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Resume
The integration of graphene in microelectronics requires the ability to synthesize this material in a
reproducible and low‐cost manner. Early preparation methods, such as mechanical or chemical exfoliation of
HOPG (highly ordered pyrolytic graphite), or epitaxial growth by high‐temperature annealing of SiC (0001) in
UHV (ultra‐high vacuum), fall short in terms of reproducibility or scalability. In contrast, methods involving the
catalytic crystallization of graphene on a metallic substrate may enable large‐area fabrication and appear well
adapted to meet the requirements for industrial application.

Chemical vapor deposition (CVD) on a metallic substrate is considered as one of the strong candidates
for large‐area and uniform graphene growth. Such a route, however, has two critical limitations (1) high‐
temperature processing(~1000 °C)– low‐temperature is always preferable in an industrial perspective – and (2)
necessity for a transfer on an insulating (functional) substrate, which introduces not only an additional step in
the process, but also structural defects and chemical contamination.

In the present thesis work, we investigated new graphene growth techniques with the idea to limit or
suppress those drawbacks. We focused on two techniques differentiated by the way the carbon atoms are
introduced into the metal catalyst film: (i) direct‐current plasma‐enhanced CVD (dc‐PECVD) and (ii) carbon ion
implantation.

(i) The plasma‐assisted graphene growth process first appeared in a 2007 paper, which inspired a lot of
research groups including ours. Exposure of the metal film to highly reactive plasma introduces carbon atoms
at and near the film surface; performing this at elevated temperature makes the carbon atoms to diffuse
throughout the film. Our team had developed a large experience of dc‐PECVD in the growth of vertically
aligned carbon nanotubes. After adapting this method to graphene growth, it delivered graphene layers on Ni
at 450 °C. Moreover, in addition to the top‐surface layer, we obtained with this technique another graphene
layer in‐between Ni and the underlying insulating substrate (SiO2 or glass). That second graphene layer placing
itself directly on the insulating (functional) substrate, we developed a simple process for using it directly as a
sensor without transfer. This was the main achievement of the present thesis work.

(ii) We were the first to propose carbon ion implantation for supplying carbon atoms to the Ni layer,
prior to obtaining graphene upon annealing. By separating introduction and annealing, this technique allowed
us to isolate important factors of a heat treatment. Thus, through precise control of carbon dose/implantation
energy, we were able, by using this method, to get fundamental insight into the graphene growth mechanisms.

7

For most of the experiments, we employed nickel as catalyst, under the form of 200‐nm thick films
deposited by e‐beam evaporation onto an insulating substrate. For PECVD, we used a high density and highly
reactive plasma generated by the combination of CH4 and H2. We applied a procedure patented by our team,
which postulated that two graphene layers could be formed (at the surface and at the interface).We thus
confirmed this postulate and preliminary experiments. In such a process, the surface graphitic layer includes
damages due to direct exposure to plasma. The underlying graphene on insulating substrate is protected from
plasma exposure and requires no transfer for its use.

We have shown, with our implantation experiments, that carbon diffusion is very significant in
redistributing carbon in Ni, especially through grain boundaries. In PECVD, grain boundaries would help driving
C to the interface, but a complex mechanism related to plasma also has to be taken into account: we obtained
interfacial graphene with PECVD while we did not get it with implantation. We now explain this absence of
interface graphene after implantation by observing that carbon diffusion in Ni is quite fast, so that most of
implanted carbon atoms will out‐diffuse(within a few tens of seconds at 450 °C) rather than precipitate at
interface. Thus the PECVD growth includes a complex – probably dynamic – mechanism that promotes
precipitation at the interface.

Due to this fast diffusion, the final carbon distribution in a Ni film thus depends on the annealing
treatment that is applied during or after carbon has been introduced. We show in particular that two kinds of
graphitic materials are obtained after a given treatment: one under the form of single crystals of few‐layer
graphene/graphite, grown during the high temperature plateau, and a second under the form of
nanocrystalline few‐layer graphene, grown during cooling.

Finally, on the graphene grown by PECVD directly on glass at low temperature, we thus developed a
humidity sensor, by direct electrode printing. Beyond this proof of concept, we need to further investigate
growth mechanisms and annealing conditions for the development of various transfer‐free, low‐temperature,
graphene applications.

As the present work comes to its end, we are investigating these mechanisms by using a new technique,
which we call “Sub‐plantation”, where the carbon atoms are implanted at low energy into the metallic film. Our
team started this development in order to reproduce some of the PECVD conditions in ultra‐high vacuum and
ultra‐clean environment, after realizing that the carbon radicals had a significant kinetic energy in the dc‐PECVD
process (where the electric field reaches several hundreds of volts). The team thus designed an ultra‐high
vacuum (UHV) chamber jointly equipped with a carbon ion gun on the one hand and XPS, LEED and Auger
analysis on the other hand: “FENIX” – Facility for Elaboration of Nanomaterials with In‐situ analysis at Ecole
Polytechnique (X). In FENIX, we can keep carbon contamination to a minimum, which is mandatory to
understand the formation of graphene on the catalytic layer.
8

To conclude, we believe that the research carried out during this thesis work has brought a significant
brick in the building and understanding of low‐cost methods for making functional graphene devices.
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Chapter I. Introduction

Chapter I. Introduction
1.1. History of Carbon allotropes: From Graphite to Graphene
In the 15th century, a large quantity of graphite was discovered in England, which was extremely pure
crystal. This remains the only large scale deposit of graphite ever found in this solid form. Graphite is the oldest
known carbon allotrope with a crystalline phase which has the layered, planar structure of graphene. Each
layer is composed by arranged carbon following hexagonal lattice, and weak van deer Waals forces exist in‐
between layers that link them to form a 3D structure. Such an interaction is generated by a delocalized  orbital.
Without any doubt, graphite has revolutionized the world by the development of pencils (see in Figure 1.1.).

Figure 1.1. Hymen Lipman’s pencil drawing in patent, which published in 18581.

For a long time, diamond and graphite were considered to be the only pure forms of carbon. In 1985 a
new form of carbon, C60 named as fullerenes, was discovered by Kroto et al.2 The 0‐dimensional molecules have
a particular shape like a “soccer ball”. These fullerenes are made up of 60 carbon atoms arranged in pentagonal
and hexagonal rings. In 1990, physicists W. Krätschmer and D.R. Huffman for the first time produced isolable
quantities of C60 by causing an arc between two graphite rods to burn in a helium atmosphere and extracting
the carbon condensate so formed using an organic solvent.

Then, in 1991, carbon nanotubes (CNTs) came out by Iijima’s group, with a title of “Helical microtubules
of graphitic carbon” in Nature3. CNTs are made of rolled up carbon layers and have 1‐dimensional structure.
Depending on the number of walls, CNTs can be categorized as single‐walled CNTs (SWCNTs), double‐walled
CNTs (DWCNTs), and multi‐walled CNTs (MWCNTs). Furthermore, according to rolling up angle (“chiral vector”),
ithey are called armchair‐, zigzag, and chiral‐nanotubes. In fact, the discovery of CNTs has resulted in intense
research on carbon‐based materials due to the fact that they exhibit outstanding electrical and mechanical
properties. This would be explained later closely connected to graphene.
11
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Finally, in 2004, a single layer of carbon named “graphene” is isolated by Manchester group4. They
simply put a flake of graphite on scotch tape, and repeatedly peel off until the thinnest flakes are found.
Mechanical exfoliation provides high‐quality graphene crystallites up to 100 m in size, which is sufficient for
most research purposes. It is worth to note that a few of the most important properties of the graphene
monolayer were determined experimentally well before the year 2004, such a plasmon structure and the
phonon dispersion branches5, 6.

Figure 1.2 shows all carbon allotropes that we mentioned above, and how they formed. It is clear that
(a) 2‐dimensional graphene is a basic component of the others. For instance, (b) 0‐dimensional fullerene is the
form of wrapping up with 60 carbon atoms, (c) 1‐dimensioanl CNTs can be formed by rolling up, and (d) 3‐
dimensional graphite is a crystal that stacked by graphene layer.

Figure 1.2. (a) Graphene is a mother of carbon allotropes and can be converted to (b) fullerene, (c) carbon
nanotube, and (d) graphite. Citied from A.K. Geim et al., Nature Materials, 6, 183‐191 (2007)7

12
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1.2. Background on graphene: Band Structure and Properties
1.2.1. Band Structure of Graphene
Graphite is a three‐dimensional (3D) layered hexagonal lattice of carbon atoms. A single layer of
graphite forms a two‐dimensional (2D) material, called 2D graphite or a graphene layer. Even in 3D graphite,
the interaction between two adjacent layers is small compared with intra‐layer interactions, since the layer‐
layer separation of 3.35 Å is much larger than nearest‐neighbor distance between two carbon atoms, acc = 1.42
Å. Thus the electronic structure of 2D graphite is a first approximation of that for 3D graphite.
The first tight‐binding description of graphene was given by Wallace in 19478. He considered nearest‐
and next‐nearest‐neighbor interaction for the graphene pz orbitals, but neglected the overlap between wave
functions centered at different atoms. The other‐ nowadays better known‐ tight binding approximation was
nicely described by Saito et al.9 It considers a nonfinite overlap between the basis functions, but includes only
interactions between nearest neighbors within the graphene sheet.

1.2.1.1. Tight‐Binding Approximation in Graphite

Figure 1.3. (a) The unit vectors in real space, a1, a2, and (b) the reciprocal lattice vector, b1, b2.

Graphite is a layered structure by graphene. In graphene lattice, see in Figure 1.3., we can identify two
non‐equivalent carbon atoms (A and B). Thus, using Bloch wave function of these two carbon atoms, we can
obtain following energy dispersion,

E ( k ) 

 2 p  2t cos(ka / 2)
1  2s cos(ka / 2)

,

(


a

k


a

)

(Eq.1.1.)

in which the (+) sign defines one branch and the (‐) sign defines the other branch. The levels E+ and E‐
are degenerate at ka=±π. E+(k) and E‐(k) are called bonding π and antibonding π* energy band, respectively.
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1.2.1.2. Tight‐Binding Approximation in Graphene
From the Figure 1.3., we can define the unit vector, and the reciprocal lattice vectors. This calculation
leads to following energy dispersion in graphene,

1/ 2



k a
k a
3k x a
E g 2 D (k )  t 1  4 cos
cos y  4 cos 2 y 
2
2
2 


(Eq. 1.2.)

In this case, the energies have the values of  3t ,  t and 0 , respectively at the high symmetry
points,  ,  and  in the Brillouin zone.

Figure 1.4. shows energy dispersion of graphene on momentum space. Especially, K points where
valence band and conduction band are connected are called “Dirac points”. This is an essential origin of
amazing properties of graphene. Near the K and K’ points, the energy dispersion has a circular cone shape
which, to a first order approximation, is given by


E ( k )   v F k ,

1

( vF  3ta / 2  10 ms )
6

(Eq. 1.3.)

Here, VF is the Fermi velocity. Note that the wavevector k is measured from the K and K’ points. This
kind of energy dispersion is distinct from that of conventional 2D system (m is the electron mass), due to the
fact than energy dispersion is not related to mass.


E ( k )  ( 2 k 2 / 2 m )

(Eq. 1.4.)

Figure 1.4. First Brillouin zone and band structure of graphene. The vertical axis is energy, while the horizontal
14
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axis is momentum space on the graphene reciprocal lattice. The first Brillouin zone of graphene is illustrated in
the horizontal plane and labeled with some points of interest. Especially, K and K’ are known as the Dirac points,
which connect the valence band and the conduction band. Citied from D.R. Cooper et al., arXiv:1110.6557v110

1.2.2. Properties
Graphene is a versatile material that exhibiting superior properties in many‐side. In this section, I’ll
briefly review featured properties of graphene.

One of the most attractive properties of graphene is the ultra‐high charge mobility at room
temperature. S.V. Morozov et al., reported that if extrinsic disorder is eliminated, charge mobility higher than
200,000 cm2/Vs can be achieved with weak temperature dependence11. And charge mobility in excess of
200,000 cm2/Vs (200 times higher than Si) observed by suspending single layer graphene at electron densities
of 2 x 1011 cm‐2. Due to the fact that the presence of charge scattering by the underlying substrate and
impurities or wrinkles in graphene, its charge mobility could be strongly affected12.

Following Figure 1.5. shows electron mobility of various materials, including graphene, graphene
nanoribbons, carbon nanotubes, Ge (bulk), Si (bulk), Si MOS (Metal‐Oxide‐Semiconductor), III‐V compounds
(bulk), and 4H‐SiC (bulk)13. In fact, graphene possess the most high charge mobility, but introducing of bandgap
by graphene nanoribbons makes suppression of charge mobility down to bulk phase of Si or even lower. This
would be seriously considering in the field of application.

Figure 1.5. Electron mobility versus bandgap of various materials. Cited from F. Schwierz, Nature
Nanotechnology 5, 487 ‐ 496 (2010)13
15
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Graphene has a universal 2.3% linear optical absorption of incident white light14, a consequence of
graphene’s unique electronic structure. And a room temperature thermal conductivity of about 6000 W/mK for
a suspended monolayer graphene is predicted15. Single layer graphene has excellent mechanical properties
with a Young’s modulus of 1.0 TPa and a stiffness of 130 GPa15. It is also possible to carry high current density
up to 3 x 108 A/cm2 16.

Figure 1.6. Light transmittance of single layer and bilayer graphene. Cited from R.R. Nair et al., Science 320,
1308 (2008)14

Due to all above properties which can overcome current inherent limit of materials, as well as the
performance of device, the research on graphene is getting expanding from fundamentals to the industrial
applications.

1.3. Potential of graphene: Toward Applications
The appearance of 2‐dimensional material, graphene, inspired a lot of theoretical physicists due to the
fact that it exhibits amazing properties originating from Dirac point. Now, its potential toward applications is
getting larger, including opto‐electronics, bio‐medical applications, surface coating for either anti‐
corrosion/oxidation or uniform heat dissipation etc.
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1.3.1. Transistor
Semiconductor electronics are mainly composed of digital logic part and radio‐frequency (RF) part. The
former aims at switching electron signals, while the latter is to amplify the signals. In fact, monolayer graphene
has no bandgap, which limits the on/off ratio in field‐effect transistors, thus additional engineering of graphene
to introduce a bandgap is required for digital logic application. In other words, graphene is more readily
applicable in RF applications.

1.3.1.1. Digital Logic Components
A FET (Field Effect Transistor) consists of a gate, a channel region connecting source and drain
electrodes, and a barrier separating the gate from the channel. The operation of a conventional FET relies on
the control of the channel conductivity, and thus the drain current, by a voltage, VGS, applied between the gate
and source.

Figure 1.7. Schematic diagrams of conventional transistor structure. Cited from F. Schwierz, Nature
Nanotechnology 5, 487 ‐ 496 (2010)13

Charge carriers in graphene process a very small effective mass, hence graphene shows extremely
attractive material properties relevant to electronic devices. K.S. Novoselov et al., reported that charge
mobilities of graphene obtained by micromechanical cleavage reached 15,000 cm2/Vs for both electrons and
holes17. Using epitaxially grown graphene, C. Berger et al. achieved a charge mobility of 27,000 cm2/Vs in
patterned graphene18. Extremely high charge mobilities reaching 200,000 cm2/Vs are recorded from suspended
graphene19‐21.

For the switching behavior, of course, we need a suitable bandgap in materials. Structural charge
confinement is one of the ways that can open the bandgap in graphene, thus graphene nanoribbon (GNR),
graphene nanomesh (GNM), and graphene quantum dot (GQD) are proposed. However, because of the
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difficulties to make smooth edge, the introduction of bandgap might be partially related to Coulomb blockade
which means that charge mobilities are strongly depressed. If the charge mobility is lowered down to the range
of silicon, no more advantages are given in graphene transistors.

1.3.1.2. Radio‐Frequency Transistors
The high mobility of charge carriers in graphene is ideal for obtaining fast switching and a high on
current, Ion. Zero bandgap induces a large off current, however, so the on/off current ratios for graphene
transistors are about 102, much lower than the 103 ~ 106 required for mainstream logic applications4. But this
relatively low on/off ratio is not a significant problem for high‐frequency applications, such as radio‐frequency
switches.

Most applications for radio frequency (RF) transistors had been military oriented in the early 1980s,
while wireless communication markets now prevail. The term RF stands for radio frequency and is commonly
designated as electromagnetic waves with frequencies around and above 1 GHz. Thus RF transistors are devices
with the capability to operate and amplify signals at GHz frequencies. RF transistors are used in a large range of
different circuits, such as low‐noise and power amplifiers, mixers, oscillators, frequency converters, etc.

This, together with the fact that radiofrequency circuits are much less complex than digital logic chips,
has led to makers of radiofrequency chips being more open to new device concepts. An indication of this is the
large variety of different transistor types and materials used in radiofrequency electronics: these include high‐
electron‐mobility transistor (HEMTs) based on III‐V semiconductors such as GaAs and InP, silicon n‐channel
MOSFETs, and different types of bipolar transistor.

In general, radio frequency transistor performance is characterized by two parameters: the cut off
frequency fT, and the maximum oscillation frequency fmax, where fT and fmax represent how fast channel current
and power transmission, respectively, are modulated by the gate. Cut‐off frequency is defined as

fT 

gm
2CG

(Eq. 1.5.)

where gm is the intrinsic transconductance and Cg is the gate capacitance. Recently, graphene MOSFETs
with gigahertz capabilities have been reported. So far, the highest measured fT has been 300 GHz with Co2Si‐
nanowire gates using exfoliated graphene22. At a wafer scale, 240 GHz has been reported using epitaxial
graphene23, compared with 200 GHz using chemical vapour deposition (CVD)24.
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The maximum oscillation frequency is:

f max 

fT
2 ( g D ( RG  RSD )  2fT RG CG )

,

(Eq. 1.6)

where gD is the channel conductance, RG is the gate resistance and RSD is the source‐drain resistance.

1.3.2. TCFs (Transparent Conducting Films)
It is predicted that the market size for TCFs will be 1.3 B€ in 201225. 93% of that uses ITO (Indium Tin
Oxide), primarily in display industry, such as LCD, OLED, e‐paper, and touch screens.

However, the price of ITO is continuously increasing due to the limited supply of indium; even recycling
ITO has become a big industry26. Since ITO is a ceramic material, it can crack and fracture at relatively low
strains of 2~3%27, therefore fails to integrate in flexible electronics. Another drawback of ITO is, see in Figure
1.7., strong spectral‐dependent response28, 29. In particular, the transmittance drops rapidly near the UV
(ultraviolet) region, which could be a serious problem for UV sensors and LEDs even if the transmittance is very
high in the visible region30. The absorption spectrum of monolayer graphene is quite flat from 300 to 2,500 nm
with a peak in the ultraviolet region ( ~270 nm), due to the exciton‐shifted van Hove singularity in the graphene
density of states31. These facts highlight uniform transmittance of graphene‐based TCFs with a larger
wavelength window than ITO films.

