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Developments of Self-alignment Process for Few Layers of
Graphene with Low Gas Pressure and Short Deposition Time

Toshio Kawahara and Atsuko Tamada

Nano-carbons such as carbon nanotubes and graphenes are very promising as next
generation materials, and we can use field effect transistors (FETs) using nano-carbon
channels. In these nano-carbon materials, carbon nanowalls (CNWs) are constructed with
a few layers of graphene and they also have similar properties to graphene. We have
developed self-alignment process for the CNWs using a grapho-epitaxy. Depending on
the growth condition, the grapho-epitaxy can enhance the graphene layers growth. Then,
we have developed the novel process that could reduce the thickness for a few layers of
graphene of CNWs. In this paper, we have deposited carbon materials by chemical vapor
deposition with low gas pressure and short deposition time for the search of graphene
growth. From Raman spectra, moderate range of growth condition is better for the nano
carbon growth. And we also fabricate the self-aligned structure using the grapho-epitaxy,
and can observe the enhancement of Raman peaks for the self-aligned region. For the
electric properties, we can also obtain metallic features with a few kilo-Ohms for the
sparsely aligned few layers of graphene.
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Figure 3. SEM images for processed patterns and self-aligned CNWs. An inset figure shows the magnified
image for self-aligned CNWs.
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Figure 4. Raman mapping for the self-aligned few layers of graphene. (a) is for G/D ratio. (b) G’ peak.

TI7HATEXFU—TCHREIERLEEIC, WEESED
BTy DEFIIT S o L CEEE o8 Lt 310°

XCRUMBME LD LEZBRD. £, Figure P

4 MIERBRDESIE, 6 Sy ROk s B X

Nk Zokoic, BomMkicky, wEry7 110

TVOREDT U N AR 5122 LR’y T, S

HeIT, 6 /6 AR E DG /6= T

1.6) e (A % R HE 20%, 30 43 ) CRSIL T =B 110

TAEZHAWTFET &2 ER L, BRI 2 37 L -210°

AR A RS, 05 ICBREERIEE AT, — 109

WicrEkZragtbon, 77721010k B -1 -05 0 0.5 1
BREEEOKERRHRRZT bR, 2 ZI0R Vos V)

L72RT TS — NEERAFIE D AT 3 4R i Figure 5. Representative current-voltage
EpoTWad. ok, REBELXFETTOH
CHfEEE 7 7 7 2 2RESE, @REELE
5T LTI LTz,

characteristics for few layers of graphene using
an FET structure.

4. FLEHLERE

s o7 72 OBt T e R KD TN, AW EITo 2. KR, BEREZ 7 7% H
L, REBEYASE, KO, GRERELZDOICSEEREZITVNTI v AT FANSF M L. #
OFER, FREBTOI v E— 7 OBMRM/BH SN, SOICEIET 72 X% AW THOMB&LD
WEBERS, BEIMICL DT~ E—7 OERLHALNE RS T,

COREREZITTC, OFTHOBEMRL T LA v A XWRKICI Y BBERBERO T 77 2 b%&1TH 12
HIZ, WE - FAREOI Lok, KO, WEAFH o2 2 AVWEEANREHRREZIT-
TW FETHD. £, ARFROBME= R VX —EFIZIIEEOT U A E#]FFL, SRR E
LbRALADTETHD.



RS, ERST

it

ARWFFEIT PR TR E THAMERT PR 25 FEEDH 4 Mo R 22 0BITESNTLbOTHY, 2
CHEEZRLET. £, REBOFERTIISFERKRASHICBHEICRY $ L.

