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Abstract — Graphene is a monolayer carbon material which consists of sp> bonding between carbon atoms. Its excel-
lent intrinsic properties allow graphene to be used in various research fields. Many researchers believe that graphene is
suitable for electronic device materials due to its high electrical conductivity and carrier mobility. Through chemical
doping, n- or p-type graphene can be obtained, and consequently graphene-based devices which have more comparable
structure to common semiconductor-based devices can be fabricated. In our research, we introduced the dielectropho-
resis process to the chemical doping step in order to improve the effect of chemical doping of graphene selectively. Under
10 kHz and 5 V,,,, (peak-to-peak voltage), doping was conducted and the Au nanoparticles were effectively formed, as
well as aligned along the edges of graphene. Effects of the selective chemical doping on graphene were investigated through
Raman spectroscopy and the change of its electrical properties were explored. We proposed the method to enhance the
doping effect in local region of a graphene layer.
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Fig. 1. Optical images of the fabricated specimens; (a) and (b) before
doping and (c) and (d) after doping.
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Fig. 2. Raman spectra of the graphene before and after doping.
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w/ and w/o DEP, respectively.

Korean Chem. Eng. Res., Vol. 55, No. 2, April, 2017



256 A - AxE

(a) (b) 0.06

0.04
< <
I t
o 0.00 o
. .
- [
=1 =
(& 0-0.03

-0.04

Before doping -0.06 After doping w/o DEP
-1.0 0 .00 0. 5 1.0 -1.0 -0.5 . 0.0 0.5 1.0
Bias (V) Bias (V)
Cc (d) W Pristine graphene
(c) 0.06 AP R -
A wper
3 o E 0.03
= G
o 0.00 o
t -
= _J0.02
O -0.03 ‘5 A
N o o o1
-0.06 ¢ After doping with DEP
-1.0 -0.5 ] 0.0 0.5 1.0 0.0 2.0x10° 4.0x10°
Bias (V) d (m)
Fig. 4. Current-voltage characteristics (a) before doping, (b) after doping w/o DEP, (c) after doping w/ DEP, and (d) R;-2zL/C as a function of

distance.

DEP & o] ¢ 5814 1233 & o] 2F:qJo]ut kgl of w3

el 4 8p71e] frelepha 2 4 . wool ] e @Poping
Fig. 4= 22 =3 45:0) 4714 54 ek glek. 44
Gelo] TLM 23 AHgstel B0 R, 454 78 35 1200 |
27} isolation #Hg0] RQEIT}. CTLM T2 o] EAIHE 25 &) N=s P
Fzolo], A7} Fde) Ao wnE F9 A2oR F27) Wi G 900} AT79.50M | 4
27} isolation 7H40] 3 2817 QTh= 44 1rk27]. & A4 o 6ol 1 !
ol thoFet 1A o] W= /\}%?}E A= Aol 7HAe]| e & — ’ -
g A0, AuCl =3 F A7 o] Z7kgel ek 1) | e’ ‘
Ago] ZaEE & 4 Ak ‘E?‘P @71@ B4 B8l 8K wk=s '
3} olehe] 1€ o] g3jo] AuCl, T3 F Ry, M3HE ARSI, wio DEP w/ DEP
Fig. 5. Sheet resistances of graphene after doping w/ and w/o DEP.
R, = ;{T;i(d+2LT)C 3)
3} HEHOR FYAY 5 9es nolth B Ae] Ak
c=m(1+9) @ AuCh 8%l BF Zlo] ozt o) Bt 2ol Ak
Ca SAE BOIE 2§ FsHus ore] 38 7hse]
7N Rz HAE A AT, LS 9% A5 AT, ¢ A w9k B Qe Algke e Fa) 4 2o mE 3%
AFole] ZHA, L= transfer length, Ci= correction factor ©]TF =" 218 FRgto 2 vF4e p P T n Y 29 Fo] 7
Aole] 2+ 5, 10, 15, 25, 35, 45 pmo|™, A A3} A= A} Aoz Ayt o] S-gokz 7|t)E 1l 9= multi-functional
0]9] 1AL BAE Yehl= 9] Ao zRE g Ry, 228} interconnection AIME 2§ 7Fs3 210 R o itHTt. FHF
A5 FEsIiet. 18] Ry, Wsk= DEP 372 S8 44 Ao Z= 7)Y RiA| B4 7Nk 2k} Ahsshs Batekal Al
793.8 Q1 74 31511, B Al djellA] 7 1-s 7hebA] ok - Uek 725 7F veket 12e] e 7Nk Aaf g4o] 7] diEic).
9] 2| R 779.5Q/00 At FU st =8 71 5 DEP
3lo] 7ha) 7 FRa} elx] ok BRo] Ty RS H9lon, 4. 24 =
DEP 378= Y& A9 19192 Ry, Wst F 7t o 24 Tags
Fig. 55 &3l & 7 St} 9 AWE25E & A7+ DEP &< TYE A EYste] T 1EHF Wie] Yaks 21Al 1
gl Ejiste] wU AR elld dsh= AAelxe) =3 & Az o] 7hsshE HolF it AuCly 942> E32Q1 p 3