Figure 1.8. Performance of graphene‐based TCFs compare to ITO and SWCNT. (a) Transmittance depend on
wavelength. (b) Variation of sheet resistance with bending angle. Cited from C. Biswas and Y.H. Lee, Advanced
Functional Materials 21, 3806 ‐ 3826 (2011)30

It is important to note that sheet resistance Rs and transmittance T are in fact linked. Both are
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determined by the response of electrons to either static voltage or dynamic light electric field. The sheet
resistance is ultimately controlled by the 3‐dimensional DC conductivity, DC,

Rs  ( DC t ) 1

(Eq. 1.7.)

where t is the film thickness. The transmittance is controlled by the optical conductivity Op which is
following

T  (1 

Z0
 Opt )  2
2

(Eq. 1.8.)

Here, Z0 is the impedance of free space having 377 Ω. Note that optical conductivity is related to the
Lambert – Beer absorption coefficient  by Op ≈ 2/Z0. Then, we can combine these equations eliminating t to
give a relationship between T and Rs for a thin conducting film,

T  (1 

Z 0  Op  2
)
2 Rs  DC

(Eq. 1.9.)

Thus, the relationship between T and Rs is controlled by the conductivity ratio, Op/DC. High values of

Op/DC result in the desired properties32.
In fact, the transmittance of a freestanding monolayer graphene can be derived by applying the Fresnel
equations in the thin‐film limit for a material with a fixed universal optical conductance G0 = e2/(4ћ) ≈ 6.08 x 10‐
5

Ω‐1, to give33

T  (1  0.5 ) 2  1  

(Eq. 1.10.)

where  = e2/(4πε0ћc) = G0/(πε0c) ≈ 1/137 is the fine‐structure constant14.

There is a strong competition to replace ITO and its necessity is widely recognized. Other types of metal
oxide, such FTO (Fluorine‐doped Tin Oxide) and AZO (Aluminium Zinc Oxide) is already in market share with 6%,
and various metal composites are also under investigation34. Graphene has strong advantages as we have seen
above, but, for practical applications, the performance of devices should be further improved by the
engineering of graphene films, such as through their synthesis, transfer, and doping. Graphene‐based TCE could
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be applicable in wide range of applications, including LED, display (LCD, OLED, and touch screen), lighting, etc.

1.3.3. Energy Harvesting and Storage
Energy harvesting and storage are both critical research domains where increasing demands for
improved performance of energy devices and requirement for greener energy resources constitute an immense
research interest. Graphene has a great potential to be implemented as electrodes/absorber in solar cells35‐41,
electrochemical/thermal energy harvester42‐44, supercapacitor45‐51, electrodes in LIBs52‐57 (Li‐Ion Batteries),
hydrogen storage 58‐60, bio‐energy storage61.

1.3.3.1. Battery
Technological improvements in rechargeable solid‐state batteries are being driven by an ever‐increasing
demand for portable electronic devices. Lithium‐ion batteries are the systems of choice, offering high energy
density, flexible and lightweight design, and longer lifespan than comparable battery technologies. Currently
the anode material employed for lithium based batteries is usually graphite because of its high ratio of the
extracted Li to the inserted Li55. However, it has a limited theoretical capacity of 372 mAh/g which cannot meet
the requirements of high energy capacity62.

Graphene presents a variety of advantages compared with graphite or CNTs in battery applications. For
instance, it has a theoretical specific surface area of 2675 m2/g, much higher than that of CNTs and graphite
with values of ~1300 m2/g and 10‐20 m2/g. The large surface areas can provide more electrochemical reaction
active sites for energy storage. Indeed, the edge sites of graphene could aid Li+ adsorption and diffusion,
consequently reducing charging time and increasing output power. Another distinguished point of graphene is
a flexibility compared to fragile graphite, which is beneficial for fabricating flexible energy devices48.

1.3.3.2. Supercapacitor
The research on novel, low‐cost, eco‐friendly, and excellent performance energy storage systems is
under an ever‐increasing demand. Due to the unique 2‐dimensional structure and outstanding intrinsic physical
properties of graphene, such as extraordinarily high electrical conductivity and large surface area compared to
volume/weight (2675 m2/g)45, graphene‐based materials exhibit great potential for applications in
supercapacitors (also named electrochemical capacitors and ultracapacitors).

Supercapacitors store significantly higher amounts of energy density than conventional dielectric
capacitors, but they have a similar cell structure as traditional ones except for the fact that the metal
electrodes are replaced by highly porous electrodes46. Compared with batteries, supercapacitors are essentially
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maintenance‐free with longer life cycle, require a very simple charging circuit, and experience no memory
effect with a rapid charging/discharging rate (within seconds or minutes) at high power densities47.
Supercapacitors, which are generally much safer (than the other energy storage), could be adapted to batteries
and fuel cells.

Depending on energy storage mechanisms, supercapacitors can be classified into (i) EDLCs
(Electrochemical Double‐Layer Capacitors) which store energy using the adsorption of both anions and cations,
and (ii) pseudo‐capacitors that store energy through fast surface redox reactions49. The capacitance in these
EDLCs devices is stored as a build‐up of charge in the layers of the electrical double‐layer formed at the
interface between at high surface area electrode and an electrolyte.

The group headed by R.S. Ruoff first explored graphene‐based EDLCs utilizing CMG (chemically modified
graphene) as electrode material50. Although the individual graphene sheets partially agglomerated into
particles approximately 15~25 m in diameter during the reduction process, the relatively high specific surface
area of the graphene‐based material aggregation (705 cm2/g) still allows these electrodes to have high
electrochemical performance. Large specific capacitance values of 135 and 99 F/g for aqueous and organic
electrolytes, respectively, are achieved. Low degree of agglomeration can result in high capacitance of 205 F/g
with a power density of 10 kW/kg in an aqueous electrolyte solution51.
C. Liu et al. reported49 that, via curved graphene electrode, supercapacitor having high energy density
of 85.6 Wh/kg at room temperature can be achieved. This is significantly higher than typical level of 5~10
Wh/kg. The key to success was the ability to make full utilization of the highest intrinsic surface capacitance
and specific surface area of single layer graphene by preparing curved graphene sheets that will not restack
face‐to‐face. The curved morphology enables the formation of mesopores accessible to ionic liquids.

1.3.3.3. Solar Cells
Graphene can be utilized as transparent conducting electrode in solar cells, especially organic
photovoltaics. Because, in addition to (i) uniform transmittance in a wide range of spectrum, and (ii) capability
of utilize in flexible electronics, detrimental indium diffusion from ITO to active organic layer63 could be
avoided40. This could lead to fully realize the potential of organic solar cells as well as graphene.

Graphene has a hydrophobic surface of pristine graphene, so uniform coating of hole‐transport layer,
such a PEDOT:PSS, is challenging. It was found that AuCl3 doping significantly improves the graphene OPV
device performance, but also improves the surface wetting of the graphene electrodes, thus the device success
rates are improved41.
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1.3.4. Sensors
Graphene provides the best surface to volume ratio of any material which means that every atom in
graphene can interact with surrounding environments. If we use freestanding graphene, not on the supporting
substrate, both sides of graphene surface could be an effective sensing area. All of these interactions, to some
extent, will perturb the pristine nature of the graphene structural and electronic system, which then forms the
basis for the detection of such interaction/binding events.

Note that the defect‐free graphene layer has a nearly zero of electron transfer‐rate constant. The edge
of graphene has an electron transfer‐rate constant, ke, of 0.01 cm/s, while the basal plane exhibits
electrochemically inert which below kb = 10‐9 cm/s64. This means that some amount of defects should be
intentionally introduced in graphene65‐67 or a strategic functionallization of the graphene surface should be
preset so that it can react with target species.

Compared to CNTs (Carbon Naotubes), graphene does not include metallic impurities (catalyst metal is
present in CNT tips). Graphene possess very high 2D electrical conductivity, in addition to large surface area,
thus it is considered as an ideal material for electrochemistry.

1.3.4.1. Gas Sensor
Gas sensors based on graphene could make use of the change in electrical conductivity of graphene
when gas molecules adsorb on the graphene’s surface and act as donors or acceptors of electrons. Graphene‐
based gas sensor would result in ultimate detection limit, only single molecule68.

When the graphene is exposed to various gasses, the response of device conductivity varies. Some
cases such as NH3 and CO dope the graphene with electrons while others such as NO2 and H2O dope it with
holes, and to a different extent for different gasses, as shown in Figure 1.9.
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Figure 1.9. Resistivity changes in graphene‐based gas sensor. Various gases diluted in concentration to 1 ppm
are exposed. The positive sign of changes, (NH3, CO), implies electron doping of graphene, while the other (NO2,
H2O) means hole doping. Cited from F. Schedin et al., Nature Materials 6, 652 ‐ 655 (2007)30
To detect various gases, O269, H270‐74, NO275‐77, H2O2 in food78, and SO279, a variety of graphene‐derivative
(graphene, graphene oxide, and reduced graphene oxide with metal‐hybrid) are actively under investigation. In
addition to gas sensor, several graphene‐based electrochemical80, 81, mechanical (pressure82, strain83, 84), bio
(DNA85‐91, glucose92, 93, peptide94, bacteria95, enzyme96, etc.) sensors are proposed.

1.4. Conclusions
From the discovery of graphite, carbon allotropes are actively under investigating. The scientific
research on graphite, which stacked structure of graphene layer, resulted in accumulation of fundamental
insights. As the fullerene is appeared in 1985, the additional functionalities are given thanks to its 0‐
dimensional structure. And, carbon nanotubes come to the center of interest for such a long time. As the
properties of CNT originating basically from graphene layer, now carbon‐based materials are of great interest
even with graphene.

Graphene exhibits unique electrical, optical, thermal, and mechanical properties, originating from linear
energy dispersion at low energy, and this cover or surpass current industrialize materials. The potential of
graphene is well‐recognized from the fundamental insight to a variety of industries.
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TCF still require more research to decrease sheet resistance, thus the understanding of graphene
growth mechanism, advances in graphene transfer, and various doping/functionallization of graphene are
required. In energy‐related devices, such as supercapacitor, battery, and solar cell, graphene‐metal hybrid
electrodes are widely used to enhance the performance of devices. Graphene‐based sensing platform is one of
the most promising fields, but still remains unsolved the role of defects in graphene. The potential of graphene
applications is still expanding, from those areas which we mentioned

above to anti‐corrosion coating97‐100,

gas/chemical barrier101, 102, EMI shielding103, water desalination104, 105, field emission106, 107, TEM grid108, 109, heat
dissipation110‐112, etc.

Only few years after from the discovery of material, graphene becomes surprisingly important material
that gathering huge amount of funding from each government, global company, and academic institute. The
situation is unprecedented in scientific research. The potential of graphene, in terms of fundamental and
application, is hugely expanding as ever.
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Chapter II. Characterization of Graphene
2.1. Introduction
Graphene is an atomically thin 2‐D material, which is composed of sp2 carbon network, thus how to
characterize this new material is of great importance, in addition to graphene synthesis. In this Chapter II., we
will describe the techniques that we have used in graphene characterization and in determining its properties.

Scanning Electron Microscopy (SEM), and Atomic Force Microscopy (AFM) is commonly using to
investigate its morphology and thickness of graphene, but it has a difficult to identify when the layer is fully
continuous without cracks. The contrast/thickness difference is required to get the information. Transmission
electron microscopy (TEM) provides the fact that atomic structure, uniformity at local area, vertical structure of
sample with cross‐section image, crystalline property of graphene with a relation of facing materials, and even
size of crystal. However, this is a destructive measurement that relatively time‐consuming/costly in preparation
and limited at local place. Optical microscope revealed the possibility of detecting wrinkles/ripples or grain
boundaries of graphene1‐3 as well as grain structure of catalyst metal4, 5. This supports a fast and simple
investigation of samples. Raman spectroscopy is one of the most powerful tools in graphene analysis that bring
the information of graphene’s quality by position, width, and relative intensity of each peaks. This has a close
relation to absorbents on surface, thickness, crystallite size, and stacking order of graphene. Furthermore,
Raman mapping allows to demonstrate the uniformity of graphene layers. Optical transmittance can be
measured using transferred graphene on glass substrate, and number of graphene layers can be roughly
estimated. Lastly, the electrical properties of graphene are core interest, thus van der Pauw and TLM (Transfer
Length Method) will be introduced. Additionally, our humidity sensing platform will be explained.

2.2. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is one of the fast, non‐destructive, and easily accessible
characterization tools that provide useful information, such as identification of graphene position (compared to
underlying substrate), and evolution of grain boundaries of catalyst metals at each process. SEM uses a focused
beam of high energy electrons to generate a variety of signals at the surface of solid specimens. An Hitachi S‐
4800 FE‐SEM working with conditions of 10 kV, 5 A was employed to investigate the surface morphology of
the samples (working distance < 10 mm).

Electron bombardment of a sample is unique to microprobe analysis and produces a large number of
effects from the target material. The incident electrons interact with specimen atoms and are significantly
scattered by them rather than penetrating the sample in a linear fashion. Most of the energy of an electron
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beam will eventually end up heating the sample, however, before the electrons come to rest, they undergo two
types of scattering: elastic and inelastic.

The most common imaging mode collects low‐energy (less than 50 eV) “secondary electrons” that are
ejected from the k‐orbitals of the specimen atoms by inelastic scattering interaction with beam electrons6‐8.
Due to their low energy, these electrons originate within a few nanometers from the sample surface9. The
topography of surface features influences the number of electrons that reach the secondary electron detector
from any point on the scanned surface. This local variation in electron intensity creates the image contrast that
reveals the surface morphology.

The mode of “back scattered electron imaging” provides image contrast as a function of elemental
composition, as well as, surface topography10. Since the image is produced by elastic interaction (no energy lost)
between the sample and the incident electron beam, in addition to high energy electrons, those electrons
escape from much deeper than secondary electrons, so surface topography is not as accurately resolved as for
secondary imaging. Secondary electrons are produced by inelastic interaction of beam electrons with electrons
in the atom, while back scattering electrons generated by the elastic interaction of the beam electron with
nuclei of atoms in the specimen.

When the contrast difference of objects in surface is significant, we can automatically distinguish each
element and the numerical analysis is possible by support of Image J which is freeware image processing tool.
Figure 2.1. shows the example of how we can automatically extract the area and the number of particles
referred to image contrast. From the pristine SEM image, the area which has clearly black color can be selected
by contrast difference, then the density of area and number of particles in image can be calculated.
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Figure 2.1. Surface analysis referred to contrast of image using Image J. (a) pristine SEM image, (b) filtered
image by contrast, and calculation of (c) filtered area, (d) number of particles.

2.3. Atomic Force Microscopy
Atomic Force Microscopy (AFM) in the tapping mode is a commonly used tool to measure the thickness
of graphene flakes on silicon oxide surfaces. We are using Veeco, DimensionTM 3100 AFM system with a scan
rate of 0.2 Hz over 10 m x 10 m surface, in general.

What is to consider in AFM data is the Instrumental offset. A. Gupta et al. investigated the height of a
graphene deposit with estimated number of graphene layers by AFM11. From the following equation,

h = t x n + t0

(Eq. 2.1.)

where h is the height of graphene flakes (measured by AFM), n is the number of graphene layers
(estimated by Raman), and t is the approximate theoretical thickness of a graphene layer, they inferred t0 an
AFM instrumental offset, independent of n. They obtained linear relationship, see in Figure 2.2., and extracted
t0 = 0.33 nm, i.e., a measurement of 0.7 nm height for a single layer11. This difference might result from the
interaction between AFM tip and graphene, as compared to tip and SiO2.
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Figure 2.2. Thickness variation of graphene with estimated number of graphene layers. The straight line is a
least‐square fit to the data. Cited from A. Gupta et al. Nano Lett.6, 2667 (2006)11

Through AFM measurement before and after pre‐annealing of metal for grain enlargement, the
influence of catalyst grain (for example, size and flatness of grain) can be answered4. And some of structural
defects, such as wrinkles, folded area, could be analyzed.

2.4. Transmission Electron Microscopy
Transmission electron microscopy (TEM) has been performed at either 120 kV, 200 kV using a high‐
resolution Topcon 002B (Courtesy of Thales R&T, Palaiseau, France) or a Jeol 2010 F (CIMEX,
Écolepolytechnique) or at 300 kV using a FEI CM30 (CIMEX). TEM allowed us to study the morphologies of
carbon‐based materials and interfaced‐layer in atomic resolution. The cross‐sectional samples for TEM were
prepared by slicing and polishing using the tripod technique down to the thickness of ~5 m and then ion
milling; the TEM plan‐views were obtained by etching Ni, lifting‐off of the graphene membrane, and depositing
it on a holey carbon grid.

We use the diffraction line‐width for measuring the average grain size of the graphene, following
Scherrer formula. In 1918, P. Scherrer showed that, when parallel monochromatic radiation falls on a random
oriented mass of crystals, the diffracted beam is broadened when the particle size is small12‐14. By an
approximation method he obtained an expression for the full width W of the diffracted beam in the form

W

K
( L cos  / 2)

(Eq. 2.2.)

In which  is the wavelength of the incident x‐rays, L is the linear dimension of particle, /2 the Bragg
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angle and K a numerical constant for which he obtained the value of 2(ln2/)1/2=0.93. In the case of TEM,
where /2 is small, the grain size L is, to a good approximation

L

K
Const.

W
width(line)

(Eq. 2.3.)

where K is the camera length of the microscope and B is the full width at half maximum, measured in
units of length on the diffractogram. Particles having a width larger than the spatial coherency of the beam (up
to several µm with field emission guns) will not increase the intrinsic line width.

2.5. Raman Spectroscopy
Raman spectroscopy has historically been used to study structural and electronic characteristics of
carbon‐basednanomaterials15, 16, providing useful information on (i) the defects (D band), (ii) the degree of
graphitization by in‐plane vibration of sp2‐bound carbon atoms (G band), (iii) stacking order (2D band) as well
as (iv) number of graphene layers via relative intensity ratio of each band. Raman spectra were acquired using
a high‐resolution (0.1 cm‐1) spectrometer (Labram HR800 from HORIBA Jobin Yvon) in a confocal microscope
backscattering configuration. The objective used in this study was a 100× (NA = 0.9) objective from Olympus.
Excitation was provided by a tunable Ar laser from Melles Griot (514‐nm wavelength).

