 10 15 20 25
Plasma power (W)
24
(c) B - m As exfoliated
22 m m0.45W
— ) 1w
= 2. =1.65W
3 18- m24W
[~
= 16
I |
S ., I
- 12 e a
124 [ .=
10
1578 1580 1582 1584 1586 1588 1590
-
w, (cm)

Fig. 3. (@) Ip/lc and Ip/lg (b) ls/l.p, and (c) we and
FWHM; of as-exfoliated and plasma-treated gra-
phene with various plasma power from 0.45 W
to 2.4 W.

down-shifts}, FWHMq= 7.5cm 71 F53%
1S = Ut o= vk Ao} o] &2
AR et dro] oaf o] FxFQ1 Aol
FA o] Yehd A= ALs €T R 045 W
oF 1We AHEE Artete] Fehzu AH2s 45
oge A9 £0 7 5em 'A% up-shiftshH, FWHM,
= 2cm-17].a]: 71—_/,\_%]—% :_g_'lcﬂzﬂ- 11;} o]_‘:_ ;ﬁ*&‘ﬂx—l
o2 e =3HAES W Yehtes ZAijolH
Zetzvl AP E Foted dadal, ole, guZdE
94 2|k g g2t oJate] Lol EJJF»M e
A= Atsdh ¢ 2] =3EEe o
4 WS Fsle Alste] sbesithar EEA 9l
oMb o]l5 Tl AAE HARANAM =HH 1
o] =3 #Ede 1.8-2.1 x 10%em YL <13}
At olelgr A= HE e a&420 =3
< %—SH AME 1 Wolste] W el7bdgoe] 2 ES
A 4 ATk Hse] 045 Wl A5 1wt
|via }cr] G-band®] w2} FWHMe= AR 1/
lo Ip/lg7F Sol 2 e] &8 FHAislsle &4
of 8407 w=io] 7ha3dte, HAe =g 9
3 Cl7bE e 045 WS gttt
Y 4= —450 VO] AL d7tsted 045 Wel
Zetzuls et Zbz) 3, 5, 10, 30, 60%
Bt Tzl A agde] gradE ey,
2% 5(), 5(b), Sy 727 19 49] 2Rk ~HEY
o 2RY dojxl Fepzut HYAIZHE 1yl In/le 1o/
Lp a4l (009’]' FWHMG’;_T "}E]"?H_ ZEHEO]‘:]'. =2
zn} g A|7ke] F7ghl wEt D-¢F D-band®] 7}
=7F 7V Iyleet In/lel 2719) 0ollA 242t 5.17
#0342 Z715S SISt 5(a)). WO

U:

7\

/j\ A B0sec
__JL_J\.A 3055:A

,J, AN 10 sec x‘ Ix

Intensity (arb. units)
|
\

- As-exfoliated

vy
g

T T T T — T T
1300 1350 1550 1600 1650 2600 2700 2800

Raman shift (cm™)
Fig. 4. Raman spectra of as-exfoliated and plasma-

treated graphenes with various treatment time
from 3 sec to 60 sec at plasma power of 0.45 W.



o|HF 9|/ FHF SIS 48 (2015) 163-168 167

2D-band®] == AgAZre] S| whet ) olt}. SHAIRF 30, 60%°] FAIZF Fet=vl A=
72dte] Ig/Lpakel 0.18914 0352 Z713He 8¢l 238 e F2A o] Tt L,
SHATHLE 5(b)). olelst A= Ag|rlZte] Ao In/I6% 1/Lp’t B438] F71HH, 00 HshES vy
Aol wa} o] ZYXA(flux)e] F71E o] D49 F 3L FWHMgS &3 3718 AS eld 5 9
ArYAre] =3 9 o]zAla e 93 e thZd 5(a), 5(b), 5¢)). °olH s AA=FE Lid
Agto] Frkete] yehd A= AlEHT 3% F o] ZF=ulel] =EF = AI7HY] F7HE =R aIE
gtzubl ] F o2t FWHMg® W37t A9 fle g ofuE} o] 2FE 20 TR Qlste] o] Al
Hh A Azke] 5, 1022 S7HEFE og7h 3- ot o] P29l EdE #EE 3l =
4 cm 7} up-shiftelal FWHMgE 2 em 'A% 24 E420 2A =38 fsixe Adet AHEAzke]
g As FRASATHTH 5(c)). ol APl T A4S s Th B A7 E 045 wel A
71l wel =ge] aapt Friste vehd A gog Fet=uks WHstd 1027 At 457t