ZE Xk

1) S. lijima and T. Ichihashi: “Single-shell carbon nanotubes of 1-nm diameter,” Nature, Vol. 363, 603-605
(1993)

2) M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund: Science of Fullerenes and Carbon Nanotubes
(Academic Press, New York, 1996)

3) K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov: “Electric Field Effect in Atomically Thin Carbon Films,” Science, Vol. 306, 666-669 (2004)

4) A. K. Geim: “Graphene: Status and Prospects,” Science, Vol. 324, 1530-1534 (2009)

5) M. S. Fuhrer, C. N. Lau, and A. H. MacDonald: “Graphene: Materially Better Carbon,” MRS Bull., Vol. 35,
289-295 (2010)

6) W. Wongwiriyapan, S. Honda, H. Konishi, T. Mizuta, T. Ikuno, T. Ito, T. Maekawa, K. Suzuki, H. Ishikawa, K.
Oura, and M. Katayama: “Single-Walled Carbon Nanotube Thin-Film Sensor for Ultrasensitive Gas
Detection,” Jpn. J. Appl. Phys., Vol. 44, L482-1.484 (2005)

7) K. Maehashi, T. Katsura, K. Matsumoto, K. Kerman, Y. Takamura, and E. Tamiya: “Label-Free Protein
Biosensor Based on Aptamer-Modified Carbon Nanotube Field-Effect Transistors,” Anal. Chem., Vol. 79,
782-787 (2007)

8) K. Maehashi, K. Matsumoto, Y. Takamura and E. Tamiya: “Aptamer-Based Label-Free Immunosensors Using
Carbon Nanotube Field-Effect Transistors,” Electroanalysis, Vol. 21, 1285-1290 (2009)

9) D. Kaminishi, H. Ozaki, Y. Ohno, K. Maehashi, K. Inoue, K. Matsumoto, Y. Seri, A. Masuda, and H.
Matsumura: “Air-stable n-type carbon nanotube field-effect transistors with Si3;N, passivation films
fabricated by catalytic chemical vapor deposition,” Appl. Phys. Lett., Vol. 86, 113115 (2005)

10) K. Maehashi, Y. Ohno, K. Inoue, K. Matsumoto, T. Niki, and H. Matsumura: “Electrical characterization of
carbon nanotube field-effect transistors with SiN, passivation films deposited by catalytic chemical vapor
deposition,” Appl. Phys. Lett., Vol. 92, 183111 (2008)

11) K. Maehashi, H. Ozaki, Y. Ohno, K. Inoue, K. Matsumoto, S. Seki, and S. Tagawa: “Formation of single
quantum dot in single-walled carbon nanotube channel using focused-ion-beam technique,” Appl. Phys. Lett.,
Vol. 90, 023103 (2007)

12) Y. Ohno, Y. Asai, K. Maehashi, K. Inoue, and K. Matsumoto: “Room-temperature-operating carbon nanotube
single-hole transistors with significantly small gate and tunnel capacitances,” Appl. Phys. Lett., Vol. 94,
053112 (2009)

13) T. Kawahara, S. Yamaguchi, K. Maehashi, Y. Ohno, K. Matsumoto, and T. Kawai: “Robust Noise Modulation
of Nonlinearity in Carbon Nanotube Field-Effect Transistors,” Jpn. J. Appl. Phys., Vol. 49, 02BD11 (2010)
14) T. Kawahara, S. Yamaguchi, K. Maehashi, Y. Ohno, K. Matsumoto, and T. Kawai: “Cobalt Nano Particle Size
Dependence of Noise Modulations in Relation to Nonlinearity,” e-J. Surf. Sci. Nanotech., Vol. 8, 115-120

(2010)

15) T. Kawahara, S. Yamaguchi, Y. Ohno, K. Maehashi, K. Matsumoto, S. Mizutani, K. lataka: “Diameter
dependence of 1/f noise in carbon nanotube field effect transistors using noise spectroscopy,” Appl. Surf. Sci.,
Vol. 267, 101-105 (2013)

16) T. Kawahara, S. Yamaguchi, K. Maehashi, Y. Ohno, K. Matsumoto, S. Mizutani: “Gate voltage control of
stochastic resonance in carbon nanotube field effect transistors,” IEEE Conf. Proc.: 2011 21st Int. Conf.



