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Graphene: Promising future electronic material
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Scotch tape method

Graphene molecular structure Mechanical cleavage: Scotch tape method
Sparks fly over graphene energy device, JR Minkel, Scientific American, March 20, 2008

Mature Rews Blog, 15 Mar 2012 Low throughput hinders its industrial application.
© High carrier mobility
© Quantum Hall effect

v

v

Need for
1) Mass-production process
2) Fixed on a solid surface

Next generation basic
electronic material



Graphene Oxide: A derivative of Graphene

Hummers method: mass-production way
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W. S. Hummers and R. E. Offenma, J. Am. Chem. Soc. 80 (1958) 1339.
M. Hirata et al., Carbon, 12 (2004) 2929.



GO fabricated by a modified hummers method

GO aqueous solution

Lerf—Klinowski model of GO
A. Lerf et al., J. Phys. Chem. B 102 (1998) 4477 .
H. He et al., Chem. Phys. Lett. 287 (1998) 58.

GO is soluble in water due to its polar functional groups.

V

GO can be deposited on solid surfaces via casting from the solution.



Graphene & Graphene Oxide

Graphene

Good conductor

Graphene Oxide

dispersible in varisous solvent

Sp2 domain; conductive
Oxidized domain; insulating

Need for recovering conductivity



Reduced Graphene Oxide : rGO

Graphene Oxide: GO

Thermal annealing
Chemical reduction with hydrazine
Photocatalytic reduction - UV illumination

\/

Reduced Graphene Oxide: rGO

Oxygen moieties are partially removed,
Conductivity is improved




Various reduction methods
GO

R, Ratio of the O and C
atomic concentration

Thermally Chemically Photochemically

Xe lamp
500W,2h

J

{80C “%

Damage to substrate Toxic reagents (N,H,), Inefficiency Damage to GO

Matsumoto, Y.; Koinuma, M.; Ida, S.; et al.
Journal of Physical Chemistry C
2011, 115, (39), 19280-19286.

Yang, D.; Velamakanni, A.; Bozoklu, G.; Stankovich, S.; Dikin, D. A.; Piner, R. D.; et al. Zhang, Y.; Guo, L.; Wei, S.; et al.
et al. Carbon 2009, 47, (1), 145-152. Carbon 2007, 45, (7), 1558-1565. Nano Today 2010, 5, (1), 15-20.



UV light Reduction
@ Light density: 67 mW/cm?;, Time: 2 h; Environment: N, or H,

Matsumoto, Y.; Koinuma, M.; Kim, S. Y.; Watanabe, Y.; Taniguchi, T.; Hatakeyama, K.;
Tateishi, H.; Ida, S. Simple Photoreduction of Graphene Oxide Nanosheet
under Mild Conditions. Acs Applied Materials & Interfaces 2010, 2, 3461-3466.

© Light power: 500 W; Time: 8~48 h; Environment: H,0

a

4.0um?O0 4.0 pm
Schematic illustration (a) before reduction, (b) after 48 h reduction

Defects formed due to reduction

Matsumoto, Y.; Koinuma, M.; Ida, S.; Hayami, S.; Taniguchi, T.; Hatakeyama, K.;
Tateishi, H.; Watanabe, Y.; Amano, S. Photoreaction of Graphene Oxide
Nanosheets in Water. Journal of Physical Chemistry C 2011, 115, 19280-19286.



Proposed mechanism of UV reduction

. Reduction
JU
ﬁ'"\ >
VB \\\\ , ///

uv

Oxidation

Photocatalytic mechanism

sp2 nano-domins in GO work as semiconucotor
nt electrons are excited to VB by UV illumination
Generation of hole-electron pairs

electrons — reduciotion of GO: Oxygen removal
holes — oxidation of GO: Damages to GO



VUV irradiation to GO in vacuum

Capability on C-O bond breaking




Wavelength of light

Wavelength / nm
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VUV light source: Excimer lamp

Discharge Gap uv Quartz Walls
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U. Kogelschatz, Pure & Appl. Chem. 62, 1667 (1990)



VUV Absorption of Oxygen

E. C. Y. Inn, Spectrochim. Acta 7, 65 (1955-50)
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POTENTIAL ENERGY (eV)
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U. Kogelschatz, Pure & Appl. Chem. 62, 1667 (1990) & D



' lamp

excimer

Xeo*
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wavelength [nm]

lamp

Excimer

Wavelength = 172 nm
FWHM 14 nm

ity 10 mW/cm?2

Intens

High photon energy

=/.2 eV



VUV photochemistry
saturated hydrocarbons; polyethylene (PE)

VUV absorption
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VUV light shorter than 160 nm is required to excite

C-C and C-H bonds.