Figure 2.3. (a) Representative Raman spectrum of3 times layer‐by‐layer transferred single layers of graphene
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from Cu foil. Note that, in high‐quality graphene, D band is hardly detectable. In this case, D band is caused by
the introduction of structural defects (wrinkles, folding, etc.) and chemical residue (metal etchants, polymers)
comes from transfer process. Both first‐order scattering (D, and G band in blue area) and 2nd‐order scattering
(T+D, 2D, and 2D’ band in red area) are depicted. (b,c) carbon motions in the D and G mode, respectively.
The D peak located around 1350 cm‐1 is a breathing mode of A1g symmetry involving phonons near the
K zone boundary on the Brillouin zone. This mode is forbidden in perfect graphite and only becomes active by
the presence of disorder. Note that the D mode is dispersive and thus depends on photon excitation energy,
while the G peak is not dispersive. The G band originates from in‐plane relative vibration of sp2 carbon atoms
(see in Figure 2.3.(c)) and is a doubly degenerate (TO and LO) phonon mode (E2g symmetry) at the Brillouin
zone center. The 2D band originates from a two phonon double resonance Raman process. The major Raman
features of graphene and graphite are the so called G band (~1580 cm‐1) and 2D band (~2670 cm‐1).
The T+D peak can be ascribed to the combined dispersion of T (~ 1084 cm‐1) and D (~ 1350 cm‐1) modes
at the Brillouin zone edge. The 2D’ peak can be assigned to the second harmonic of D’ peak (~ 1620 cm‐1),
which does not require the existence of defects for its activation and is always present in the Raman spectrum
of high‐quality monolayer graphene.

2.5.1. Charge Doping
The in‐plane vibrational G band of graphene is blue‐shifted for both electron and hole doping, due to
the nonadiabatic removal of the Kohn anomaly at the Γ point17. On the other hand, the 2D band is red‐shifted
for electron doping and blue‐shifted for hole doping, due to the charge transfer induced modification of the
equilibrium lattice parameter18. This makes Raman spectroscopy an effective technique to determine the
doping type and dopant concentration in graphene.
A. Das et al., fabricated a back‐gated graphene transistor for in situ Raman measurement18, as shown in
Figure 2.4. Referred to dirac voltage, 0.6 V here, electrostatic doping either p type (> 0.6 V) or n type (< 0.6 V)
could be achieved. It is remarkable that G band frequency and width both exhibit symmetric changes relative
to the value of 0.6 V. This symmetry is naturally linked to the symmetry of the electronic band structure that
occurs at the Dirac point. In case of 2D band, shift is opposite direction for electron (redshift), and hole
(blueshift).
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Figure 2.4. In‐situ Raman measurement with electrostatic doping of graphene (a) Schematic diagram of the
experimental setup. Between source and drain electrode, exfoliated‐graphene flake is placed. (b) Drain current
as a function of gate voltage. (c) Acquired in‐situ Raman spectrum as a function of gate voltage. Cited from A.
Das et al., Nat. Nanotechnol. 3, 210 (2008)18

The integrated intensity ratio between 2D and G band, I2D/IG, is also known to be sensitive to charge
doping. The strength of 2D band decreases with increasing charge density, while the strength of the G band
remains rather constant19. This trend is confirmed for exfoliated and chemically grown ones20.

2.5.2. Number of Graphene Layers
A strong Raman signal from single layer graphene on SiO2/Si, comparable to that of bulk graphite,
especially G band, has been observed by Y.Y. Want et al.21. The G peak originating from in‐plane vibrations, the
Raman intensity of G band should scale with the thickness of graphene/graphite samples up to the laser
penetration depth, which is around 50 nm (~ 150 layers) for 532 nm laser.

However, Y. Y. Wang et al. found that the G band intensity of graphene sheets would decrease when the
layers of graphene exceed certain value (see in Figure 2.5), while single layer graphene is comparable to that of
graphite21. This is due to interferences of laser light in graphene sheets as well as the multi‐reflection of Raman
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light. Thus, they concluded that Raman signal of single graphene sheet can be enhanced 30 times by using a
269 nm SiO2 above Si substrate.

Figure 2.5. G band intensity of graphene sheets as a function of number of graphene layers (The data were
collected using 532 nm radiation under ambient conditions). Cited from Y. Y. Wang et al., APL 92, 043121 (2008)
21

The intensity of the G band increases almost linearly as the graphene thickness increases in certain
range. At the same time, G peak position is downshifted with increasing number of graphene layers. They
prepared graphene layers from 1 to 20 on 100 nm‐thick‐SiO2/Si wafer, via micromechanical cleavage using
HOPG (Highly Oriented Pyrolytic Graphite). Raman spectra were then collected using 514.5 nm excitation
under ambient conditions at low laser power (<2 mW). As they combined AFM system together in Raman
spectroscopy, they can calculate the G peak shift, exactly. They found a linear relationship:

G      / n

where

(Eq. 2.4.)

 G is the frequency of G peak, n is the number of graphene layers, and  is the constant

value which is defined as 5.5 cm‐1. The differences in number of graphene layers, especially from 1 to 10 layers,
result in blueshift of around 5 cm‐1
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Figure 2.6. Effect of number of graphene layers on G peak intensity and peak shift. (a) Observed Raman spectra
with increasing number of graphene layers and (b) extracted G peak position as a function of graphene
thickness (The data were collected using 514.5 nm radiation under ambient conditions). Cited from A. Gupta et
al., Nano Lett. 6(12), 2667 (2006)11

The presence of symmetric 2D peak can be regarded as the fingerprint for the presence of monolayer
graphene. The 2D band can also be used to count the number of graphene layers. The 2D band becomes
broader and blueshifted when the graphene thickness increases from SLG to MLG11.

Figure 2.7. Evolution of the 2D peak at 514 nm and 633 nm with the number of graphene layers. Cited from A.
C. Ferrari et al., Phys. Rev. Lett.97, 187401 (2006)22

2.5.3. Crystalline Size
Tuinstra and Koenig (TK) showed that the ratio between the D‐ and G‐band Raman intensities (ID/IG) is
directly related to the crystallite size (La) of 3D graphite23, 24.
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La  C ( ) 

1
(I D / IG )

(Eq. 2.5.)

where C is a scaling coefficient

C ( )  C 0   L  C1

(Eq. 2.6.)

where C0=‐12.6 nm, C1=0.033

if λ=514.5 nm,then C(λ)≅4.379 nm
if λ=532.0 nm,then C(λ)≅4.956 nm

2.5.4. Uniformity
A Raman spectrum of a solid contains information about its vibrational and electronic properties.
Collecting spectral data with spatial resolution and encoding it in a 2D plot generates images with information
complementary to optical and scanning force imaging. To investigate the uniformity as well as grain structure25
of a graphene layer, Raman mapping is one of the best ways.

Q. Yu et al., present Raman mapping on single crystalline grain of graphene and nucleation
sites/emerging area of two grains could be definitely found25. Such an investigation can bring the insights on
the effect of grains of graphene on electronic/optical properties.

Figure 2.8. Raman mapping analysis on emerging single‐crystalline graphene, referred to (a) D band, (b) G band,
and (c) 2D band. Cited from Q. Yu et al., Nat. Mater. 10, 443‐449 (2011)22

Raman mapping is not only limited to each signal alone, but also possibly expand to correlation
between two of them, even the bandwidth or position of peak can be used.
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2.5.5. Stacking Order
Bilayer graphene (BLG), strongly coupled between two layers (AB stacking), has a similar integrated
intensity of G and 2D band, while single layer graphene has much higher 2D band than that of G band26‐29.
However, when the stacking order of BLG is rotated, the interaction would be totally changed. Depend on
degree of twist and coupling, relative intensity of G and 2D will be varied, this it would be a good indicator.
Even mapping is possible to demonstrate the uniform stacking order.

C.H. Lui et al., reported that bernal (ABA stacking order) and rhombohedral (ABC order) trilayer
graphene could be effectively identified by spatial Raman mapping (see in Figure 2.9.)29. Based on shape and
width of 2D band, the distribution of stacking order can be determined. As the stacking order influences
electrical properties of graphene, this would be a important measurement tools.

Figure 2.9. (a) Optical image and (b) corresponding spatial map of the spectral width of the Raman 2D‐mode
feature for trilayer graphene samples. The homogeneity of the optical images shows the uniformity of the layer
thickness. The Raman images, taken with 514‐nm excitation, are color coded according to the width of the
Raman feature. Cited from C.H. Liu et al., Nano Lett. 11, 164‐169 (2011)29

2.6. Optical Transmittance
Single‐layered graphene (SLG) absorbs only ≈2.3 % of white light, where α (= e
structure constant

30, 31

2

/ c ) is the fine‐

. Thus, from the optical transmittance of grown‐graphene, we can easily estimate the

number of graphene layers. For optical transmittance measurement, we employed 6800 Double‐Beam
Spectrophotometer, JENWAY.

44

Chapter II. Characterization of Graphene

2.7. Electrical Characterization
2.7.1. Van der Pauw method
We have performed electrical characterization on transferred graphene layers. Especially, sheet
resistance of graphene is of great importance and representative of two‐dimensional entities. The van der
Pauw method is a commonly used technique to measure the sheet resistance of materials, which was first
proposed by L. J. van der Pauw in 195832.

In van der Pauw method, 4 point probes are directly located at the edges of graphene surface. Some of
the scratches observed on uniform graphene surface can increase the sheet resistance. Since each probe is
directly in contact with the graphene surface, calculated sheet resistance is sensitive to location and vibration
during measurement.

Figure 2.10. Optical image of graphene transferred on SiO2 and van der Pauw measurement with 4 probe
located at the edge of graphene flake.

To make a measurement, a current is caused to flow along one edge of the sample (for instance, I12) and
the voltage across the opposite edge (in this case, V34) is measured. From these two values, a resistance (for
this example, R12,34) can be found using Ohm's law

R12,34 

V34
I12

(Eq. 2.7.)

van der Pauw discovered that the sheet resistance of samples with arbitrary shape can be determined
from two of these resistances ‐ one measured along a vertical edge, such as R12,34, and a corresponding one
measured along a horizontal edge, such as R23,41. The actual sheet resistance is related to these resistances by
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the van der Pauw formula

exp(R12,34 / Rs )  exp(R23, 41 / Rs )  1

(Eq. 2.8.)

From the reciprocity theorem, we can use following relation,

RAB,CD  RCD , AB

(Eq. 2.9.)

Therefore, it is possible to obtain a more precise value for the resistances R12,34 and R23,41 by making two
additional measurements of their reciprocal values R34,12 and R41,23 and averaging the results. We define here,

Rvertical 

R12 ,34  R34 ,12
R23, 41  R41, 23
, Rhorizontal 
2
2

(Eq. 2.10.)

Then, the van der Pauw formula becomes

exp(

Rvertical
Rs

)  exp(

Rhorizontal
Rs

) 1

(Eq. 2.11.)

A further improvement in the accuracy of the resistance values can be obtained by repeating the
resistance measurements after switching polarities of both the current source and the voltage meter. Since this
is still measuring the same portion of the sample, just in the opposite direction, the values of Rvertical and
Rhorizontal can still be calculated as the averages of the standard and reversed polarity measurements. The
benefit of doing this is that any offset voltages, such as thermoelectric potentials due to the Seebeck effect, will
be cancelled out. Combining these methods with the reciprocal measurements from above leads to the
formulas for the resistances being

Rvertical 

R12 ,34  R34 ,12  R21, 43  R43, 21
2

(Eq. 2.12.)

Rhorizontal 

R23, 41  R41, 23  R32,14  R14 ,32
2

(Eq. 2.13.)

The van der Pauw formula takes the same form as in the previous section. Both of the above
procedures check the repeatability of the measurements. If any of the reversed polarity measurements don't
agree to a sufficient degree of accuracy (usually within 3%) with the corresponding standard polarity
measurement, then there is probably a source of error somewhere in the setup, which should be investigated
46

Chapter II. Characterization of Graphene

before continuing. The same principle applies to the reciprocal measurements—they should agree to a
sufficient degree before they are used in any calculations.

In general, the van der Pauw formula cannot be rearranged to give the sheet resistance RS in terms of
known functions. The most notable exception to this is when Rvertical = R = Rhorizontal; in this scenario the sheet
resistance is given by

Rs 

R
ln 2

(Eq. 2.14.)

X. Li et al., reported33 that sheet resistance of graphene/PMMA stack under bending test via van der
Pauw method, which in order of few hundred ohms per cm2. H.J. Shin also performed van der Pauw
measurement on doped graphene surface34. This method, van der Pauw, can be especially utilized in arbitrary
shape of graphene flakes, so that appeared as useful technique.

2.7.2. Transfer Length Method
TLM (Transfer Length Method) can also be a useful method that can extract sheet resistance and
contact resistance together. For TLM measurement, the array of silver electrode is directly printed on graphene
surface, using Dimatix Material Printer DMP‐2800 by FUJIFILM, USA.

Figure 2.11. Optical image of graphene transferred on SiO2 and TLM measurement with printed electrodes on
graphene.

The ultra‐low graphene‐metal ohmic contact resistance (Rc) is crucial in the creation of high‐
47

Chapter II. Characterization of Graphene

performance graphene transistors, which minimizes extrinsic source and drain charging delay and makes
graphene FETs close to performing at their intrinsic speed35. In terms of contact resistance, TLM is much better
than Van der Pauw method.

2.7.3. Humidity Sensing
Our group built up the platform for humidity sensing36, see in Figure 2.8. The platform consists of (c)
vacuum chamber with 4 point probes inside which are connected to (a) Keithley 4200‐SCS for measurement.
Below chamber, (d) a bottle of water is installed that can increase/decrease humidity by supplying water vapor
through heated line. Setting humidity is measured by (f) Hygrometer (model: HC1000‐400) which has an
accuracy of 2.3% RH with a response time, less than 15 seconds.

Figure 2.12. Photograph of test chamber for humidity sensing. (a) Keithley 4200‐SCS, (b) Pump, (c) Test
chamber, (d) Source of water vapor, (e) PC‐monitor, (f)Hygrometer, and (g) dry gas. Credit: E. Norman, LPICM‐
Ecole Polytechnique

2.8. Conclusions
When the dimension of materials is reached down to nanoscale, even below nano, it is well‐known that
unusual properties can appear, as predicted by Richard Phillips Feynman (a lecture to the American Physical
Society in 1959, titled “There's Plenty of Room at the Bottom”). For the research on sub‐nano scale materials,
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we need to develop accurate and reliable characterization methods.

Graphene, has a thickness of one atom, which has ever been reached before. Thus precise
characterizations are mandatory to understand the properties and to progress in synthesis and applications.
SEM, AFM and Raman are easily accessible tools with relatively fast measurements. However, SEM image,
produced by second electron emission from species is a sort of virtual image, with a strong dependence on
measurement environments, such as acceleration voltage, current, working distance, and substrate. On the
other hand, AFM is a direct‐imaging technique with a probe tip, but the Instrumental offset should be
considered. Raman is a fast and non‐destructive method that provides various useful data on graphene
thickness, quality, doping, and interrelation with substrate. Raman system equipped with optical microscope,
and mapping capability is now essential technique for graphene characterization.

Compare to above techniques, a TEM experiment is more powerful but also more time consuming. HR‐
TEM with atomic resolution is one of the direct measurements to characterize the crystal structure. Cross‐
sectional TEM is widely used to determine the structure of graphene at the interface between metal and
substrate and the number of graphene layers.

Most of the graphene that we’ve synthesized is polycrystalline and it is widely assumed that grain
boundaries of graphene are detrimental to charge transport. To identify the crystallite size, “Tuinstra & Koenig
(TK) equation” in Raman (Eq. 2.5.) and “Scherrer equation” in TEM (Eq. 2.3.) can be used. From the comparison
of two routes, the accurate estimation of crystallite size should be followed.

The monolayer graphene is absorbing only 2.3% of while light, thus optical transmittance measurement
giving the information of graphene thickness. Sheet resistance of graphene (measured by Van der Pauw or TLM)
is receiving a lot of attention from industries to compete with ITO (which is currently used as transparent
conducting films). Of course, a trade‐off should be found between the two factors, optical transmittance and
sheet resistance, for each application, optimization depends on purpose of use.

Graphene is requiring an unheard‐of precise characterization given the sensitivity of its properties to
small variations. Thus in general as in the present work, multiple measurements are performed to correctly
determine graphene thickness, quality, uniformity, and optical/electrical properties.
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History: Behind the curtain
Band theory of graphene was first explored by Philip R. Wallace in 1947 as a starting point for
1

understanding the electronics properties of more complex structure, 3-dimensional graphite . In fact, graphene
has been experimentally studied for over 40 years. In 1962, Hanns-Peter Boehm et al., described single-layer
2

carbon foils . During 1970s, the fundamental aspects of carbon reaction with Ni, including segregation,
precipitation and crystallization, have been reported. These all lay groundwork for understanding of graphene
3-5

growth mechanisms on transition metals . The term “graphene”, coined as a combination of “graphite” and
the suffix “–ene”, has first appeared in 1987 to describe single sheets of graphite within graphite intercalation
6

compounds (GICs) .

Before the isolation of graphene, there were a number of previous attempts to make atomically thin
graphitic films by using exfoliation techniques. Rodney S. Ruoff et al., reported tailoring graphite with the goal
of achieving single sheets. They’ve fabricated graphite islands by oxygen plasma etching on HOPG, then ,simply
by rubbing the HOPG surface against the surface of other substrates, the thin graphite can be easily cleaved
7

along the basal plane . This technique led to finally electric-field-dependent transport measurements of
extremely thing graphite by P. Kim et al.

8

3.1. Exfoliation General
Exfoliation of graphite can be considered as the reverse process of stacking graphene into graphite. The
stacking process is the result of chemical bonding between adjacent graphene sheets. The lowest energy and
thus most common stacking is “Bernal stacking”, in which adjacent graphene sheets are rotated with an angle
of 60° relative to each other about the stacking axis. This results in the formation of two sublattices of atoms.
For the sublattice consisting of A atoms, for every A atom there is another A atom positioned in the adjacent
sheet below, whereas for the other sublattice consisting of B atoms, there are no respective B atoms below
them in the adjacent sheet. The intersheet spacing in the stacking direction (or c direction) is 3.354 Å. The
adjacent sheets are bonded through the overlap of partially filled pz (or p) orbitals perpendicular to the plane,
also known as van der Waals force. Due to the large lattice spacing and weak bonding in the c direction as
compared to the small lattice spacing and much stronger s bonding in the hexagonal lattice plane, it has long
been tempting to obtain graphene sheets through exfoliation of graphite. Experimentally, exfoliation of
graphite has been investigated and realized by using various techniques, including chemical/solution,
mechanical, and thermal methods.
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3.1.1. Mechanical Exfoliation (or Mechanical Cleavage)
The best quality graphene, in terms of structural integrity and electronic performance, is obtained by
mechanical cleavage of highly oriented pyrolytic graphite (HOPG). In this procedure, a layer is peeled off the
HOPG crystal with Scotch tape and transferred onto a silicon substrate. This was the first way to demonstrate
ideal graphene, i.e. only single atomic layer, and the observation of field effect in graphene has led to Novel
Prize in Physics 2010.

Obtaining graphene with a fabricating method which is simple and easy has lead to a variety of
fundamental studies. However, although exfoliated graphene has very low concentration of structural defects,
the flake thickness, size, and location are largely uncontrollable, which prevents the use of such a graphene out
of laboratories. So, several strategies are presently being pursued to achieve reproducible and scalable
graphene on various substrates.