B 7 7 7 = 28D B OMBHET N 27 0 ZBFE~ART 2 3B R IZ OV T

Noise and Fluctuations (ICNF), 364-367 (2011)

17) T. Kawahara, S. Yamaguchi, Y. Ohno, K. Maehashi, K. Matsumoto, K. Itaka: “Gate voltage dependence of 1/f
noise in carbon nanotubes with the different metal contacts,” IEEE Conf. Proc.: 2013 22nd Int. Conf. Noise
and Fluctuations (ICNF), doi: 10.1109/ICNF.2013.6578970 (2013)

18) K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert, M. G. Schwab, and K. Kim: “A roadmap for
graphene,” Nature, Vol. 490, 192-200 (2012)

19) F. Schwierz: “Graphene transistors,” Nat. Nanotechnol., Vol. 5, 487-496 (2010)

20)L. V. Nang and E. Kim: “Controllable Synthesis of High-Quality Graphene Using Inductively-Coupled
Plasma Chemical Vapor Deposition,” J. Electrochem. Soc., Vol. 159, K93-K96 (2012)

21)J. Kim, M. Ishihara, Y. Koga, K. Tsugawa, M. Hasegawa, and S. lijima: “Low-temperature synthesis of
large-area graphene-based transparent conductive films using surface wave plasma chemical vapor
deposition,” Appl. Phys. Lett., Vol. 98, 091502 (2011)

22) L. V. Nang and E. Kim: “Low-temperature synthesis of graphene on Fe,0; using inductively coupled plasma
chemical vapor deposition,” Mater. Lett., Vol. 92, 437-439 (2013)

23)T. Terasawa and K. Saiki: “Growth of graphene on Cu by plasma enhanced chemical vapor deposition,”
Carbon, Vol. 50, 869-874 (2012)

24) X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. Tutuc, S. K. Banerjee, L.
Colombo, and R. S. Ruoff: “Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper
Foils,” Science, Vol. 324, 1312-1314 (2009)

25)T. Kato and R. Hatakeyama: “Direct Growth of Doping-Density-Controlled Hexagonal Graphene on SiO,
Substrate by Rapid-Heating Plasma CVD,” ACS Nano, Vol. 6, 8508-8515 (2012)

26) M. Terrones: “Controlling the shapes and assemblages of graphene,” Proc. Natl. Acad. Sci. U.S.A., Vol. 109,
7951-7952 (2012)

27)T. Yamada, M. Ishihara, and M. Hasegawa: “Large area coating of graphene at low temperature using a
roll-to-roll microwave plasma chemical vapor deposition,” Thin Solid Films, Vol. 532, 89-93 (2013)

28)C. D. Wang, M. F. Yuen, T. W. Ng, S. K. Jha, Z. Z. Lu, S. Y. Kwok, T. L. Wong, X. Yang, C. S. Lee, S. T. Lee,
and W, J, Zhang: “Plasma-assisted growth and nitrogen doping of graphene films,” Appl. Phys. Lett., Vol. 100,
253107 (2012)

29) L. Liao, Y. Lin, M. Bao, R. Cheng, J. Bai, Y. Liu, Y. Qu, K. L. Wang, Y. Huang, and X. Duan: “High-speed
graphene transistors with a self-aligned nanowire gate,” Nature, Vol. 467, 305-308 (2010)

30) H. Yang, J. Heo, S. Park, H. J. Song, D. H. Seo, K. Byun, P. Kim, 1. Yoo, H. Chung, and K. Kim: “Graphene
Barristor, a Triode Device with a Gate-Controlled Schottky Barrier,” Science, Vol. 336, 1140-1143 (2012)
31)Y. Wu, K. A. Jenkins, A. V. Garcia, D. B. Farmer, Y. Zhu, A. A. Bol, C. Dimitrakopoulos, W. Zhu, F. Xia, P.
Avouris, and Y. Lin: “State-of-the-Art Graphene High-Frequency Electronics,” Nano Lett.,, Vol. 12,