R. A. George et al., J. Phys. C5 871 (1972)

VUV etching of PE
In vacuum /7 x 104 Pa
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Dose x 108 (photons/cm?2)

172 nm; negligible
146 nm; etched
124 nm; etched

F. Truica-Marasescu et al.,
Macromol. Chem. Phys. 206 744 (2005)



VUV photochemistry
Methyl alcohol

| H +°'OCH, $=0.69
H+'CH,OH ®=0.08
CH,O+H, ®=006
HO + CH, ® =0.05

CH,OH = «

ST

}J—f

G. Heitet al. J. Phys. Chem. A 102 (1998) 5551.



Optical density

VUV photochemistry
polymethylmethacrylate (PMMA)

VUV absorption
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S. Onari, J. Phys. Soc. Japan 26 (1969) 500.

VUV absorption at 172 nm is distinct.

| | |
120 160 200
Wavelength / nm

T
240

Mass loss (ug/cm?)

VUV etching of PMMA
In vacuum /7 x 104 Pa

Dose x 108 (photons/cm?)

Etching proceeds at 172 nm
Etching at 146 and 124 nm
c.a. 10 times higher than PE

F. Truica-Marasescu et al.,
Macromol. Chem. Phys. 206 744 (2005)



VUV photolysis of PMMA

VUV irradiation (172 nm) to PMMA in vacuum (10 Pa)
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Intensity (arb. unit.)

292 288 284 280 292 288 284 280
Binding energy (eV) Binding energy (eV)

In an oxygen poor environment, oxygen containing parts are trimmed due to VUV 1rradiation.

A. Hozumi, T. Masuda, K. Hayashi, H. Sugimura, O. Takai, and T. Kameyama,
Langmuir 18 (2001) 9022-9027



VUV irradiation to GO in vacuum

Vacuum Ultra-Violet

In vacuum < 10-3 Pa
10 mWcm-=2,
15 min A —GO
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High Vacuum VUV System




Intensity / a.u.

C1s-XPS of VUV-rGO
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Raman spectroscopy

D band
G band
2D band

Monolayer graphene

! | Graphene oxide 4/1_‘__,/\
I |

VUV irradiation 15 min

Reduced grapheneOXid/et\/\
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Increase in Raman intensity — Increase in sp2 domain
G peak position and D/G ratio: NOT CHANGED — sp2 domain size: UNCHANGED



Scanning probe microscopy

Topography Surface potential

After irradiation,

O Sheet thickness decreased:
O atoms were removed from
the GO surface

O Surface potential (compared to the

SIO, substrate) decreased:

Difficult to explain the mechanism
and apply theoretical calculation.
Possibly induced by the change of
electrical properties (e.g. dipole)

Applicable for observing
GO/rGO patterns

Y. Tu, T. Ichii, O. P. Khatri, H. Sugimura.
Appl. Phys. Express 2014, 7, 075101

VUV irradiation for 16 min Acquired by

Kelvin-probe force microscopy
(KFM)



Kelvin probe force microscopy

M. Nonnenmacher, M. P. O'Boyle, and H. K. Wickramasinghe
T. J. Watson Research Center, IBM, Yorkiown Helghts, New York 10508

(Received 21 March 1991; accepted for publication 27 April 1991)

Measurements of the contact potential difference between different materials have been

performed for the first time using scanning force microscopy. The instrument has a high
resolution for both the contact potential difference (better than 0.1 mV) and the

lateral dimension ( < 50 nm) and allows the simultaneous imaging of topography and contact
potential difference. Images of gold, platinum, and palladium surfaces, taken in air,

show a large contrast in the contact potential difference and demonstrate the basic concept.