3.2.2. Chemical Exfoliation
One of the key challenges in the synthesis of large quantities of graphene sheets is to overcome the
9

strong cohesive van der Waals energy of the p-stacked layers in graphite . A popular chemical method to
prepare single layer graphene (SLG) is the reduction of graphene oxide in chemical solution.

Like mechanical exfoliation, chemical exfoliation of graphite is also an old technique. The primary
advantage of chemical exfoliation over the mechanical approach lies in its high-yield and scalability. The
chemical exfoliation is generally accomplished in two process steps. The first step is to enlarge the interlayer
spacing between graphene sheets by forming graphite intercalated compounds (GICs). The GICs can be formed
in many different forms, depending on the types of the intercalants, although not all of them are suitable for
the subsequent exfoliation process.

One of the popular methods to form GICs for exfoliation purpose is to soak graphite for an extended
period of time in mixtures of sulfuric and nitric acid. After an appropriate duration of soaking, the acid
molecules penetrate into the graphite, forming alternating layers of graphite and intercalant. The thickness of
the graphite layers decreases with time, with a possibility down to a few layers, though the yield of obtaining
few layer graphene sheets is typically quite low. After the intercalation, the second step is to exfoliate the thin
graphite sheets via rapid evaporation of the intercalated material at elevated temperature. The extent of
exfoliation can be further enhanced by subjecting the thermal annealed GICs to treatments like ball milling and
ultrasonication. Although this technique is simple, the graphite nanoplatelets obtained via this method usually
exhibit thicknesses ranging from a few to a few hundreds of layers. In order to obtain SLG, the intercalation and
exfoliation processes have to be repeated by using different intercalating and exfoliating chemistry and
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processes. Alternatively, one can also oxidize the graphite completely to form GOs. The GOs can be
subsequently exfoliated to form very thin GO sheets using different techniques. A chemical, thermal, or
electrochemical reduction process is then followed to convert the GOs into graphene sheets. Some typical
experiments are described below.

Fabrication of graphene sheets via chemical routes has potential but presents several challenges. Efforts
are required for both gaining an understanding of the intercalation, oxidation, exfoliation, reduction,
fictionalization, and dispersion processes and developing new starting materials and reaction routes. More
10

details can be found in a recent review .

3.2. Sublimation of SiC at high temperature, under UHV
The growth of graphene on SiC has the primary advantage of growth on large area insulating or
semiconducting substrates. SiC is a wide band gap semiconductor (3.2 eV for 4H-SiC and 3.0 eV for 6H-SiC) with
both cubic and a number of hexagonal crystalline structures. It is important to realize that SiC has two polar
faces perpendicular to the c-axis. The SiC ( 0001 ) Si-terminated face (Si-face) has one dangling Si bond per Si
atom, while the SiC ( 000 1 ) C-terminated face (C-face) has one C dangling bond per C atom. Because of the
relationship between graphene and SiC lattice constants, there are a large number of possible orientations of a
graphene lattice that lead to nearly commensurate structures with the SiC ( 0001 ) and ( 000 1 ) surfaces. The two
commonly used polytypes of hexagonal SiC are 6H and 4H, as unit cells are shown in Figure 3.1. In both cases
the cells are composed of Si-C bilayers with different stacking arrangements.

The pioneering investigations into graphite formation on 6H-SiC ( 0001 ) and ( 000 1 ) surfaces were
11

performed by van Bommel et al. They performed heat treatment of SiC crystal surface in temperature range
o

o

between 1000 C and 1500 C, and found carbon rich surface through LEED and AES measurements. It was also
clear from these early works that graphene formation on the two polar surfaces was clearly different.
Graphene growth on the Si-face is much slower compared to growth on C-face. In addition, Si-face graphene is
o

epitaxial with a phase rotated 30 relative to the SiC while C-face films can have multiple-orientation phases.
Because of the orientational disorder in C-face grown graphene, most structural, growth and electronic studies
of epitaxial graphene focused on Si-face graphene.

From stoichiometry alone the formation of a single graphene sheet requires the carbon contained in SiC
bilayers. Liberating this much carbon requires the removal, and subsequent sublimation into the vacuum, of Si
o

from more than three SiC bilayers. This presents a serious challenge because even at temperatures of 1440 C
(well above the graphitization temperature), the diffusion of Si or C in bulk SiC is essentially zero.
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Another stoichiometric consequence of the SiC bilayer carbon concentration is that when Si is removed
from the SiC/graphene interface, so that enough carbon has been liberated to form a single graphene sheet,
there must be a partial SiC bilayer left at the carbon-graphene interface. We can assume that a graphene layer
forms only when the areal density of carbon is equal to the areal density of graphene and all the carbon comes
from the SiC substrate. A plot of the excess carbon as a function of SiC bilayers consumed during Si sublimation
reveals a periodic minimum every ~7 graphene layers.

Epitaxial graphene on both the ( 000 1 ) (C-face) and the ( 0001 ) (Si-face) of SiC not only comparable to
the structural and impurity quality of exfoliated graphene but is scalable to large scale circuits as well

12-14

.

3.3. Metal-Catalyzed Growth
In this Section 3.3., we will describe metal-catalyzed growth of graphene which is widely investigated
15-25

now

.

3.3.1. Surface vs Interface
SLG or MLG sheets can be readily formed on selected metal surfaces via either surface segregation of
carbon atoms or thermal decomposition of carbon-containing molecules.
26

In the first method, the source of carbon can either be (i) the small amount of carbon impurities or (ii)
the intentionally introduced carbon through implantation
(amorphous carbon

18, 31

32

, amorphpous SiC , polymer

27-30

33, 34

or (iii) in contact with solid-phase carbon source
19

35

, diamond , graphite, and even waste ). Then,

annealing of the carbon containing metals causes the carbon to segregate to the surface. Depending on the
annealing conditions (temperature, duration, surrounding gas, cooling rate, etc.), the segregated carbon can be
in the form of MLG or SLG on the metallic surface. The former is formed when the segregated carbon reaches
thermal equilibrium with the metal.

In the second method, the metal surface is exposed to carbon-containing molecules at elevated
temperature. For example, the hydrocarbon, such methane and acetylene, is widely using as a carbon source,
given that thermal decomposition of molecules supported by catalytic effect result in absorption on/in
substrate to form graphene.

Depend on whether (i) carbon atoms are pre-included or supplied in high temperature process and (ii)
carbon atoms are dissolved into metallic substrate or directly react with surface, the underlying growth
mechanisms need to be clarified.
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In the field of graphene synthesis, the research paradigm is changing amazingly fast. Our group
suggested that carbon atoms could diffuse through (~ 200 nm-thick) catalyst layer, which means that graphene
could be located at the opposite side. Such a graphene, placing at interface between catalyst and underlying
insulating substrate, could be directly used in device application, which is the most attractive advantage in this
technique.

There are some reports on graphene growth without catalyst layer, but, in general, a metallic substrate
is widely required. Furthermore, the interfacial graphene layer grown by carbon diffusion passing through
catalyst layer might open new capabilities in development of graphene-based applications. This will be pointed
out in later.

3.3.2. Chemical Vapor Deposition
36

Graphite segregation at surfaces and grain boundaries of metals has been studied for a long time . At
high temperature, Ni can dissolve relatively large amount of carbon compare to at room temperature, and
during cooling process, excess carbon in nickel should be out-diffused, namely segregation/precipitation
process, so that graphene layers could be formed on catalyst surface. However, the number of graphene layers
thus segregated and high temperatures cannot be preserved at ambient temperature due to nonequilibrium
segregation of carbon while cooling down. To overcome this limitation, a variety of efforts were followed,
37

especially focused on cooling rate. In their experiments by Qingkai Yu et al. , carbons are dissolved into Ni at
o

1000 C, and then, the sample is cooled down by mechanically pushing the sample holder to a lower
temperature. The cooling rate was monitored by a thermocouple on the sample holder, and corresponded to
o

o

o

fast (20 C/s), medium (10 C/s), and slow (0.1 C/s). The Raman spectra (Figure 4.1.(b)) show the quality of
graphene segregated at Ni surfaces. Several layers of high quality graphene could be synthesized on Ni surface
with optimized medium cooling rates, while higher cooling rates resulted in the formation of graphite with
37

more defects .
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Figure 3.1. Approach to overcome the nonequilibirm carbon segregation in Ni for uniform graphene growth. (a)
Illustration of carbon segregation at metal surfaces, and (b) its corresponding Raman spectra (excited by an
Argon laser operating at 514 nm wavelength) depending on cooling rate. Citied from Qingkai Yu et al., APL, 93,
113103 (2008)

37

CVD is a technique used for such a long time. Since the most of current semiconductor industry has
CVD-based infrastructure, the importance of this route is worthy of being highlighted. In this section, I will
introduce a variety of CVD technique, such as thermal CVD (T-CVD), dc-PECVD, MW-PECVD and HW-CVD, from
the viewpoint of comparison with some examples.

3.3.2.1. Thermal-CVD
The first report on few layer graphene (FLG) synthesized by CVD appeared in 2006. P. R. Somani et
al.,employed a natural, eco-friendly, low cost precursor, namely camphor, and after they evaporated/pyrolyzed
in CVD furnace, few layer graphene sheets on Ni foils were observed. Graphene, thus produced, was found to
have multiple folds and estimated to have approximately 35 layers of graphene sheets. This study opened up a
new processing route for graphene synthesis, though several issues like controlling the number of layers,
38

minimizing the folds etc, were yet to be solved .

Reliable transfer of large-area monolayer graphene onto arbitrary substrates is a critical step in the use
of CVD-grown graphene for most practical applications. J. Kong et al.

39, 40

have reported, for the first time, the
41

large scale transfer of graphene layers by using of PMMA, as in the case of CNTs .

Problems associated with large-scale pattern growth of graphene constitute one of the main obstacles
to using this material in device applications. B. H. Hong et al., presented that graphene could be grown on prepatterned Ni surface and be transferred to another substrate. Especially, they realized its full potential toward
24

stretchable, transparent electrodes .
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One of the revolutions in CVD-graphene came out in 2009, by Rodney S. Ruoff and his team. They
employed Cu as a catalyst metal, instead of Ni, and they succeed in obtaining large area, high quality, and
25

uniform single layer graphene . As the Cu has low carbon solubility, having almost negligible value
o 23

(0.001~0.008 wt.% at 1084 C ), the self-limiting mechanism proposed in which graphene growth process. This
means that only surface react with supplying gas to form graphene layers. The coverage of single layer
graphene was more than 95 %, and the rest was two- or three-layer graphene. In addition, Cu has a relatively
large grain size, with respect to Ni, which results in low density of grain boundaries in graphene. This means
that high quality graphene, in term of electrical properties with reduced charge scattering, could be obtained.

Again, B. H. Hong et al. show significant step forward on graphene applications by roll-to-roll (R2R)
42

process . They grow large scale graphene on 30 inch Cu foils at high temperature with their CVD process, and
then they load Graphene/Cu foil in R2R system. By using combination of polymer coating, Cu etching, and
releasing polymer support on a target substrate, large area graphene can be transferred simply and finally
succeed in operating touch screen with transferred graphene. From the industrial aspects, it is one of the most
breaking results, and it has been attracting worldwide attention.

The strong interest in graphene has motivated the scalable production of high-quality graphene and
graphene devices. As the large-scale graphene films synthesized so far are typically polycrystalline, consisting of
many single-crystalline grains separated by grain boundaries, it is important to characterize and control grain
43

boundaries, generally believed to degrade graphene quality .

Figure 3.2. SEM images showing; (a) An array of seed crystal patterned form a pre-grown multilayer graphene
film on Cu foil by e-beam lithography. The size of each seed is about 500 nm, and period of array is 16 µm.
Typical graphene grain array grown from an array of seed crystals (b) for 5 minutes, and (c) for 15 minutes,
respectively. (d) Effect of seed array on graphene growth. Scale bar is 10 µm for (a-c), and 200 µm for (d). Cited
from Q. Yu et al., Nat. Mater. 10, 443-449 (2011)

43

Controlled growth of high-quality graphene is still the bottleneck of practical applications. The widely
used chemical vapour deposition process generally suffers from an uncontrollable carbon precipitation effect
that leads to inhomogeneous growth and strong correlation to the growth conditions. Indeed, a rather narrow
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process window should be enlarged, in terms of growth temperature & duration, gas ratio & type etc. Zhongfan
Liu et al. demonstrated that, through rational design of a binary metal alloy, they can effectively suppress the
carbon precipitation process and activate a self-limited growth mechanism for homogeneous monolayer
44

graphene . The key of their strategy is to utilize a molybdenum (Mo) component in a binary alloy to trap all of
the dissolved excess carbon species in the form of molybdenum carbides, which are chemically stable
throughout the high-temperature growth process. This type of process engineering has been used to grow
strictly single-layer graphene with 100% surface coverage and excellent tolerance to variations in growth
conditions. With simplicity, scalability and a very large growth window, the presented approach may facilitate
graphene research and industrial applications.

3.3.2.2. dc-PECVD
In another approach, 1 to 2 nm thick well-ordered graphene sheet was reported to be grown on Ni
substrate by plasma-assisted CVD (PECVD), while the same treatment failed to synthesize graphene on Si. DC
plasma is ignited by a mixture of methane and hydrogen, and they found atomically smooth micrometer size
regions, separated by ridges. This paper demonstrated, for the first time, which PECVD can be used to grow
45

graphene layers .

However, dc-PECVD is the main technique used for growing graphene in the present work. We present
the setup we have used and the results we obtained in Chapter V.

3.3.2.3. MW-PECVD
A. Malesevic et al. presented a possible route for the mass production of freestanding few-layered
46

graphene (FLG) by means of MW-PECVD . Micrometer-tall flakes of 4 to 6 layers stacked graphene sheets were
synthesized by controlled recombination of carbon radicals in microwave plasma. However, the resulting
graphene flakes are aligned vertically to the substrate, see in Figure 2. 2., like carbon nanowalls. This would be
suitable only for field emission devices.
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Figure 3.3. (a) Schematics of the microwave PECVD system for graphene growth. (b) SEM images of transferred
on Cu grid. Cited from A. Malesevic et al., Nanotechnology 19, 305604 (2008)

46

In 2009, the researchers from City University of Hong Kong reported that high-quality graphene sheets
o

could be synthesized on stainless steel substrates at 500 C by microwave plasma enhanced chemical vapor
47

deposition (MW-PECVD) in an atmosphere of methane/hydrogen mixture .

Figure 3.4. (a) Schematics of the microwave PECVD system for graphene growth. (b) SEM images of transferred
47

on Cu grid. Cited from G. D. Yuan et al., Chem. Phys. Lett. 467, 361-364 (2009)

MW-PECVD systems allow to grow graphene layers on both metallic and insulating substrate. However,
strong in-plane stress arising from high power like 2kW, is still remained challenging.

3.3.2.4. HW-CVD
Hot-wire CVD (HW-CVD) is also useful technique to grow the carbon nanostructures. In a typical CVD
63

Chapter III. Graphene Growth Techniques

(namely Thermal CVD), gas decomposition occurs by applied thermal energy, while HW-CVD has the
advantages to lower the process temperature thanks to helical hot-wire (made by tungsten). Hot-wire is
generally installed in front of gas inlet to chamber, thus incoming gas could be decomposed as reactive species.

To the best of our knowledge, no significant result has been reported by HW-CVD. However, we believed
that this technique also would be in competition of graphene research.

3.3.3. Carbon Ion Implantation
Ion implantation is a mature technique, widely using in microelectronics industry. The carbon density in
single layer graphene (SLG) is ~3.8 x 10

15

2

atoms/cm , corresponding to a dose easily accessible to ion

implantation. Therefore, through precise control of the amount of carbon implanted in metals, we have the
possibility of controlling the number of graphene layers, as well as we can elucidate graphene growth
mechanisms by trace of carbon movement. In addition, implantation is not affected by solubility, any metal can
be used in principle, substantially widening the choice of substrate.

J. A. Golovchenko et al., report an ion implantation method for the large-scale synthesis of high quality
27

15

2

15

2

15

2

films with controllable thickness . They implant 2.0 x 10 ions/cm , 4.0 x 10 ions/cm , 7.9 x 10 ions/cm ,
16

2

and 1.3 x 10 ions/cm in 500 nm-thick Ni, which corresponds approximately to the surface atomic thickness of
carbon contained in 0.5, 1, 2 and 3 graphene monolayers, respectively. The average carbon ion penetration
depth is around 40 nm with an acceleration voltage of 30 keV. The shallow ion implantation at the above doses
does not perturb crystalline grain structure of a metallic substrate. After high temperature annealing for 1 hour
o

o

at 1000 C, samples are slowly cooled down to room temperature with a cooling rate of 5~20 C/min. From the
15

2

sample with carbon density of 7.9 x 10 ions/cm , they claim that more than 75% of surface is covered by 1~2
layer graphene, which is however not remarkable compared to the results of CVD. Contrary to initial purpose,
they finally report no thickness control by carbon dose.
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Figure 3. 1. Optical image of graphene film grown on nickel implanted with 7.9 x 10

15

2

C atoms/cm (which

corresponds to 2 monolayer graphene), and subsequently transferred to Si/SiO2 substrate. (b) Raman spectrum
taken on marked positions in the optical image. (c-e) Spatial maps of D, G, and G’ Raman peak intensities,
27

repectively, in the same field of view as the optical image. Cited from S. Garaj et al., APL 97, 183103 (2010)

We have used carbon ion implantation in the present thesis work to decipher growth mechanisms. Ion
implantation for graphene growth is an emerging technique that can open up a new route towards functional
devices. Extensive research is still required to achieve its goals - high-quality, large area graphene with
controllable thickness. This will be discussed in detail in Chapter V where we present our own results on
graphene from implanted carbon.

3.3.4. Low-Energy Ion Bombardment and MBE
While thermal methane molecules do not decompose on the Pt(111) surface easily, it has been found
that methane molecules decompose efficiently at normal kinetic energies higher than the threshold of about
48

200 meV . H. Ueta et al. presented that the surface reaction on Pt(111) induced by the collision of supersonic
methane molecules with a sufficiently high kinetic energy (670 meV) results in huge domains of highly oriented
monolayer graphite without any unidentified carbon-related materials, and that the monolayer graphite
49

completely covers the Pt(111) surface .

J. M. Garcia et al. Found that few-layered graphene could be grown using a molecular beam deposition
technique in ultra-high vacuum by evaporation of atomic carbon and subsequent annealing of the samples at
o

800 ~ 900 C. The graded thickness layers are grown on strip-shaped oxidized silicon substrates which are
covered with 300 nm thick nickel films deposited by e-beam evaporation. The thickness of the deposited
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carbon layers changes continuously from 70 Å to less than 4 Å. The relatively narrow optical phonon bands in
50

Raman spectroscopy reveal that good quality multilayer graphene films form on the Ni surface .