3062-3067 (2012)

32) Y. Wu, P. Qiao, T. Chong, and Z. Shen: “Carbon Nanowalls Grown by Microwave Plasma Enhanced Chemical
Vapor Deposition,” Adv. Mater., Vol. 14, 64-67 (2002)

33) K. Tanaka, M. Yoshimura, A. Okamoto, and K. Ueda: “Growth of Carbon Nanowalls on a SiO, Substrate by
Microwave Plasma-Enhanced Chemical Vapor Deposition,” Jpn. J. Appl. Phys., Vol. 44, 2074-2076 (2005)
34)Y. Wu, B. Yang, G. Han, B. Zong, H. Ni, P. Luo, T. Chong, T. Low, and Z. Shen: “Fabrication of a Class of
Nanostructured Materials Using Carbon Nanowalls as the Templates,” Adv. Funct. Mater, Vol. 12, 489-494

(2002)

35) M. Hiramatsu, S. Mitsuguchi, T. Horibe, H. Kondo, M. Hori, and H. Kano: “Fabrication of Carbon Nanowalls
on Carbon Fiber Paper for Fuel Cell Application,” Jpn. J. Phys. Phys., Vol. 52, 01AK03 (2013)

36) S. Suzuki, A. Chatterjee, C. Cheng, and M Yoshimura: “Effect of Hydrogen on Carbon Nanowall Growth by



RS, ERST

Microwave Plasma-Enhanced Chemical Vapor Deposition,” Jpn. J. Appl. Phys., Vol. 50, 01AF08 (2011)

37) W. Takeuchi, M. Ura, M. Hiramatsu, Y. Tokuda, H. Kano, and M. Hori: “Electrical conduction control of
carbon nanowalls,” Appl. Phys. Lett., Vol. 92, 213103 (2008)

38) M. S. Dresselhaus, A. Jorio, and R. Saito: “Characterizing Graphene, Graphite, and Carbon Nanotubes by
Raman Spectroscopy,” Annu. Rev. Condens. Matter Phys., Vol. 1, 89-108 (2010)

39) A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanee, D. Jiang, K. S.
Novoselov, S. Roth, and A. K. Geim: “Raman Spectrum of Graphene and Graphene Layers,” Phys. Rev. Lett.,
Vol. 97, 187401 (2006)

40) A. C. Ferrari: “Raman spectroscopy of graphene and graphite: Disorder, electron—phonon coupling, doping
and nonadiabatic effects,” Solid State Commun., Vol. 143, 47-57 (2007)

41) Z. Ni, L. Liu, Y. Wang, Z. Zheng, L. Li, T. Yu, and Z. Shen: “G-band Raman double resonance in twisted
bilayer graphene: Evidence of band splitting and folding,” Phys. Rev. B, Vol. 80, 125404 (2009)

42)R. W. Havener, H. Zhuang, L. Brown, R. G. Hennig, and J. Park: “Angle-Resolved Raman Imaging of
Interlayer Rotations and Interactions in Twisted Bilayer Graphene,” Nano Lett., Vol. 12, 3162-3167 (2012)
43) K. Kim, S. Coh, L. Z. Tan, W. Regan, J. M. Yuk, E. Chatterjee, M. F. Crommie, M. L. Cohen, S. G. Louie, and
A. Zettl: “Raman Spectroscopy Study of Rotated Double-Layer Graphene: Misorientation-Angle Dependence

of Electronic Structure,” Phys. Rev. Lett., Vol. 108, 246103 (2012)

44) K. Sato, R. Saito, C. Cong, T. Yu, and M. S. Dresselhaus: “Zone folding effect in Raman G-band intensity of

twisted bilayer graphene,” Phys. Rev. B, Vol. 86, 125414 (2012)