Cosn [[1  Topomernie
g + M@ tRef F
Sample
Heterodyne XYZ-Tube
Interferomeater Scanner
fg; Force
b = @—1 Sensor
ectiiler CPD
Lp-Filter [ L.Eockn If Feedback

FIG. 1. Schematic diagram of the setup for simultaneous topographic and
CFPD measurements.

The contact potential difference (CPD) between two
materials depends on a variety of parameters such as the
work function, adsorption layers, oxide layers, dopant con-
centration in semiconductors, or temperature changes on
the sample.”® The measurement of the CPD can be used in
principle to obtain information concerning these parame-
ters. A common method to measure the contact potential
difference is the vibrating capacitor method or Kelvin
method.® In the Kelvin method two conductors are ar-
ranged as a parallel plate capacitor with a small spacing. In
a simple model the contact potential between the two ma-
terials is Vepp = 1/e(P, — P,), where ¢, and ¢, are the
work functions of the conductors including changes due to

adsorption layers on the surface.* A periodic vibration of

the distance between the two plates at w results in a current
i(t) given by

Appl. Phys. Lett., 58(25) (1991) 2921-2923.



Principle of KFM
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KFM: Imaging surface potential contrasts

KFM is one of SPM based on the electrostatic force detection.

o Surface potential

ﬁmr

Difference Material

l
Work function

l
[RFEINEEFETS] Surface potential

\

Electrostatic force

Electrostatic force is
governed by surface potential



Scanning probe microscopy

Topography Surface potential

After irradiation,

O Sheet thickness decreased:
O atoms were removed from
the GO surface

O Surface potential (compared to the

SIO, substrate) decreased:

Difficult to explain the mechanism
and apply theoretical calculation.
Possibly induced by the change of
electrical properties (e.g. dipole)

Applicable for observing
GO/rGO patterns

Y. Tu, T. Ichii, O. P. Khatri, H. Sugimura.
Appl. Phys. Express 2014, 7, 075101

VUV irradiation for 16 min Acquired by

Kelvin-probe force microscopy
(KFM)



Micropatterning of Graphene

Scanning probe
lithography

Pt tip e
GO+H, — rGO+H,0 ﬁsy:)
—_—= ;;_'Q“ — /
s.-n-?-m:_xme Silicﬁ- ide

Laser direct writing  p-contact printing Inkjet printing
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0.0

o
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Silici ioxide

High cost, Low resolution, Low transfer precision, Low resolution,
Low throughput Low throughput Undesired Residues Spray head blockage
Zhang, K. et al. Nat, Yong, Z. et al. Adv. George, A. et al. Secor, E. B. et al. J. Phy. Chem.

Commun. 2012, 3, 1194. Mater. 2010, 22, (1), 67-71. Small 2013, 9, (5), 711-5. Lett. 2013, 4, (8), 1347-1351.



VUV micropatterning

Excimer lamp
2 nm, 10 mW/cm?

Sonicated in ultra
pure water & ethanol

Pressure: <103 Pa

Spin-coating of GO GO on substrate
2000 rpm

High vacuum (HV) VUV equipment
O X-ray photoelectron spectroscopy (XPS)
O Optical microscopy
O Atomic force microscopy (AFM)
O Kelvin-probe force microscopy (KFM)

Quartz photomask

Region A B C D
Line/pm 1 2 4 2
Space/um 0.50.50.5 1




Micropatterned GO

Optical Micrograph

rGO

VUV-irradiated
2 min

Bare substrate

GO

Substrate; SiO2 (d =90 nm) /Si

1 nm-thick graphene sheets as well as the contrast between GO/rGO
can be seen in optical microscopy.



Magic substrate for optical imaging of graphene

Rsubstate Rgraphene

0.14 =
‘T 012} = B
Graphene 04 f
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d < 1 nm '1(; 5IO 100 1I50 2(I)0 2é0 3-00

SiO2 thickness / nm

Reflected |

SiO-

Contrast / arb.unit

Contrasts apper 002 e

. . 70 100 200 300 400 500
due to the optical interference. Si0, thickness / nm

White light A =450 ~ 750 nm

410n 470nm 530nm 590nm 650nm A=710nm

@) 300nmmSi02 f)jﬂ,\ (¢) 200nm SO, Relative contrast vs. SIOZ thickness (Ref 2)

Optical micrographs of GO on SiO2/Si (Ref. 1)
eSSl The contrasts changed with
thickness and wavelength.