One of the advantages of this technique is the ultraclean atmosphere of chamber that will allow in-situ
preparation of ultra-high purity metal layers (Ni or Cu) and high quality graphene layers. In addition, this is
compatible with in-situ vacuum characterization techniques such as x-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES), and low energy electron diffraction (LEED).

3.3.5. Deposition Techniques used in the Present Work
Our group owns well-established home-made PECVD systems for CNT/CNF growth that allow precisely
controlling the plasma flux into samples. We get started to grow graphene layers using PECVD, especially at low
temperature. We developed low-temperature and transfer-free process. We present the results of our own
PECVD experiments in Chapter V.

In parallel, we investigated ion implantation technique with further annealing process. Annealing
condition was first targeted to indentify the thermodynamical behavior of carbon in the nickel. From these
results, we can obtain fundamental insights on growth mechanism of graphene. We present the results of our
own implantation experiments in Chapter V.

Lastly, we are constructing a new graphene growth system with low-energy carbon beams in ultra-high
vacuum, where we develop the growth process based on “sub-plantation”. This system minimizes
contaminations, as the metal catalyst film is grown in situ by molecular beam epitaxy. Moreover, this system is
equipped with x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and low energy
electron diffraction (LEED), thus it allows us to directly characterize graphene layers in-situ. We present the
results of our sub-plantation experiments in Chapter VII.

3.4. Current issues on graphene synthesis
In this part, I will briefly discuss some of the central issues in the development and application of
graphene. First point is the band gap engineering. This part includes structural charge confinement and
electrostatic doping effect in bilayer graphene. Second issue is the graphene growth directly on insulating
substrate, and last point is to lower the growth temperature.

3.4.1. Main issues 1. Band Gap engineering
In the past few years, unprecedented efforts to demonstrate the practical use of graphene have been
made for electronic device applications. The charge carriers in graphene behave like massless Dirac fermions,
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and graphene shows ballistic charge transport turning it into an ideal material for circuit fabrication. However,
graphene lacks a bandgap around the Fermi level, which is the defining concept for semiconducting materials
and essential for controlling the conductivity by electronic means.

A variety of methods for introducing a gap in graphene have been proposed, including by structural
modifications like graphene nanoribbons (GNRs), graphene nanomeshs (GNMs), and graphene quantum
dots(GQDs), by substrate/molecular/electrostatic doping, and by interactions in-between graphene layers.

3.4.1.1. GNRs/GNMs/GQDs or porous graphene
Before 2006, there are theoretical predictions that the bandgap in graphene can be opened. Y. W. Son
et al, found that the ground state of the zigzag-edge GNRs has a bandgap inversely proportional to the ribbon
51

width, when the number of carbon chain is less than 8 in parallel direction with length . V. Barone et al.,
explained that armchair GNRs with a width large than 8 nm could present a maximum band gap of 0.3 eV,
52

while for ribbons with a width 80 nm, the maximum possible band gap is 0.05 eV .

In 2006, researchers in Intel Corporation theoretically predict band gap opening of GNR, compared to
CNT circumference. They show GNRs don’t keep superior charge mobility in large bandgap (with quite thinner
4

2
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width), while it supposed to have the charge mobility of 10 cm /Vs with less than 0.25 eV bandgap .

Graphene itself is a two-dimensional, zero-gap semiconductor with extremely interesting electronic
properties. In addition to the 2D confinement, the graphene electrons can be further confined by forming
narrow ribbon. The width confinement is expected to result in a split of the original 2D energy dispersion of
graphene into a number of one-dimensional modes. Depending on the boundary conditions, some sets of
these 1D modes do not pass through the intersection point of the conduction and valence band, and these
quasi-1D graphene ribbons become semiconductors with a finite energy gap. The properties of GNRs would be
quite different from those of graphene, for example, the carrier mobility is expected to decrease as the gap
increase.

Z. Chen et al., reported graphene nanoribbons which has a width ranging from 20 nm to 500 nm, and its
54

temperature-dependent charge transport coupled with 1/f noise . By mechanical exfoliation of HOPG, they
obtained graphene sheet on 200 nm-thick SiO2/Si substrate. Then, GNR-based field effect transistors (FETs)
were fabricated by an e-beam lithography followed by an oxygen plasma etching. Resistivity increase with
narrower GNR was found for the reason that the effect of edge scattering would be dominant in narrow path.
Current patterning technology is not fully suitable for GNR fabrication with smooth edge to minimize charge
scattering. This would be negligible when the width is large enough, i. e. more than 50 nm. State-of-the-art
lithographical and etching techniques do not allow atomic-level resolution control and result in patterned lines
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with roughness on the order of a few nanometers. Figure 2. 6. (b,c) shows temperature-dependent charge
transport in 100 nm, and 20 nm width of GNR-based FETs, as a function of back gate voltage. The minimum
current of the 100 nm width GNR device differs by less than a factor of two between 300 K and 4 K data. On the
other hand, 20 nm width GNR shows only about a factor of two current in current variation at 400 K, but
exhibits more than 1.5 orders of magnitude variation at 4 K. This difference clearly states that confinement in
the 20 nm ribbon opens a finite semiconductor gap in graphene. The gap is rather small and the off-state of the
semiconductor is deteriorated by thermal carriers at high temperature and only appears at low enough
temperature. From Arrhenius plot of the minimum current with 1/T (1/K), they extracted 28 meV for 20 nm
GNR.

Figure 3. 2. GNR-based FETs characteristics (a) SEM image of GNR devices fabricated on a 200 nm-thick SiO2
substrate. Temperature-dependent electrical characteristics as a function of gate voltage with (b) 100 nm, (c)
20 nm width of GNR, respectively. Cited from Z. Chen et al., Physica E 40, 228-232 (2007)
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In 2008, a chemical route to produce GNR with width below 10 nm has been developed by Stanford
University

55, 56

. Unlike single-walled carbon nanotubes (SWCNTs), all of the sub-10 nm GNRs produced were
7

semiconductors and afforded graphene filed effect transistors with on/off ratios of about 10 at room
o

temperature. They exfoliated commercial expandable graphite by brief heating to 1000 C in forming gas. The
resulting exfoliated graphite was dispersed in a 1,2-dichloroethane (DCE) solution of poly(mphenylenevinylene-co-2,5-dioxtoxy-p-phenylenevinylene) (PmPV) by sonication for 30 min to form a
homogeneous suspension. Centrifugation then removed large pieces of materials from the supernatant. Room
temperature on/off current switching (Ion/Ioff) induced by the gate voltage increased exponentially as the GNR
5

width decreased, with Ion/Ioff ~1, ~5, ~100, and more than 10 for 50 nm, 20 nm, 10 nm, and sub-10 nm width
GNRs, respectively. (see in Figure 2. 7.)
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Figure 3. 3. Chemically derived, ultrasmooth graphene nanoribbons down to sub-10 nm width and electrical
characterization of GNR-based FETs. (a) AFM images of selected GNRs with widths in the 50 nm, 30 nm, 20 nm,
10 nm, and sub 10 nm from left to right. (b) Ion/Ioff ratio (under Vds=0.5V) for GNRs of various ribbon widths. (b)
Eg extracted from experimental data for various GNRs versus ribbon width. The black dashed line is a fit of
experimental data into an empirical form of Eg(eV)=0.8/W (nm). The purple, blue, and orange solid lines are
first-principle calculations for three types of armchair-edged GNRs respectively, and the green solid line is
calculations for zigzag-edged GNRs. Cited from X. Li et al., Science 319, 1229-1231 (2008)
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In metal-intrinsic semiconductor junction, the lowest current, Ioff, is generated when the mid-gap of
semiconductor (Fermi level) is completely aligned with work function of metals. In this situation, the current is
only governed by thermally activated carriers, which has the probability related to term “exp(-Eg/kbT)”. Thus,
Ion/Ioff could be expressed as follow;

I on / I off µ exp( E g / k BT )
where kB is the Boltzmann’s constant and T is temperature. The band gaps extracted this way were fit
into an empirical form of

E g (eV ) = 0.8 / W (nm)
, which was consistent with the exponential increase in Ion/Ioff of GNR FETs as ribbon width decreased.

It has been predicted that both armchair nanoribbons and zigzag nanoribbons (the two ideal types of
nanoribbon) have a bandgap that is, to a good approximation, inversely proportional to the width of the
nanoribbon. The opening of a bandgap in nanoribbons has been verified experimentally for widths down to
about 1 nm, and theory and experiments both reveal bandgaps in excess of 200 meV for widths below 20 nm.

To open a bandgap useful for conventional field-effect devices, very narrow nanoribbons with welldefined edges are needed. This represents a serious challenge given the semiconductor processing equipment
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available at the moment. Recently, nanoribbons that were uniform in width and had reduced edge roughness
were produced by ‘unzipping’ carbon nanotubes. However, even a perfect nanoribbon is not perfect for
electronics applications. In general, the larger the bandgap that opens in a nanoribbon, the more the valence
and conduction bands become parabolic (rather than cone-shaped): this decreases the curvature around the K
point and increases the effective mass of the charge carriers, which is likely to decrease the mobility.

Having graphene nanoribbons with smooth edges, however, is extremely difficult. The existence of an
energy gap in graphene nanoribbons may be understood in terms of Coulomb blockade, due not to lateral
confinement. In details, the roughness of the edges creates nano-islands where charges are isolated. Localized
57

electrons behave as like tunneling under applied voltage .

3.4.1.2. Biased BLG
The electronic bandgap is an intrinsic property of semiconductors and insulators that largely determines
their transport and optical properties. A tunable bandgap would be highly desirable because it would allow
great flexibility in design and optimization of such devices, for instance, p-n junctions, transistors, photodiodes
and lasers. The possibility of tunning by applying a variable external electric field appears particularly
interesting. However, in conventional materials, the bandgap is fixed by the crystalline structure, preventing
such bandgap control.

Bilayer graphene is also gapless (see Figure 2. 8. (iii) case), and its valence and conduction bands have a
parabolic shape near the K point. If an electric field is applied perpendicular to the bilayer, it introduces a
potential difference between the two planes of the bilayer graphene resulting in the opening of a bandgap

58, 59

.

This opening was calculated by tight-binding model in the presence of a potential difference between layers.
12

-2

The dependence of the asymmetry gap ∆(n) is roughly linear with n with the addition of density n~10 cm
yielding a gap ∆~10 meV.
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Figure 3. 4. Band structure around the K point of (i) large-area graphene, (ii) graphene nanoribbons, (iii)
unbiased bilayer graphene, and (iv) bilayer graphene with an applied perpendicular filed.

Figure 3. 5. (a) Schematic of the electronic bands near the K point in the presence of finite layer asymmetry ∆
(for illustrative purposes a very large asymmetry ∆=g1 is used); (b) numerically calculated dependence ~∆(n)
(solid line) compared with analytic expression (dashed line) using Eq. (1). For these values of density ∆=~∆.

T. Ohta et al., described the synthesis of bilayer graphene thin films deposited on insulating silicon
carbide and report the characterization on their electronic band structure using angle-resolved
60

photoemission . By selectively adjusting the carrier concentration in each layer, changes in the Coulomb
potential led to control of the gap between valence and conduction band. Y. Zhang et al., demonstrated
61

consciously tunable bandgap of up to 250 meV by gate-control . Upon dual-electrical gating, the top and
bottom electrical displacement fields, D t and D b , would affect following two physical/chemical properties;
(i) The difference of the two, δD = D t - D b , leads to a net carrier doping, that is, a shift of the Fermi
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energy ( E f ).
(ii) The average of the two, D = (D t + D b )/2 , breaks the inversion symmetry of the bilayer and
generates a non-zero bandgap.

Thus, by setting δD to zero and varying D , they can successfully tune the bandgap while keeping the
bilayer charge neutral. By varying δD above or below zero, we can inject electrons or holes into the bilayer
and shift the Fermi level without changing bandgap. The drain electrode is grounded and the displacement
fields D t and D b are tuned independently by top and bottom voltages ( Vt and Vb ) through the relations
D b = + ε b (Vb - Vb0 )/d b and D t = + ε t (Vt - Vt0 )/d t . Here, ε

and d are the dielectric constant and thickness of the

dielectric layer and V 0 is the effective offset voltage due to initial environment induced carrier doping. As
they keep δD = 0 , uncontrolled chemical doping effect is excluded and bandgap tuning by D is explicitly
7

achieved up to 250 meV, for high field of 3 x 10 V/cm.

Figure 3. 6. (a) Illustration of a cross-sectional side view of the dual-gated device, especially based on bilayer
graphene. (b) Sketch showing how gating of the bilayer induces top (Dt) and bottom (Db) electrical
displacement fields. (c) The electronic structure of (left) pristine and (right) gated bilayer graphene, respectively.
(k denotes the wavevector) (d) Electric-field dependence of tunable energy bandgap in graphene bilayer.
Experimental data with red squares are compared to theoretical predictions based on self-consistent tightbinding (black trace), ab initio density functional (red trace), and unscreened tight-binding calculations (blue
dashed trance). Cited from Y. Zhang et al., Nature 459, 820-823 (2009)
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3.4.2. Main issues 2. Transfer-free or Direct-growth processes
With the CVD technique as well as with other types of carbon supply, the metal substrate is supposed
to be essential, not only for decomposing hydrocarbon gas or solid-state organic layer, but also to conduct lowtemperature crystallization of graphene. As grown-graphene is itself layered on conducting substrate, it should
be resettled on insulating surface for device applications.

Transfer introduces indeed a variety of defects. Large-area uniform graphene growth through CVD
72
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technique, coupled with PMMA-assisted transfer is well established. However, (i) there are inevitable organic
62, 63

contaminations originating from PMMA (even in photolithographic process for device fabrications)

, (ii)

64

significant amounts of cracks, defects, and wrinkles are generated , and (iii) substantial amounts of time/cost
65

are unavoidable . For the above reasons, a new paradigm in graphene synthesis is desired.

Direct growth of graphene on an insulating substrate thus has two major advantages: (1) it allows one
to skip transfer and keep the as-grown quality and (2) it drastically simplifies the process.

In this section, we will focus on the direct growth of graphene on an insulating substrate, where no
transfer is required.

3.4.2.1. SAM (or solid-state carbon source) pre-deposition
H. J. Shin et al., introduced a method for transfer-free growth of few-layer graphene on a dielectric
substrate based on pyrolysis of a self-assembled monolayer (SAM) of carbon materials squeezed between a
66

catalytic metal and a substrate . The metal/SAM/substrate structure provides advantages not only for the
robust removal of the top-most catalyst after growth, but also in preventing the SAM material from being
evaporated at high temperature, which is crucial for high-quality graphene growth without creating additional
defects, wrinkles, and tears. They found clear relationship between the amount of carbon atoms in SAM and
that in graphene layers.

Figure 3. 7. (a) Schematic illustration for transfer-free growth of graphene on a substrate. (b) AFM image
(tapping mode) of octyl-SAM on a SiO2/Si substrate. A step was formed by removing half of the SAM layer with
UV/ozone cleaning. (c) Cross-sectional HR-TEM image after pyrolysis of octyl-SAM, yielding bilayer graphene.
(d) AFM image of graphene originated by octyl-SAM on the substrate after metal etching. Cited from H. J. Shin
73
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66

et al., Adv. Mater. 23, 4392-4397 (2011)

The group lead by Prof. J. M. Tour, also presented a similar process where they pre-deposit solid carbon
source,

such

as

poly(2-phenylpropyl)methysiloxane,

poly(methyl

methacrylate),

polystyrene,

and

poly(acrylonitrile-co-butadiene-co-styrene), and subsequently 500 nm-thick Ni on top of it. Through annealing
o

67

at 1000 C under low pressure, bilayer graphene is formed in-between metal and various insulating substrates .
However, as graphene thickness doesn’t depend on the solid carbon layer thickness, nor on the nature of
carbon source, a couple of questions regarding the mechanisms of this process remain in abeyance.

3.4.2.2. Direct graphene formation on insulating substrate without catalyst metal
There are some reports on direct graphene growth on insulating substrate without catalyst layer. The
possibility of graphene formation anchored at step edges on MgO(100) or ZrO2 surface is experimentally
demonstrated with support from density functional theory (DFT) investigations. Cyclohexane (C6H12) or
68

acetylene (C2H2) is used as carbon feedstock, and substrate is heated in CVD system with Ar gas .
69

70

71

mica , sapphire , and silicon dioxide

Indeed,

are also demonstrated as potential substrates for graphene growth

without catalyst.

However, because of the lack of direct evidence of the catalytic chemical reaction of the insulating
substrates, the growth mechanisms are still controversial. J. Sun et al. suggested that C clusters could be
formed by the pyrolysis of the hydrocarbon precursor and that the self-assembly of these clusters could result
72

in graphene formation .

3.4.2.3. Grain boundary-based Carbon Diffusion
Grain boundaries of a polycrystalline metal can be a strong pathway for carbon diffusion compared to
through grains. The importance of grain boundary-based diffusion of carbon in graphene growth has first been
demonstrated by our group

73, 74

. It is now getting more attention with an increasing number of related papers

75-77

. We discuss grain-boundary diffusion in Chapter V on ion implantation.

Here, it is worth to note that the effect of bulk diffusion is negligible in case of copper, mainly due to the
absence of carbon solubility. Copper has the lowest affinity to carbon as reflected by the fact that it does not
form any carbide phases and has very low carbon solubility compared to Co and Ni (0.001~0.008 wt.% at 1084
o

o

o

23, 78, 79

C for Cu, while ~0.6 wt.% at 1326 C for Ni, and ~0.9 wt.% at 1320 C for Co)

. Please say a little more

about the work of Su et al.

3.4.3. Main issues 3. Low-temperature, CMOS-compatible processes
o

To date, high quality graphene is generated at remarkably high temperature, up to 1500 C for epitaxial
74
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o

way, and at 1000 C for CVD system. The high growth temperatures impose limitations on the choice of
substrates. For example, flexible PET (polyethylene terephthalate), PI (polyimide), and glass substrate will be
seriously damaged. Moreover, such high temperatures cannot be used in current CMOS (complementary
metal–oxide–semiconductor) process.

Low temperature process for graphene synthesis would timely be indispensable for applications of
graphene in electronic devices. Therefore, there is still a need to develop a reliable and reproducible method
for low temperature synthesis of high-quality graphene that is suitable for the full exploitation of graphene
properties and application potentials.