Korean Chem. Eng. Res., Vol. 55, No. 2, April, 2017



SHER Agaglon], £ AF TR RE J J

=92 912 0158 B o1 AT, 19 49 T AAYE

L Sl S gele] Vol A9E B olg

oo A%, T2 Ry, T2 33}7} 2 m%% salahgick, olele

A 23 e ABANE A4 @ 5 ) el 1w
7)ie] xja Aol glo] Tkl $-89 A o= 7|,

zZ Al

AT = AR EAAA R
(KETEP)?] A g5 Who} 43

(MOTIE)$} ol U« 7] 719
5kl H T (No. 20163010012140).

References

1. Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.-S., Zheng, Y., Bal-
akrishnan, J., Lei, T., Kim, H. R., Song, Y. L., Kim, Y.-J., Kim, K. S.,
Ozyilmaz, B., Ahn, J.-H., Hong, B. H. and lijima, S., “Roll-to-roll
Production of 30-inch Graphene Films for Transparent Electrodes)’
Nat. Nanotechnol., S, 574(2010).

2. Bonaccorso, F., Sun, Z., Hasan, T. and Ferrari, A. C., “Graphene
Photonics and Optoelectronics, Nat. Photon., 4, 611(2010).

3. Mattevi, C., Kim, H. and Chhowalla, M., “A Review of Chemical
Vapour Deposition of Graphene on Copper, J. Mater. Chem., 21,
3324(2011).

4. Bae, S., Kim, S. J., Shin, D., Ahn, J.-H. and Hong, B. H., “Towards
Industrial Applications of Graphene Electrodes, Phys. Scr., T146,
014024(2012).

5. Schedin, F., Geim, A. K., Morozov, S. V., Hill, E. W., Blanke, P.,
Katsnelson, M. 1. and Novoselov, K. S., “Detection of Individual
Gas Molecules Adsorbed on Graphene, Nat. Mater:, 6, 652(2007).

6. Schwierz, F., “Graphene Transistors, Nat. Nanotechnol., 5, 487
(2010).

7. Liu, X., Zhang, X. W., Meng, J. H., Yin, Z. G, Zhang, L. Q.,
Wang, H. L. and Wu, J. L., “High Efficiency Schottky Junction
Solar Cells by co-doping of Graphene With Gold Nanoparticles
and Nitric Acid, Appl. Phys. Lett., 106, 233901(2015).

8. Miao, X., Tongay, S., Petterson, M. K., Berke, K., Rinzler, A. G,
Appleton, B. R. and Hebard, A. F., “High Efficiency Graphene
Solar Cells by Chemical Doping) Nano Lett., 12, 2745(2012).

9. Choi, B. G, Huh, Y. S., Hong, W. H., “Electrochemical Charac-
terization of Porous Graphene Film for Supercapacitor Electrode?
Korean Chem. Eng. Res., 50(4), 754-757 (2012).

10. Han, M. Y., Ozyilmaz, B., Zhang, Y. and Kim, P., “Energy Band-
Gap Engineering of Graphene Nanoribbons, Phys. Rev. Lett.,
98, 206805(2007).