aejue] T2 AP Haskse GgHoR

A2 298 & 9t AM2AYL FASA

(@) © = Azl Eetzvt Aejd ade] =33
L03 I5 gQlstr] 98t XPSEAS st 2
| _ B TCVDES ol st] 4 sdom, A7
> %% % 249 ARET A2HS olgste] 045 wWel A
1 - g3 Qsletel 1027 Eekxel H2d 7 245
A}, Fepxvl A2 A% F9 C 158k N s 92
°] 0.0 £ 29 6ol YeIY. Zk=vt A28l $ amine
0 10 20 30 40 50 60 (NH,), hydroxyl(OH), carboxyl(COOH)S ZI4<
Treatment time (sec) Foldls HHzNE7]e gAo 7 oste] aHe]
o] A Ho] HEzbo] 71004 61.5°% 7
(b) °s 23k9lom, 2873 eVl EAlEHE C-N Aol o
. 9219 Bk 4L FU9T 5 ATHAY 6(a),
‘ 6(b)). =3t N 1s9]39] A=rt Feh=nt A8 §F 3
[=]
SN Vg F71 e Bo agwe) 24 w3 8
- ASAATHELE 6(0), 6(d)). PI§- & Zwol AT &
0.2- ghzut xe2jEA] 2 el N Isyae ARG
AoA] 71213t Ao 2 AlgEh H Zefxul A
L — - & AANEH= NATe ZEREo=
0 10 20 30 40 50 60 T e OQ‘T CNZF<] ‘”Tai‘j Pyridinic N
Treatment time (sec) (398 eV), amine group (399.1eV), Pymolic N (4002 eV),
(c) 4 n As exfoliated © NS
22 4 . : x Amine group
R 20 4 10 sec - + | PyrrolicN Pyridinic N
E | 30 sec = E \
3 18- | 60 sec -: -: @
o s S - T
= 16 . > N
- - . % 7|@
E 141" u ° ﬁ. ‘?l =) = . ﬁ ﬁ Graphitic N
12 4 B Ky
<]
10 ; . . , .
1578 1580 1582 1584 1586 1588 1590 = |
wG (cm.1) 290 288 286 284 282 403 401 399 397 395
. Binding energy (eV) Binding energy (eV)
Fig. 5. (@) Ip/ls and Ip/lg (b) lg/l,p, and (c) wg and
FWHMs of as-exfoliated and plasma-treated Fig. 6. XPS spectra of C 1s peak and N 1s peak. (a)
graphene with various treatment time from 3 and (c) as-exfoliated and (b) and (d) plasma-

sec to 60 sec. treated graphene at 0.45 W for 10 sec.



168 olHF 9)/A=FEHF

3] 48 (2015) 163-168

Graphitic N (401.7 eV)7} 413149, Z2}=n} 2z
% Graphitic N2 %2 th= Pyridinic N, amine group,
Pyrrolic NA gl o3 Zefae] =go] A& A
S It =3 AEE N1s¥39} Cls
9] ZAEH|(N 1s/C 1s)E Fate] Felatglon,
gtzrt 22 A 2%lM AZolF 6%z da =
He gelesith

o_‘v;, ﬂlllil "

N
M
rfu

B AT AR Bezng o) gl o
mue} Eelznle PAse] Aoz 2uW
oAt oA & Zol
Apesgon, 19e 3

1283, A2 W

Lgo}oit} 28 A}, *o%%%, 17
A7 1029 ZANA agide] &
o] 7Fsstith etHE H=2HH AL Ejéaﬂ
1.8-2.1 x 10%cm oW, XPSAHZREH 6% =
AEYS & F AL

:2 1-rl
o rlo oft

Acknowledgment

References

1. M. D. Stoller, S. Park, Y. Zhu, J. An, R. S. Ruoff,
Nano Lett. 8 (2008) 3498.

11.

12.

13.

14.

15.

16.

C. Lee, X. Wei, J. W. Kysar, J. Hone, Science 321
(2008) 385.

. F. Schedin, A. K. Geim, S. V. Morozov, E. W.

Hill, P. Blake, M. I. Katsnelson, K. S. Novoselov,
Nat. Mater. 6 (2007) 652.

. W. H. Shin, H. M. Jeong, B. G. Kim, J.K. Kang,

J. W. Choi, Nano Lett. 12 (2012) 2283.

. L. Jiao, L. Zhang, X. Wang, G. Diankov, H. Dai,

Nature 458 (2009) 877.

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

Y. C. Lin, C. Y. Lin, P. W. Chiu, Appl. Phys. Lett.
96 (2010) 133110.

. Y. Wang, Y. Shao, D. W. Matson, J. Li, Y. Lin,

ACS Nano 4 (2010) 1790.

. B.J. Lee, G H. Jeong, Appl. Phys. A 116 (2014) 15.
. A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,

M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K.S.
Novoselov, S. Roth, A.K. Geim, Phys. Rev. Lett.
97 (2006) 187401.

L. M. Malard, M. A. Pimenta, G. Dresselhaus, M.
S. Dresselhaus, Phys. Rep. 473 (2009) 51.

M. A. Lieberman, A. J. Lichtenberg, Principles of
Plasma Discharges and Materials Processing, Wiley
Interscience (1994).

J. Yan, Y. Zhang, P. Kim, A. Pinczuk, Phys. Rev.
Lett. 98 (2007) 166802.

A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S.
K. Saha, U. V. Waghmare, K. S. Novoselov, H. R.
Krishnamurthy, A. K. Geim, A. C. Ferrari, A. K.
Sood, Nat. Nanotechnol. 3 (2008) 210.

C. Stampfer, F. Molitor, D. Graf, K. Ensslin, A.
Jungen, C. Hierold, L. Wirtz, Appl. Phys. Lett. 91
(2007) 241907.

Y. Nakayama, F. Soeda, A. Ishitani,
(1990) 21.

Carbon 28