Plasma-assisted process has a strong benefit to lower the growth temperature, thanks to its highly
reactive species, as we witness in research for carbon nanotubes. The differences in binding energy of carbon
feeding gas could be considered as one of the key to decrease the temperature.
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Chapter IV. Plasma‐Assisted Graphene Growth
4.1. Introduction
Since the discovery of carbon nanotubes (CNTs), it has gathered a lot of attention from academic
institutes to industries by producing numerous numbers of scientific papers. Among those efforts, the
introduction of plasma in synthesis resulted in strong impact on the lowering of growth temperature. Because
the plasma include a variety of reactive species for reaction with/on desired substrate. The history of carbon
nanotubes (CNTs) would be a best guideline for graphene research. The research on graphene synthesis is
actively under investigating with some of possible ways that described in Chapter III., and especially chemical
vapor deposition (CVD) is widely using for growing large‐area, high‐quality graphene layer. However, it is
suffering from high temperature process, more than 1000 °C, thus there are strong requirements to lower
growth temperature at least down to CMOS‐compatible range. Development of graphene growth based on
plasma is timely, as CNTs do, to overcome current limitations of temperature. And it may have the benefits that
can accelerate the research, because CNTs already pioneered in plasma atmosphere and resulted in
accumulation of knowledge.
As we described in Chapter I.3., the plasma‐assisted graphene growth process is first appeared in 20071.
This paper inspired a lot of research group including us, allowing low temperature process, which is favorable
for industrial aspects. In this Chapter IV., we will describe the development of plasma‐assisted graphene growth,
and a lowering growth temperature, as well as, direct graphene growth on arbitrary insulating substrate. It is
worth to highlight that direct growth on insulating substrate can even bring new paradigm in the research of
graphene synthesis due to the fact that transfer process is not necessary anymore. These are mainly
contributed to reactive plasma environment, and will be explain later.

The possibility to grow graphene in PECVD system is already appeared in the field of CNT synthesis.
There are some reports on the formation of vertical carbon nanowalls (CNWs)2‐8 that have the structure of few
layer graphene partially pushed out (toward out‐of‐plane) by strain. One can expect that, with appropriate
engineering of perpendicular strain to surface, we can probably obtain flat graphene on catalyst surface. A
group leading by Michael Höltig demonstrated that homogenous CNWs can be grown by PECVD over large area
at low temperature (~500 oC)9, see in Figure 4.1.
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Figure 4.1. (a) Surface and (b) cross‐sectional SEM image of CNWs. Credit: Hamburg University9

In fact, we found another type of graphene at underneath of catalyst metal, connected to the walls of
CNFs obtained by PECVD (see in Figure 4.2.(c)). In detail, vertically aligned carbon nanofibers (CNFs) were
grown in a home‐made dc PECVD system, using 4 nm‐thick Ni catalyst layers on TiN/Si wafers. The growth
temperature was set at 650 °C with only 5 minutes growth time. A mixture of water vapor (H2O) and isopropyl
alcohol (C2H2OH) was used as the reactive gas source. This aims both to develop new chemistry for CNFs
growth based on water vapor and to investigate initial growth process, such as nucleation step, with short
exposure time. The applied voltage between anode and cathode in the triode‐type chamber was kept at a
constant value of 500 V, and with a current intensity of 0.2 A. The extraction voltage and current were precisely
adjusted and stabilized at 54 V and 54 mA, respectively (PECVD set up is described in Section 4.2.2. PECVD
Setting).
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Figure 4.2. (a) SEM image of CNFs. and (b) its magnified image with perpendicular direction to CNFs. (c) TEM
image showing stacks of horizontal graphene layers connected to CNF walls. (d) Schematic of graphitization at
underneath of catalyst particle. Cited from C.S. Cojocaru et al., J. Nanosci. Nanotechnol. 6(5), 1331 (2006)10

Thus, dc‐PECVD allows one to prepare graphene at the interface between an insulating layer and a
metal catalyst film. We shall see in the following that it does this together with growing graphene on top of the
metal film.

4.2. Generalities
The development of graphene growth process based on PECVD is quite new, even to understand its
growth mechanism. Thus, a careful consideration on experimental conditions is required. In this section, we
will describe the PECVD set up and sample preparation process for all experiments. This would be a reference
point to further develop new growth manner.
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4.2.1. Substrates used, Wafer Cleaning and Catalyst Preparation
The substrates used for the present dc‐PECVD study are either (100) silicon wafers with 300‐nm
thermally grown oxide or standard glass. To clearly investigate the graphene growth process, we need to avoid
the carbon supply from unintended external source, such as organic contaminations, impurities, etc. For this
reason, we give a special care to cleaning the substrate before the evaporation of nickel. The substrate is first
dipped into trichloroethylene (Alfa Aesar, L14474, 98%) under the heating in 100 oC for 30 minutes. Then,
rinsing by acetone, isopropyl alcohol, and deionized (DI) water follow in order, consequently, substrate is fully
dried by nitrogen gas. A mixture of sulfuric acid (Sigma Aldrich, 339741, 99.9%) and hydrogen peroxide, namely
piranha solution(H2SO4:H2O2=3:1), is then used to clean organic residues off substrates for more than 30
minutes on hot plate with 150 °C. After rinsing by deionized (DI) water, drying by nitrogen, nickel is directly
evaporated with a deposition rate lower than 0.3 nm/sec, under a base pressure of 2 x 10‐7 torr. Figure 4.3.
shows uniform and clean as‐deposited Ni layer by SEM (with a special care to focus on surface). The RMS
roughness is estimated less than 3.0 nm, while sputtered one show higher value of 4.4 nm11.

Figure 4.3. (a) Low and (b) high magnification SEM image of as‐deposited Ni films with 200 nm‐thick on SiO2/Si
wafer.

4.2.2. PECVD setting
Our home‐made triode type plasma‐assisted chemical vapor deposition (PECVD) system allows to
control precisely the density of plasma flux on the substrate. Figure 5.4. presents a schematic of our PECVD set
up with a photograph of plasma generation. Basically, we have triode‐type PECVD system and we can apply the
dc voltage on both in‐between anode‐grid, and grid‐cathode. The sample is placed on the cathode, which is
made of graphite. First, as the gas are diffused into anode‐grid, the plasma can be ignited with relatively high
power, and by delicate control of second voltage between grid and cathode, plasma can be diffused through
porous grid and reached into the sample surface. Our chamber is equipped with optical emission spectroscopy
(OES) for monitoring the plasma and thermocouple is installed at behind the cathode for temperature control.
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Figure 4.4. (a) Schematic and (b) Photograph of PECVD set up. Our PECVD is installed in lateral direction. (c)
Photograph of plasma state via optical window (red square in b). Cathode, grid and anode are pointed out by
white arrow.

4.2.3. Growth and Etching Process
In this section, we will deal with general graphene growth procedure as well as etching process for
further engineering of sample using water vapor (sort of oxygen plasma etching process).

4.2.3.1. Chamber Cleaning by Water Vapor Plasma
To keep the chamber inside clean from organic contaminations, we are using water vapor plasma with
inversed bias (contrast to working conditions) in‐between each process. Plasma containing oxygen component
is an effective, economical, environmentally safe method for critical cleaning.

In plasma, gas atoms are excited to higher energy states and also ionized. As the atoms and molecules
'relax' to their normal, lower energy states they release a photon of light, this results in the characteristic
“glow” or light associated with plasma. Different gases give different colors. For example, oxygen plasma emits
a light blue color. And this color corresponds to UV energy. the vacuum ultra violet (VUV) energy, which is
generated by the plasma is very effective in the breaking of most organic bonds of contaminations, such as C‐H,
C‐C, C=C, C‐O, and C‐N. A second cleaning action is carried out by the oxygen species created in the plasma (O2+,
O2‐, O3, O, O+, O‐, ionized ozone, metastable excited oxygen, and free electrons). These species react with
organic contaminants to form H2O, CO, CO2, and low molecular weight hydrocarbons. These compounds have
relatively high vapor pressures and are evacuated from the chamber during processing. Therefore, inside of
chamber remained ultra‐clean12‐15.
Water vapor plasma is an interesting possibility to address the decontamination issues16 , due to the
fact that water vapor discharges are considerably cheaper, safer, and easier to handle than high‐purity
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commercial gas mixtures of hydrogen or oxygen. In later case, there is a demand for the installation of
expensive precision gas delivery systems and safety protocols due to fire and explosion hazards, while a process
based on water vapor may need only a simple dry vacuum evaporator tank. Water vapor plasma might
represent an interesting trade‐off between low costs and efficacy as long as the decontamination efficiency of
such plasmas is of the same order of magnitude as the one obtained with oxygen‐based gas mixtures. In terms
of generation of oxide films, water vapor plasma has higher oxidative properties in comparison to oxygen
plasma17.

Thus, additional bottle containing H2O is simply installed in PECVD system and both of bottle and inlet
line are under heating for evaporating water molecules/for keeping its vapor phase. Through Mass Flow
Controller (MFC), we can precisely control the amount of water vapor (0 ~ 10 sccm) that is introduced to
chamber.

For cleaning process, the pressure is set at 2 mbar with an introduction of 10 sccm water vapor. Then,
the plasma is generated by putting conditions, 0.18 kW, 850 V, 0.33 A (power, voltage and current in order).
Initially, plasma has shallow purple color (because, initially, inside of chamber is not fully filled by water vapor)
and finally shallow blue. As the plasma is stabilized, the extraction voltage and current are applied in‐between
grid and cathode. In general, the cleaning process by plasma takes 30 minutes.

4.2.3.2. General Growth Process in PECVD
The sample is first attached to cathode, and the chamber is pumped out to its base pressure which is 2 x
‐5

10 mbar. Then, the hydrogen gas (50 sccm) is introduced during temperature increase at 2 mbar. In general,
our working temperature is 450 °C (with an increase rate of +25 °C/min), which is significantly lower than
conventional case. This would have a couple of benefits, such as wide‐range substrate adaptation (i.e. glass)
and compatibility with current CMOS process.

Prior to beginning graphene growth process, diffusive hydrogen plasma is exposed to the sample
surface from anode‐grid regime. In detail, hydrogen plasma is ignited in between anode and grid, by putting
values, 0.18 kW, 650 V, 0.07 A (power, voltage and current in order). Actual values are recorded as 0.02 kW,
340~360 V, 0.06 A. (These values are always monitored for checking the abnormal atmosphere inside of reactor.
From now on, I’ll only mention setting values.). We need to remind that, here, no extraction voltage/current is
applied, which means plasma itself diffuses through porous mesh to sample surface. This incoming plasma flux
by diffusion is softer than extraction under control, so it aims to avoid any physical damage on catalyst surface.
Pre‐treatment by hydrogen plasma for 2 minutes aims to minimize the surface oxide of catalyst metal, which is
inactive for graphene growth. This step is widely‐accepted in CNT synthesis18‐21.
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Once hydrogen plasma process has been done, 40 sccm of CH4 (as a reference condition) is introduced
into chamber. By launching DC generator (0.17 kW, 650 V, 0.20 A) for anode‐grid, plasma by a mixture of CH4
and H2 is ignited. At the same time, the other DC generator used for extraction in grid‐cathode is also under
operation. Extraction current is fixed at 50 mA coupled with voltage fluctuation.

Figure 4.5. General PECVD process for graphene growth. (i) Temperature increase with a ramping speed of
+25 °C/min., under H2 atmosphere. (ii) H2 plasma pre‐treatment for removal of native oxide layer on catalyst.
(iii) Graphene growth process by plasma exposure with a mixture of CH4 and H2. (iv) Natural cooling under
vacuum.

The decomposition temperature is determined by C‐H bond energy of carbon source. Among
hydrocarbon sources (widely using for the growth of carbon‐based materials), methane has a relatively low C‐H
bond energy, 410 kJ/mol, while ethylene and acetylene has 443 kJ/mol, 506 kJ/mol. Thus, methane is
preferable for development of low‐temperature process22.

4.2.3.3. Plasma Etching Process
To minimize the amorphous carbon on metal surface, we can use oxygen‐based plasma treatment. As
usual, the plasma is first generated in‐between anode and grid, with a condition of 0.18 kW, 650 V, 0.29A
Keeping the pressure at 2 mbar with 10 sccm water vapor, plasma is extracted to sample surface for 2 minutes.
Extraction voltage and current is 20 V, 50 mA, respectively. Due to the plasma ion bombardment, temperature
of cathode is increasing up to 125 °C. This process will be used in annealing treatment at high temperature (see
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section 4.2.5.).

Plasma exposure which has oxygen component is favorable for etching carbon‐based materials. Here,
we employed water vapor plasma with high power to etch both amorphous carbon and formed graphene on Ni
surface. Plasma conditions are similar with previous case, except for extraction conditions 40 V, 80 mA and
process time (10 minutes); they result in higher surface temperature, 175 °C.

4.2.4. PECVD parameters
Our home‐made PECVD allow to control a variety of parameters, not limited to exposure time,
temperature, gas flow, but also distance between two electrodes inside of chamber. In fact, plasma‐based
growth system is rather complicated than simple thermal CVD. Therefore, we need to simplify as much as
possible that could lead to understand of graphene growth process.

Temperature would be a strongly influencing factors that controlling the quality of materials. S.J. Chae
et al., demonstrated that, with increasing growth temperature from 700 °C to 1000 °C at intervals of 100 °C, the
D band in Raman spectrum gradually disappeared23. The graphene layer was the thinnest at 1000 °C for the
temperature used, indicating that there are complicated growth process rather than simple temperature‐
dependent growth process. A group leading by R.S. Ruoff investigated the low‐temperature range graphene
growth24. With a growth temperature of 300 °C, sparse domains are observed on the Cu foil surface, whereas
more graphene domains per unit area are observed for the 400 °C growth. Domains grown at 500 °C, and
600 °C have a rectangular shape. It is estimated that growth temperature mainly affects its growth rate. In
other words, a simple comparison of quality by Raman spectrum is not allowed due to the existence of high
density of graphene grains.
It is worth to note that temperature increasing/cooling rate is also important parameters25‐28. Y. Miyata
compared the effect of cooling: one is cooled down from 900 °C to 560 °C for around 10 second, and the other
one is for 20 minutes, naturally. In later case, they have never been observed graphene at same growth
conditions. Fast cooling rate is considered as a crucial factor to grow thin graphene layers. However, when the
cooling rate is too fast with same amount of carbon concentration, no graphene is observed in some cases. This
means that cooling rate has upper/lower limit with a correlation of dissolved carbon into catalyst. And cooling
rate seems to be more important that increasing rate, because it actually interact with carbon for graphene
growth.

Especially, the atmosphere when sample is cooled down should be cared. In such a case, when
hydrogen is kept alone in cooling procedure, it might plan an important role in etching edges and corners of
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graphene flakes24. If the graphene films are cooled in hydrogen alone, the graphene film could be reduced
locally at high surface energy locations29. However, it has even possibility to minimize amorphous carbon with a
suitable optimization process.

In PECVD process, there is a special factor that could affect on graphene growth. The change of pressure
leads to shift of reactive plasma close to or far from the samples, as well as the density of gases like in T‐CVD
process. In the following section, we will investigate some of the factors to grow graphene.

4.2.5. Annealing treatment
Using PECVD process, we developed a novel graphene growth technique at low temperature. In
addition to this, we designed annealing process at high temperature for further increasing graphene quality.
Moreover, this allowed us to better understand the role of carbon diffusion/precipitation in the growth process.
We thus focus in the present section on the effect of annealing treatments on the graphene layers that have
developed on the top surface of the metal film. The PECVD process applied was standard condition that
previously mentioned in Section 4.2.3.2.

We employed simple furnace system (see in Figure 4.6. below), which has cooling & heating zone.
Quartz boats carrying the samples could be pushed/pulled by load lock between cooling & heating zone.
Especially, heating zone is covered by tungsten (W) wire with temperature controller (Carbolite 1200 °C Split
Tube furnace, types HST & VST). And gas inlet is installed for introducing gases, such as hydrogen.

Figure 4.6. Schematics of furnace system for high temperature treatment.

First, the sample is loaded in cool zone and the chamber is heated up to 900 °C with a ramping speed of
+20 °C per minute. All process in furnace has been done under vacuum (base pressure: 2.0 x 10‐5 mbar). Then,
using load lock, sample is transferred to the pre‐heated zone. After annealing process for 18 minutes,
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temperature controller turns off without introducing any gases. When the temperature reaches 750 °C, the
sample is quenched out to cool zone. In fact, these conditions are set‐up from graphene growth by ion
implantation, which will be explained in next Chapter V.

Figure 4.7. Annealing treatment in furnace. First, the quartz boat carrying the sample is loaded in cool zone. (i)
Temperature increase with a ramping speed of +20 °C/min., under vacuum (10‐4 ~ 10‐5 mbar). (ii) Waiting for
temperature stabilization at 900 °C. (iii) Pushing the sample into heating of furnace zone by load lock and
annealing process at high temperature. (iv) Turn off the temperature controller and slow cool down in heated
zone. (v) Quenching of quartz boat to cool zone for rapid cooling.

First, we adopt reference conditions (as described in section 4.2.3.2. General Growth Process in PECVD)
using 200 nm‐thick Ni/SiO2/Si. Figure 4.8. (below) shows the surface images after plasma exposure, followed by
annealing process. On the SEM images, we can clearly identify extreme contrasts (black and white particles,
indicated by green arrow “3”, and “4”). As we maximize the contrast of image, we notice that nickel surface
excluding extreme part has the contrast difference, roughly grain by grain. In a magnified image, Figure 4.8.(b),
black particles are expected to be graphene/graphite‐like, because of the presence of corner angle with 120°.

It is worth to note that the boundary of dark contrast estimated both graphene and relatively thick
graphite via SEM measurement. The other dark particles which has non‐specific angle might be covered by
surrounding Ni. Clear identification on surface image will be discussed.
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Figure 4.8. Graphene growth by PECVD: Scanning electron microscope images on plasma‐exposed sample
followed by high temperature annealing, measured at different magnifications (a) x 5k (here, contrast is
maximized to clearly distinguish the area “1” and “2” indicated by green arrow) and (b) x 20k, respectively.

In an early stage of development, we focused on annealing conditions at high temperature, especially
annealing time and quenching process. A standard PECVD process has been performed first (unless otherwise
noted), then the experiment on annealing treatment followed.

Thus, standard PECVD process has been performed, unless otherwise noted. Figure 4.9. shows Raman
spectrum on annealed sample for 25 minutes without quenching process. Note that when we cooled naturally
down the samples, we will describe as “without quenching” to highlight the effect of quenching process. The
quartz boat carrying the sample remained in hot zone after turning off the temperature controller.

We found three representative peaks related to graphene. In details, D and G peak centered at 1351.9
‐1

cm and 1587.5 cm‐1, respectively, with an integrated ratio of ID/IG=0.95. However, full width at half maximum
(FWHM) of each peak is around 100 cm‐1, which is too broad for classical interpretation schemes30. The last is
2D peak (centered at 2703.5 cm‐1), which originates from two phonon double resonance Raman process (see
Chapter II. Characterization of Graphene). It exhibits relatively narrow FWHM of 77.8 cm‐1, with an integrated
ratio of IG/I2D=2.14. Peak position and FWHM are extracted using LabSpec Version 5.25.15.
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Figure 4.9. Raman spectrum (excited by 514 nm laser) for graphene layers, where D, G, and 2D peaks are
indicated in the figure. Standard PECVD process including 25 minutes annealing without quenching has been
performed. (Inset) Optical microscope image of samples. Scale bar represent 10 m.