410nm 470nm 530nm 590nm 850nm A=710nm

1) P. Blake et al. Appl. Phys. Lett. 91 (2007) 063124.
2) K. Nagashio et al. Appl. Phys. Exp. 2 (2009) 0250083.



AFM topography KFM surface potential

The resolution of 500 nm was achieved.

rGO/GO:
1.0/4.0 ym

rGO/GO:
0.5/2.0 uym

rGO/GO:
0.5/1.0 ym



Electrical characterization by conductive-AFM

1 GQ

10 nm Ti/ 10 nm Au

GO/rGO pattern Electrodes PVD C-AFM measurement

100 nm Rh coated Si cantilever
(SI-DF-3R(100), 1.6 N/ m,
resonance frequency = 23 kHz)



Conductive lines fabricated in a GO sheet

Conductive rGO channels

5/5 um GO/rGO pattern
OM

Au electrode




Conductivity of rGO sheet

OM

Au electrode

Current mapping
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Sub-pym conductive rGO lines were
successfully fabricated in a sheet.

Conductivity VUV-rGO ( less than 1/1000 of
graphene) is not sufficient for electronic
applications. Its improvement is necessary.

Defects in rGO served as electro-active sites
In the chargetransfer at an electrode surface.
rGO is promising for electrochemical devices.

Electrochemistry at Chemically Modified Graphenes
A.Ambros et al. Chem. Eur. J. 17 (2011) 10763



VUV micro-ething

VUV at 172nm

VYYYYYVY

YYVYY
O2 —>=O CO2,H20
K Y e Etching

Organ.lc Surface modification
meterials Oxidation

Formation of hydrophilic functional groups



VUV etching of PMMA

VUV

YYVYVYYYYVYVY

Quartz glass

Cu mesh -,
mask PMMA
Mw = 150,000

‘ \ ] \ ] \ ) ‘

Etching rate

13.0 nm/min at |
13.2 nm/min at |
6.9 nm/min at -

O Pa
03 Pa
0° Pa

Fabricated at 103 Pa

0

20
40
60
0 20 i 80
60 30

Etch depth =400 nm [um]

Collaboration with Dr. Hozumi, AIST
Langmuir 18 9022 (2002)



Photoreaction of Oxygen
Oz + hv(A<175 nm) = O(1D) + O(3P)

O(1D)+M — OBP) + M
OBP)+0O2+M — O3 + M

Os + hv(A=< 300 nm) — O(1D) + Oo

Active oxygen species, O(1D) , O(3P) , Os are
generated by VUV irradiation of O2 molecules.



VUV/O micro-ething of GO

A=172 nm, 10 mW / cm?
Xe, excimer lamp

© O(1D), O(3P)
@ Oxygen




10 yum/ 10 pm

S5pum/ 5 um

VUV/O ething : Pressure dependence

1 kPa 30 min 2.5 kPa 30 min 5 kPa 30 min




VUV/O ething : Pressure dependence
5 kPa 10 min 5 kPa 20 min 5 kPa 30 min




Remnant on the VUV/O etched area

Topography

Deg

Phase Image

Distinct phase rag : Different nature - more adhesive



Sonication in water

A=172 nm, 10 mW / cm?
Xe, excimer lamp

Si substrate

Prior to sonication, the sample was
reduced by VUV irradiation.

The sample sonicated in water.

O\o\ .,‘ : UPW o Ethanol X
- Acetone X Hexane X
((( ))) Dibutyl ether X THF X
DMF X Toluene X

Sonication in solvent DMSO X

VS-F100, 100 W



Finest pattern
2pum/ 2 ym Large GO sheet ~ 100 pm




Summary

VUV photochemistry has been applied for
GO modification/sub-micro patterning both on the
oxidation and reduction schemes.

Reduction approach:
Fabrication of conductive channels in GO.
Expected for printing graphene micro circuits.

Oxidation approach:
Micro-etching of GO layers.
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