11. Zhou, S. Y., Gweon, G.-H., Fedorov, A. V., First, P. N., Heer, W.
A. D, Lee, D.-H., Guinea, F., Neto, A. H. C. and Lanzara, A.,
“Substrate-induced Bandgap Opening in Epitaxial Graphene, Nat.
Mater., 6, 770(2007).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

o] A8 & A 257
Guo, B., Fang, L., Zhang, B. and Gong, J. R., “Graphene Doping:

A Review) Insciences J., 1, 80(2011).

Fowler, J. D., Allen, M. J., Tung, V. C., Yang, Y., Kaner, R. B.
and Weiller, B. H., “Practical Chemical Sensors from Chemically
Derived Graphene, ACS nano, 3, 301(2009).

Pohl, H. A., “The Motion and Precipitation of Suspensoids in
Divergent Electric Fields, J. Appl. Phys., 22, 869(1951).

Jones, T. B., Electromechanics of Particles, Cambridge University
Press, New York, NY(1995).

Velev, O. D., Gangwal, S. and Petsev, D. N., “Particle-localized
AC and DC Manipulation and Electrikinetics, Annu. Rep. Prog.
Chem., Sect. C, 105, 213(2009).

Lee, G, Oh, S., Kim, B.-J. and Kim, J., “Improvement of Con-
ductivity in Graphene by Ag Nanowires under a Non-Uniform
Electric Field;” ECS Solid State Letters, 3, M41(2014).

Krupke, R., Hennrich, F., Lohneysen, H. V. and Kappes, M. M.,
“Separation of Metallic from Semiconducting Single-Walled Car-
bon Nanotubes,’ Science, 301, 344(2003).

Kim, T. H., Lee, S. Y., Cho, N. K., Seong, H. K., Choi, H. J.,
Jung, S. W. and Lee, S. K., “Dielectrophoretic Alignment of Gallium
Nitride Nanowires (GaN NWs) for Use in Device Applications;
Nanotechnology, 17, 3394(2000).

Vijayaraghavan, A., Sciascia, C., Dehm, S., Lombardo, A., Bonetti,
A., Ferrari, A. C. and Krupke, R., “Dielectrophoretic Assembly
of High-Density Arrays of Individual Graphene Devices for Rapid
Screening)’ ACS Nano, 3, 1729(2009).

Gierhart, B. C., Howitt, D. G, Chen, S. J., Smith, R. L. and Collins,
S. D., “Frequency Dependence of Gold Nanoparticle Superas-
sembly by Dielectrophoresis]’ Langmuir, 23, 12450(2007).
Papadakis, S. J., Gu, Z. and Gracias, D. H., “Dielectrophoretic
Assembly of Reversible and Irreversible Metal Nanowire Net-
works and Vertically Aligned Arrays) Appl. Phys. Lett., 88,233118
(2006).

Ferrari, A. C., Meyer, J. C., Scardaci, V., Casiraghi, C., Lazzeri,
M., Mauri, F., Piscanec, S., Jiang, D., Novoselov, K. S., Roth, S.
and Geim, A. K., “Raman Spectrum of Graphene and Graphene
Layers,” Phys. Rev. Lett., 97, 187401(2000).

Raza, H., Graphene Nanoelectronics-Metrology, Synthesis, Proper-
ties and Applications, Spinger, lowa City, lowa(2012).

Glines, F., Shin, H.-J., Biswas, C., Han, G. H., Kim, E. S., Chae,
S. J., Choi, J.-Y. and Lee, Y. H., “Layer-by-Layer Doping of
Few-Layer Graphene Film} ACS nano, 4, 4595(2010).

Kim, K. K., Reina, A., Shi, Y., Park, H., Li, L.-J., Lee, Y. H. and
Kong, J., “Enhancing the Conductivity of Transparent Graphene
Films Via Doping]’ Nanotechnology, 21, 285205(2010).

Kwon, K. C., Choi, K. S. and Kim, S. Y., “Increased Work Function
in Few-Layer Graphene Sheets via Metal Chloride Doping)’
Adv. Funct. Mater., 22, 4724(2012).

Schroder, D. K., Semiconductor material and device characteri-
zation, 3" ed., Wiley Inter-Science, Hoboken, NJ(2006).

Korean Chem. Eng. Res., Vol. 55, No. 2, April, 2017