4.2.6. Growth at surface and at interface
Graphene is generally growing on metal surface, thus electrical isolation via transfer process is
mandatory for device fabrication. While many efforts have been made to improve transfer process31‐33, organic
residues that come from PMMA and chemical etchant still remain on graphene surface, which results in
impeding its intrinsic performance34,
36, 37

structural defects

35

. In addition, transfer causes mechanical stress, which generates

.

For above reasons, developing graphene growth directly on insulating substrate for device application,
without transfer process, is of great importance for future development. Thus, most of our efforts have been
devoted to understanding carbon diffusion through nickel, and growth of interfacial graphene layers in‐
between nickel and silicon oxide. However, in order to understand diffusion, and the relationships between
precipitation at surface and interface, we started our study by the analysis of growth on the top surface.
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4.3. Growth at nickel surface
To date, graphene growth on metal surface has been extensively studied. Based on thermal CVD (T‐CVD)
technique, effect of growth temperature, feeding gas rate/ratio/type in combination with hydrogen or argon
gas, growth time, cooling condition, and type of catalyst have been investigated for growth of high quality
graphene.

In contrast to T‐CVD, plasma enhanced CVD (PECVD) process is not well understood yet. Here, growth
temperature, pressure as well as gas mixture ratio are systematically investigated to understand growth
mechanisms of PECVD process.

4.3.1. Effect of Annealing: Quenching Process
As we see in Figure 4.8., surface topography varies quite significantly: Raman spectra has the capability
to reflect the information of local structure. Therefore, we precisely investigated the Raman response from the
positions. After standard PECVD growth, we varied annealing conditions;

Case (i)

(a,b) 25 min. annealing without quenching process.

Case (ii)

(c,d) 18 min. annealing without quenching process.

Case (iii)

(e,f) 18 min. annealing with quenching process.

as presented in Figure 4.10. below. First of all, we can clearly see the difference in Raman response by
local positions (Left column is obtained on uniform surface as like green arrow “1” or “2” in Figure 4.8., and
right one corresponds to probably thick graphene flakes with dark contrast.). Uniform surface has relatively
intense D band signal compare to G band, while 2D band is much more remarkable on thick graphene flakes,
for all cases.

Annealing duration might be a factor that can control the carbon diffusion. Here, we compared only two
cases, 18 min. vs 25 min. annealing without quenching process. The integrated intensity ratio between G and D
(IG/ID) represents the order of graphitization, recorded as 1.25 for 25 minutes, it has lower value with 1.06 after
18‐min annealing. Moreover, clear 2D peak is found in Case (i). However, distinct differences are not observed,
even much similar spectra is recorded on thick graphene with dark color.
Carbon diffusivity DT (cm2/s) at temperature T(K) is expressed as;

DT  D0 exp( ED / kT )
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where D0 is an entropic pre‐factor and ED the diffusion activation energy. Lander et al., found that D0 =
2.48 cm2/s, ED = 1.74 eV (their activation temperatures in kelvins have again been translated into activation
energies in eV per atom)38. The diffusion length is as follow;

L  2 DT

(Eq. 4.2.)

Here,  is the diffusion time, and diffusion length varies as the square root of time. Thus, annealing time
wouldn’t be a critical factor influencing graphene growth.

Figure 4.10. Raman spectra (excited by 514 nm laser) of graphene layers as a function of annealing conditions.
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(a,b) 25 min. annealing without quenching process, (c,d) 18 min. annealing without quenching process, and
(e,f) 18 min. annealing with quenching process at 750 °C. Left column (a,c,e) measured on uniform surface,
while right column (b,d,f) corresponds to graphite‐like particles with dark contrast.

Comparing Case (ii) and Case (iii), we our aim is to figure out the effect of quenching process. With
quenching process at 750 °C, we can obtain a narrow 2D peak with the intensity ratio I2D/IG of 0.95 in Figure
4.10.(f). Less defect inclusions from uniform surface (e) and more defects from dark surface (f) indicating that
relatively uniform graphene layers are formed on Ni surface. As the discrepancy between surface and dark
particle is getting closure, this quenching process is favored. Especially, the FWHM of 2D peak is 67.8 cm‐1
which corresponds to 4~5 graphene layer39, 40. It is noted that, unlike 2D band positions and intensity, the
FWHM is less affected by excitation energy, charge impurity41‐43.

Blueshift of 2D peak position could be also an evidence for thinning of graphene layers, coupled with
higher I2D/IG39, 44‐46. For examples, for case (iii) with quenching process which has I2D/IG=0.95 with narrow G peak,
this could correspond to 4~5 graphene39. From dark particles, which are estimated as well‐organized graphitic
structure, fairly narrower and sharper G peak appears, compared to those spectra obtained from uniform
surface.

Figure 4.11. Intensity ratio between 2D and G band depends on with/without quenching process. (Q and NQ
on x axis mean with Quenching and No Quenching, respectively.) (a) 2D peak position extracted from peak
deconvolution. (b) Integrated intensity ratio, I2D/IG, (c) FWHM of G peak calculated from each on surface and on
dark particles.

At high temperature, i.e. 900 °C, transition metal can dissolve considerable amount of carbon atoms
into bulk with high carbon solubility. In cooling process, carbon solubility of Ni is lowered so the rest of carbon
atoms should be diffused out from bulk to surface. Quenching process doesn’t give them enough time to move
around as they want, so those carbons near Ni surface could escape but the rest of carbon atoms would be
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freeze out inside of Ni. That’s the reason why here we can obtain much thin and uniform Raman signals. This
will be explained again in next Chapter V, with numerical analysis.
The importance of rapid cooling has been investigated by Yu et al25. They found that segregation
behaviors depend on cooling rate, strongly affecting the thickness and quality of the graphene films. Different
cooling rates, corresponding to fast 20 °C/s, medium 10 °C/s, and slow 0.1 °C/s, were employed, and the
structural characteristics of graphene formed on Ni substrates were studied by transmission electron
microscopy (TEM) and Raman spectroscopy. Extremely fast cooling rate results in a quench effect in which the
solute atoms lose the mobility before they can diffuse, while extremely slow cooling rate gives carbon enough
time to make large graphite precipitates, so there will not be enough carbon segregated at the surface.

Through this first experiment using PECVD coupled with annealing process, we found two distinct
regions; one is a uniform surface with relatively high intensity of defects, and the other is well‐ordered thick
graphene. And quenching process seems to be preferential that decrease the thickness of graphene by freezing
additional carbon diffusion out. Here, we designed two step processes, from PECVD to annealing process, thus
we need to simplify the procedure to understand better.

4.3.2. Mild Water Vapor Exposure for Annealing
Raman spectra after PECVD process (especially, broad and high D peak signal) indicate that Ni surface
might be partially covered by amorphous carbon. Thus, to minimize amorphous carbon on Ni, we applied mild
water plasma exposure for 2 minutes (see section 4.2.3.3.). Figure 4.12. shows how water vapor plasma does
affect the surface morphology. After standard PECVD process for 4 minutes on 200 nm‐thick Ni, typical surface
of Ni observed. Then, sample is cut into 2 pieces, (b) one is for mild water plasma treatment, and (c) the other
one is just annealed together with (b) according to standard conditions. From SEM images, we can clearly see
the effect of mild water plasma than can decrease the amount of dark particles, which suspected as graphite.
As we decrease the amount of amorphous carbon on Ni, carbon supply into Ni during annealing process has
been reduced. So, with less introduction of graphite/carbon, we can have much uniform carbon distributions.

Polycrystalline Ni itself has a high amount of nucleation sites for graphene growth, (due to the
possibility of facing steps with incoming carbon species on Ni surface) and, in our plasma process, high density
of carbon flux also be a reason for local structural deformations. These are lead to formation of graphite
particles during annealing/cooling process, which is not intended to get.
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Figure 4.12. Effect of mild water vapor plasma process. Scanning electron microscope images after (a) General
PECVD process for 4 minutes. Then, sample is cut into 2 pieces, (b) one is treated by mild water vapor plasma
for 2 minutes, and (c) the other one is not exposed by plasma. Both samples are annealed at high temperature,
following standard conditions, which mentioned in Figure 4.10. Case (iii); 18 minutes annealing followed by
quenching process at 750 °C.

4.3.3. Gas mixture
In this section, our efforts will be devoted to simplify the process to understand better its growth
mechanism, which means annealing process won’t be applied here.

Competition between carbon feeding gas (C2H2, C2H4, and CH4 etc.) and hydrogen has been paid
attention for a long time. Another carbon allotrope with 1‐dimension, namely carbon nanotube, can be
synthesized by a mixture of methane and hydrogen. In this chemistry, dissociated carbon from CH4 can be
incorporated in metal films (or metal particles) and hydrogen can be an etchant for amorphous phase of
carbon47, 48. Balancing their activities, high quality carbon nanotube with fast growth rate can be obtained.

In graphene synthesis, which is analogous to that of carbon nanotubes, the gas ratio is also of great
importance as it can control the quality of materials. Here, we need to point out that other groups are
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introducing only few tens of ppm (parts per million) of carbon feeding gas compare to hydrogen and argon gas,
or even less49, 50. Our working conditions are using extremely high percentage of CH4 compare to hydrogen, this
opens up a route to new fundamental insight.

The amount of hydrogen is fixed as 50 sccm, and methane is varied from 10, 20, 40 and 80 sccm. The
other conditions are kept just same as reference. After plasma exposure for 4 minutes, top‐view SEM images
are taken (Figure 4.13). Working temperature and pressure are the same, but a change in extraction voltage is
unavoidable.

Figure 4.13. below shows the surface images of plasma exposed samples, as a function of gas ratio; (a)
10:50, (b) 20:50, (c) 40:50, and (d) 80:50 sccm for CH4 and H2. From (a) and (b), we can assume that nickel
surface is getting affected by income flux of carbon. Green arrow indicates the flat Ni surface, while red arrow
shows the introduction of carbon‐materials on/into Ni. Those incorporated carbon often shows angular shape.
Lastly, the arrow with blue color means growing part, perpendicular to surface. In case of 20 sccm of H2, flat Ni
surface is getting changed to carbon incorporated surface. Moreover, when we supply high percentage of CH4,
like 40 and 80 sccm cases, it seems fully covered by carbon and surface morphologies is totally changed.

Figure 4.13. Top‐view SEM images after PECVD process with a mixture of 50 sccm hydrogen and (a) 10 sccm,
(b) 20 sccm, (c) 40 sccm, and (d) 80 sccm of methane, respectively. The other conditions are kept just same as
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reference. All scale bars represent 1 m length.

Raman spectra (Fig. 4.14) are acquired using 514.5 nm laser with power of 0.90 mW. We note a slight
increase of D peak signal as a function of the amount of methane in the mixture.

Figure 4.14. (a) The change of Raman spectra with a gas ratio between methane and hydrogen. Inset shows the
magnified D peak, which appeared around 1365 cm‐1. (b) Evolution of ID/IG with gas ratio.

As we mentioned in Chapter II., crystallite size (La) of graphene can be extracted from the intensity ratio
Id/IG (Eq. 2.5.). In fact, the gas ratio makes a small effect on La, which is of the order of the uncertainty. This
means that our growth with a gas ratio (10 : 50 ~ 80 : 50 of CH4 : H2) is always in conditions of high methane
concentration where crystallite size remains out of control.

In other respects, the density of nucleation sites,

which is closely related to crystallite size, depends on the nickel crystal quality. Controlling graphene crystal size
by gas ratio should be possible if we use pre‐annealed Ni (which has enlarged grain size) with relatively small
amount of CH4.

However, our primitive work, apart from the control of crystallite size, aims to grow graphene layers at
low temperature that could be used without transfer process, thus at the interface between catalyst and
substrate. This high methane concentration introduces a high flux of carbon atoms in the nickel that, after
diffusion, ends up as a significant interface precipitation. This will be further discussed in next Chapter V.

Regardless of gas ratio, now we annealed sample at high temperature without quenching process. From
Raman measurement, we calculated ID/IG and IG/I2D, as plotted in Figure 4.15.(a). In graph, “AP” means “After
PECVD process”, “AA_S” means “After Annealing process and measured on uniform Surface”, and “AA_P”
means “After Annealing process and measured on graphite Particles”. First, slight decreasing of D band signals
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is observed by annealing process. Graphite particles, especially formed by annealing process, deliver quite low
D band signals. But that ratio between G and 2D is under similar range. Crystallite sizes calculated from ID/IG (Eq.
2.5., Figure 4.15(b)) indicate that the annealing process doesn’t significantly affect the crystallinity of the
graphene that uniformly covers the surface. Uniform surface has fairly high density of nucleation sites with
small grains, it couldn’t be properly rearranged or healed51, 52. On the other hand, graphite particles get
enlarged: their crystal size reaches up to 82 nm in lateral dimensions.

Figure 4.15. (a) IG/I2D versus ID/IG, calculated from Raman spectra. AP means “After Plasma process” with red
color. AA_S/AA_P means “After Annealing process at high temperature” and taken on uniform surface and
black particle, which is considered as graphite. (b) Crystallinity size calculated from ID/IG (Eq. 2.5.). Inset shows
log vs log scale graph.

Our growth conditions seem not perfect for high quality graphene on Ni surface, but their potential
toward transfer‐free and low‐temperature growth will be discussed. And we will see (4.4. Growth directly on
insulating substrate) that they are quite useful for growth at the interface between the nickel and the insulating
substrate.

4.3.4. Growth Time
Time‐dependent dynamics can deliver useful information on graphene growth mechanism. In this
section, I will present the effect of growth time on graphene formation.

4.3.4.1. Plasma Exposure
Keeping the H2 pretreatment just as same, plasma exposure time by a mixture of CH4 and H2 varied
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from 1 min., to 2 min., 4 min., 8 min., and 12 min. Figure 4.16. below shows scanning electron microscope
(SEM) images of Ni surface after plasma exposure. All the images are taken at same working conditions of 5 K
magnification and around 9 mm working distance at 10 kV acceleration voltage. Here, we can recognize the
surface change with bright contrast.

Figure 4.16. Growth time‐dependent surface evolution taken by scanning electron microscope. Plasma ignited
by a mixture of CH4 and H2 exposed to samples for (a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12 min.,
respectively. (5 K magnification for all images)

By recording tilted SEM images (Figure 4.17.), we see that bright spots in fig. 4.16 actually correspond
to extruded particles. And their size is getting larger with increasing number of particles. This will now be
closely investigated for understating surface changes.
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Figure 4.17. Growth time‐dependent surface evolution taken by tilted scanning electron microscope. Plasma
ignited by a mixture of CH4 and H2 exposed to samples for (a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12
min., respectively. (10 K magnification for all images)

4.3.4.2. Annealing Process
For all previous samples in Figures 4.16 and 4.17., we applied mild water vapor plasma for 2 minutes,
and annealing process is followed by standard conditions (see section 4.2.2.3. for mild water vapor plasma, and
section 4.2.5. for annealing process). And Figure 4.18. below shows surface changes compared to previous
images. Graphite with dark contrast has been formed and still bright contrast has appeared on surface.

Figure 4.18. Growth time‐dependent surface evolution taken by scanning electron microscope. Plasma ignited
by a mixture of CH4 and H2 exposed to samples for (a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12 min.,
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respectively, after annealing for 18 min. at 900 °C. (5 K magnification for all images)

First, the numerical analysis on graphite inclusions has been performed by support of Image J which is
freeware image processing tool. Based on the differences in contrast, number of graphite particles and relative
area of graphene inclusions are automatically extracted, as shown in Figure 4.19. below. Time‐dependant
evolution of graphite is evidently revealed by linear relationship with plasma exposure time. In fact, the
introduction of graphite particles might be related to both polycrystalline nature of Ni and high percentage of
carbon feeding gas compared to hydrogen. The presence of grain boundaries in Ni could lead to non‐
homogeneous carbon diffusion, and crystallization as they give energetically favorable sites. To obtain a
homogeneous graphene, we need to minimize the number of graphite particles, as much we can.

Figure 4.19. Graphite inclusions with plasma exposure time. Using “Image J”, the number of graphite particles
and relative area of graphite are extracted and marked with blue and red color, respectively. Both factors are
well accord with linear relationship. This shows obviously that graphite is enlarging (both total number and its
size) with time‐dependency.

4.3.4.3. Structural Deformation
To identify the emerging particles visible on SEM images, we performed atomic force microscope (AFM)
measurements with line profiles. Figure 4.20.(a‐c) corresponds to samples exposed to plasma process for 12
minutes, then annealed following our standard condition (see section 4.2.5.). SEM is compared to AFM at the
same scale (10 m x 10 m). Referred to uniform surface, the particles with brighter contrast have a height up
to 200 nm by line profile extraction. Here, I would like to recall that initial Ni layer is 200 nm‐thick, which is
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similar with height of these particles. Graphite is located with a depth of ~80 nm. For the sample exposed 8
minutes to plasma (the rest conditions are exactly same), the trend is similar for a xx min exposition to plasma
with 200‐nm height, and ~50‐nm depth, for bright particles, and for graphite, respectively. Then, the question
arising is: what happened to the amount of Ni on graphite particles, which corresponds to a thickness of
50~100 nm? This can be explained with magnified SEM images coupled with backscattering measurements.

Figure 4.20. SEM, AFM, and line profile from marked line in AFM data, of plasma exposed samples (a‐c) for 12
minutes, (d‐f) for 8 minutes, respectively. After PECVD process, general annealing process has been done. SEM
and AFM has same scale bar with 10 m x 10 m size, for compassion of surface morphologies.

Regardless of plasma exposure time, from 1 min. to 12 min., graphite‐like particles with a specific angle,
approximately 120 °C at each corner side, have been found, as shown in Figure 4.21. Tilted images with higher
magnification indicate that a strong structural deformation has occurred, especially on graphite particles. As
graphite structure is generated inside of Ni, some of Ni must be pushed up. This process could lead to CNT‐like
growth, perpendicularly to substrate, as marked by green arrows in (f,g). When we closely look at the red
arrows, we can always see an underlying dark contrast, which can be suspected to be graphite.
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Figure 4.21. SEM images with high magnifications for various cases. Top‐view surface images focused on
graphite particles, showing specific angles at each corner close to 120o, for exposure times (a‐c) 1, 8, 12
minutes, respectively, with 40K, 60K, and 40K magnification. (d‐g) Tilted SEM images of 12 minutes exposed
samples with (d,f) 40K, and (e,g) 80K. Red arrows in (f) indicate surface deformation, like CNT growth. As
growth is perpendicular to surface, a dark contrast appears in the underlying area. Green arrows in (f,g)
indicate a strong Ni deformation on graphite surface. Scale bars represent 1 m in all cases (and not the values
indicated by the SEM).

To analyze those growing structures, we have performed back scattering measurements, as shown in
Figure 4.22. Brighter contrast in secondary electron SEM image, which means strong surface deformations,
appears as Ni in backscattering regime. This is a good agreement with previous hypothesis.
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Figure 4.22. (a) SEM secondary electron image, and (b) back scattering image for same local position. Red
circles point out highly deformed positions, as shown in previous tilt‐SEM images. Scale bar is 1 m for both.

4.3.4.4. Graphene Transfer
Graphene being placed on metal surface, transfer process is needed for investigation of
electrical/optical properties. For the graphene transfer, basically, we employed floating transfer method. We
fabricated a template made of Teflon, which, being hydrophobic, helps to obtain graphene floating on the
etchant surface. Commercial nickel etchant (Nickel Etchant TBF ‐ Transene) is poured in beaker with template,
and the sample is softly placed in etchant. As Ni layer is etched away thanks to in‐plane diffusion of etchant,
graphene remains on the surface of etchant, while, on the other hand, an insulating substrate is immersed into
etchant. Thus, floating graphene can be picked up on a new, functional, substrate.

Figure 4.23. shows top‐view scanning electron microscope images after transfer of graphene layers on
new SiO2/Si substrate. In fact, here, we can identify three elements; (i) uniform graphene surface, (ii) graphitic
particles, and (iii) exposed SiO2 surface. In case of only 1 minute exposed sample, graphene surface is quite
uniform and just few of particles are observed. As the plasma exposure time is increasing, the number of
particles, which are graphite, appear more and more. Consequently, because of the interactions with graphite
particles, graphene layer could be partially torn out and SiO2 surface appears. This point will be discussed more
in next chapter regarding interfacial graphene.
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Figure 4.23. Scanning electron microscope images on transferred graphene layers, with plasma exposure time
(a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12 min. All images are taken at same conditions.

The samples presented in Fig. 4.24. are taken again with specific angle of tilt. To visualize the graphene
layers onto the SiO2 substrate, images are taken intentionally at the edge of graphene layers, as we can see in
Figure 4.25. Referred to contrast, folded areas are found in the 1‐mn exposed sample, marked by green arrows,
and the boundary between graphene and SiO2 can be clearly distinguished thanks to substrate cleanliness.

Figure 4.24. Tilted scanning electron microscope images on transferred graphene layers, with plasma exposure
time (a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12 min. All images are taken in the same conditions.
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4.3.4.5. Electrical Characterizations
Depending on plasma exposure time, which is closely related to the number of graphene layers, the
sheet resistance varies from 17.66 kΩ/sq. to 161.53 kΩ/sq. From linear fitting the data, the following equation
can be extracted

S. R.(van der Pauw) = y0+∙Pt

(Eq. 4.3.)

= 142.12 – 10.47∙Pt
= 142.12 – 12.47∙N
where y0 is the pre‐factor extracted from point of contact with y axis,  is the linear dependency factor
extracted from slope in Figure 4.25.(c), Pt is the plasma exposure time, and N is the number of estimated
graphene layers (referred to Raman data).

In TLM measurement, the sheet resistance of 4 minutes exposed sample is 7.57 kΩ/sq., 8 times lower
than previous case of 60.97 kΩ/sq. This is mainly attributed to contact electrode formation, yielding extraction
of contact resistance of 12.14 kΩ. Therefore, metal electrode with better contact is additionally required for
further engineering of graphene. Linear dependency of sheet resistance on exposure time and thickness of
graphene layer can be expressed same with van der Pauw case, as following,

S. R.(TLM) = y0+∙Pt

(Eq. 4.4.)

= 21.31 – 1.69∙Pt
= 21.31 – 2.03∙N
Note that all the values here are empirically defined from those data in Figure 4.25.(c). And silver
electrode has a work function of 4.73 eV, which is quite similar with graphene, around 4.5 eV.
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Figure 4.25. Electrical characterization of graphene films (a) Optical image of graphene in van der Pauw
measurement. Graphene is covered on SiO2 wafer with 0.5 cm scale width (white arrow), and green arrows
indicate the 4 prove locations. (b) Optical image of graphene in TLM method. Array of (rectangular shape) silver
electrode with a dimension of 1.00 mm x 0.75 mm is printed on graphene with a 1.2 mm pitch. (c) Sheet
resistance depends on plasma exposure time from 1 to 12 minutes, measured by (blue color) van der Pauw and
(red color) TLM method. Dotted lines for each method represent the linear dependency. (d) TLM measurement
on graphene samples exposed by plasma for 4 minutes corresponds to the point of light red circle in (c). Along
the normalized distance (distance between probes / width of contact pad perpendicular to the measuring
direction), resistance can be measured between two electrodes. Sheet resistance can be extracted from the
slope of graph, 7.57 kΩ/sq. and contact resistance can be recorded from the point of contact in y axis, 12.14kΩ.

4.4. Growth directly on insulating substrate
After etching out the nickel film (for transfer of graphene layer by floating method), we find a varying
contrast on the surface of the silicon oxide wafer immersed into liquid. As we measure SEM and Raman on
these samples, we surprisingly find that there is also a graphene layer. To surely confirm this layer, where it
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comes from, new procedures are required.

4.4.1. Graphene Growth directly on Insulating substrates
Following our hypothesis53, two graphene layers exist. One is on Ni surface, and the other is at interface
between Ni and SiO2. During transfer process, they could easily interact by van der Waals force, so that the film
observed at the end on the SiO2 would actually have formed on the top surface. Thus we need to first eliminate
the carbon‐related materials on Ni surface.

We simply apply strong water plasma with higher power and longer time, compare to mild plasma
conditions gas mix, pressure, plasma power, time?. Effect of strong water plasma is confirmed by Raman, as
shown in Figure 4.26. All the peaks, related to carbon signals, have disappeared. During the 10 minutes process,
substrate temperature is slightly increased from R.T. to 175 oC.

Figure 4.26. Effect of strong water plasma exposure for removal of carbon on Ni surface. Clear disappearance
of D, G, and 2D peaks, which are representative of graphene, is observed by Raman measurement.

4.4.2. Plasma exposure time
Now, we applied this strong water vapor plasma to previous series of samples, in Figure 4.27. The time,
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marked in figure captions, means process plasma by a mixture of methane and hydrogen. And annealing
process at high temperature has been followed (900 °C for 18 minutes, and rapidly cooled down under vacuum,
see more details in section 4.2.5.). Here, the development of graphite particles is highlighted as height
difference is getting larger.

Figure 4.27. Scanning electron microscope images of top nickel surface? after strong water vapor plasma
exposure and annealing. Those samples are prepared graphene with plasma exposure time by a mixture of
methane and hydrogen for (a) 1 min., (b) 2 min., (c) 4 min., (d) 8 min., and (e) 12 min. All images are taken at
same conditions.

Then, finally we etched away remained Ni using commercial etchant. And another set of SEM is taken as
follows.
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Figure 4.28. Demonstration of interfacial graphene with plasma exposure time. (a) 1 min., (b) 2 min., (c) 4 min.,
(d) 8 min., and (e) 12 min. All images are taken in the same conditions.

4.4.3. Effect of Annealing process
Figure 4.29. shows the Raman spectra of the graphene layers at each step (“AP” = After PECVD process,
“AA” = After annealing process) and at each position (“TLG” = Top layer graphene on nickel surface, “IG” =
Interfacial graphene after sequential etching of TLG, and nickel.) with a comparison of two nickel thicknesses.
Each Raman spectrum is normalized by the maximum intensity of G peak.

In case of TLG, we find significant suppression of D peak by annealing process at high temperature
independent of Ni thickness. Thinner nickel with 50 nm is only exposed to carbon‐containing plasma for 4
minutes, due to relatively low potential to digest incoming carbon. We analyze the integrated intensity ratio of
G peak compare to D peak, IG/ID. The IG/ID is significantly increased from 0.81 to 3.50 and from 0.84 to 5.33, for
200 nm and for 50 nm nickel layer, respectively. I can hardly believe this. I would like to see those samples and
redo the Raman.

P. Jacobson et al., performed the investigation of structural evolution of graphene on Ni(111)
as a function of growth temperature by scanning tunneling microscopy (STM)51. Low temperature
(400~500 °C) growth results in a continuous but defective film with small ordered graphene domains
and disordered domains composed of Stone‐Wales (SW)‐like defects. As the growth temperature is
increased, the disordered domains shrink leaving small clusters of defects alongside epitaxially
matched graphene. Following their density functional theory (DFT) calculations, the crucial role of
the metallic support for the healing of SW defects, as the interaction with the substrate leads to a
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stabilization of the reaction intermediate. The defect concentration in graphene is strongly governed
by the effect of the graphene‐substrate interaction on the temperature dependence.

S. Karoui also pointed out that an isolated graphene sheet can anneal a large number of
defects in temperature range of 1000~2500 K suggesting that their healings are thermally activated54.
Especially, in the presence of a nickel substrate, the perfect graphene layer can be obtained. The
nickel‐carbon chemical bonds keep breaking and reforming around defected carbon zones, providing
a direct interaction, necessary for healing. Thus, the action of Ni atoms is found to play a key role in
the reconstruction of the graphene sheet by annealing defects.

Here, we need to note that the origin of D band from our graphene. Our graphene is grown via PECVD
at low temperature, and composed of nanocrystalline phase including numerous grain boundaries. These
structural defects are re‐crystallized by thermal energy in combination of Ni. Maybe, but we first need to be
sure that what we measure is not the development of graphite flakes but indeed the healing of graphene.

The atomic rearrangement at grain boundaries (GBs) is typified by the formation of Stone‐Wales (SW)
defects consisting of pentagon‐heptagon pairs. Grain boundaries in graphene are major defects that influence
electrical, optical, and thermal properties, thus, for a detailed investigation of GBs, a reliable production
method is encouraged. For this purpose, nanocrystalline graphene growth based on PECVD would be quite
useful.

Now we are going to focus on interfacial graphene which is of great interest toward transfer‐free
graphene development. We remark that the interfacial graphene is poorly dependent on annealing process.
The IG/ID ratio of interfacial graphene is not changed a lot by annealing process, from 0.70 to 0.90 for 200 nm
nickel and from 0.84 to 1.31 for 50 nm nickel, respectively.

The interfacial graphene is not fully continuous, as we can see in Figure 4.28 (above SEM image), thus
basically intense D band appears. Due to the fact that surface of interfacial graphene is covered by Ni (not air as
in the case of top layer graphene), the healing effect (or re‐arrangement) by high‐temperature annealing might
be diminished.

The quality of graphene by PECVD does not appear to depend on nickel thickness, carbon exposure
time, or growing position (see red line in Figure 4.29.). This may mean, again, that our growth conditions are
quite extreme regarding methane concentration, as we showed above, and maybe other parameters, .
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Figure 4.29. Direct comparison of the quality of graphene layers at each step and at each position.

In this section, we confirmed the healing effect of high‐temperature annealing supported by Ni. Such an
effect would be influenced by surrounding environment, such as type of catalysts, crystallographic orientation
of each grain, type of gases, and temperature.

4.4.5. Transmission electron microscopy (TEM)
This section is devoted to clearly confirm (i) formation of interfacial graphene, and (ii) demonstration of
nanocrystalline graphene, together.

Figure 4.34 shows TEM observations of samples at different stages of our process. Interfacial graphene
is found to be present after PE‐CVD exposure as well as after annealing. The graphene films appear continuous
over areas as large as several tens of nm and, quite surprisingly, more so before the additional annealing step.
Plan‐views of the top layer films transferred on TEM amorphous carbon holey grids, indicate that the films
consist of two phases: (1) a continuous background, and (2) bulky graphite blocks. Annealing has a visible effect
on the latter: numerous and with nanometer size before annealing, they are larger but fewer after annealing.
Moreover, their structure consists in pillars or onions, with (002) planes parallel to the beam before annealing
(002 diffraction spots visible in Figure 4.34.(b2)), while they are flat with (002) planes in the substrate plane
after annealing (no 002 diffraction spots visible in Figure 4.34.(d2)). On the other hand, the graphene films
exhibit similar contrasts before and after annealing (but appear more sensitive to the electron beam before
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annealing). The selected area electron diffraction patterns (Figure 4.34 (b1) and (d1)) show no obvious effect of
the annealing on the structure of that background graphene: it appears in the two cases to consist of nano‐
crystalline grains, with random orientations in the plane. The line width indicates a coherence length smaller
than 4 nm, which gives an order of magnitude of the size of the nano‐grains. The absence of the 002 and 004
reflections confirm that the graphene crystallites are all oriented in the plane, as shown by the cross‐sectional
views.

Figure 4.44. TEM images of the samples after growth by PE‐CVD at 450 oC for 12 min (a,b), and after an
additional annealing treatment in vacuum at 900 °C for 18 min (c,d). (a, c) Cross‐sections where graphite blocks
can be seen, together with interfacial graphene in the two cases. The latter (a1, c1) appears continuous over
several tens of nm, and more so before annealing. (b, d) plan views obtained after Ni etching, and depositing
the remaining layer on a TEM holey‐carbon grid. Images recorded in holey regions (no contribution of
amorphous carbon). The diffraction patterns (b1 and d1) indicate that the background consists of nano‐
crystalline graphene, with random orientation of the nano‐grains in the plane. Note the absence of 002 and
004 reflections indicating a good alignment of the graphene layers in the plane. The graphite blocks are small
pillars or onions, with (002) planes parallel to the beam before annealing (b2), while they are flat with no (002)
planes visible after annealing (d2).
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4.4.6. Toward Humidity Sensing
This section illustrates our efforts toward realizing the practical potential of PECVD process for graphene
growth. We show here that interfacial graphene can be grown on glass substrate, and that a humidity sensing
platform can be developed on it without transfer‐process.

Standard PECVD process is performed for 12 minutes, as usual, then strong water vapor plasma is
applied to chemically etch away carbon‐related materials from Ni surface. Figure 4.45. shows clearly how
efficiently this process can be adopted for any substrate, from SiO2 to glass. Insets shows SEM images (blue
outline, left) before and (red outline, right) after H2O plasma exposure. The particles obtained after graphene
growth process, disappear after water vapor plasma as we can see in right inset. Note that H2O plasma process
is sensitive to sample contact with cathode, atmosphere inside of chamber in terms of contaminations. If the
contact between sample and cathode is fairly good, we see a highly glowingsample surface in plasma process,
compared to the cathode surface. This means that reactive ions/electrons are focused on sample surface with
high concentrations. When the chamber is not properly cleaned, H2O plasma is unstable.

Figure 4.45. Etching of top‐surface graphene by strong water‐vapor plasma. Raman spectra before (a, in blue)
and after (b, in red) plasma exposure. Insets show SEM images of nickel before and after plasma treatment
(Scale bar is 5 µm).

The TEM sample was prepared by transferring onto a gold TEM grid a part of the film that was floating
in the Ni‐etchant. The film appears to be made of regions of ca. 200 nm in diameter (Figure 4.46.(a)) bordered
by bent areas (Figure 4.46.(b)), where the number of graphene layers appears to be 10 to 30 (Figure 4.46.b),
which is more than the average number deduced from transmittance measurements (see below). This local
118

Chapter IV. Plasma‐Assisted Graphene Growth

bending of the flakes causes the thickness to vary with a ~200 nm characteristic distance. Such a wavelength
remaining below the visible range, this roughness is not optically visible. Electron diffraction (Figure 4.46.(c))
indicates that the film is perfectly crystalline, but with nanometric grains: applying the Scherrer formula to the
100 line width gives a size of coherently diffracting areas (~grain size) of ~3 nm (see Chapter II. Characterization
of Graphene).

Figure 4.46. Plan‐view TEM of a graphene film grown at 450 oC with the 12 minutes plasma treatment. (a) Low‐
magnification image. (b) High‐resolution image showing a bent part exhibiting the stack of graphene layers the
film is made of. (c) Electron diffraction pattern recorded over an area of 0.2 µm in diameter. The 100 and 110
rings are characteristic of nanocrystalline graphene; the 002 dots come from bent parts such as that in (b).

Combined optical and Raman observations (Figure 4.47.) give a clear evidence of the formation of an
interfacial graphene layer. Except for a fold that probably formed during the drying process (green arrow in
(Figure 4.37.(a)), we observe that this graphene layer (red arrow in Figure 4.47.(a)) is uniformly covering the
glass substrate (the blue arrow indicates glass substrate in figure 5.xx.a). Figure 4.47.(b) exhibits a Raman
spectrum typical of the layer, acquired over an area of 1 µm2. The G band (Figure 4.47.(b)), originating from in‐
plane vibrations of sp2 carbon bonds, is observed at 1597 cm‐1. The defect signal is relatively important (D in
Figure 4(b), ID/IG = 1.18), while the 2D band remains weak (IG/I2D = 3.54). The D band is most probably due to
the high density of distorted bonds associated with the boundaries between the nano‐grains. The weakness of
the 2D peak might in addition be related to the thickness of our samples, which may be locally significant.
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Figure 4.47. (a) Optical image of the interfacial FLG film, after water plasma exposure and subsequent nickel
etching. The red arrow indicates graphene, the blue one, glass, and the green one, a folded area in the FLG film.
(b) Raman spectrum typical of the film.

The optical transmittance of the FLG films was measured in the visible and near infra‐red range (Figure
4.48) is found to be respectively 78.4 % and 67.3 % at 650 nm, for plasma exposure times of 6 and 12 minutes.
The dependence of the transmittance on wavelength remains small, which is quite remarkable given the
relative simplicity of the process (low‐temperature synthesis and transfer‐free fabrication). Although the
nanocrystalline structure of our material differs from that of true graphene, one may get an order of magnitude
of the number of layers by using the 2.3 % decrease of transmittance by layer. We thus estimate the average
number of layers to respectively ~9 and ~15 for the 6 minutes and 12 minutes deposits. Thus, the number of
layers measured by TEM (Figure 4.46.(b)) would be characteristic of the bent parts; the flat parts would be
thinner.

Figure 4.48. Optical transmittance in the 300 to 1000‐nm range, for two plasma exposure times. The vertical
dotted line indicates the 650‐nm wavelength.
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As the graphite sheets are grown directly on an insulating substrate, they do not need to be transferred
before measuring the sheet resistance. We directly ink‐jet printed series of four 500 µm x 1000 µm parallel
rectangular electrodes separated by 500 µm using INKTEC TEC‐IJ‐010 silver ink in a Dimatix DMP‐2800
materials printer (Figure 4.49.(a)). We measured a sheet resistance as low as 500 Ω/sq. on a 12‐minute sample.
Sheet resistances vary significantly depending on the location on the samples, which is attributed to
inhomogeneous thickness. Quite interestingly, the sample exposed only 6 minutes to the growth plasma, which
presents 78.4 % transmittance at 650 nm (Figure 4.48.), exhibits an average sheet resistance of 5±1.2 kΩ/sq.
Sensitivity of materials to gas is often related to defects site density55, which makes a priori our material
an outstanding candidate for gas sensing. We characterized two 12‐minute sheets under increasing relative
humidity (RH). For both devices, the sensitivity to humidity is clear, especially above 40 % RH. For the best
conductive material, the sheet resistance increases by almost 700 Ω from 3.3 to 4.0 kΩ/sq. (+ 20 %) between
5 % and 63 % relative humidity (Figure 4.49.b); for the other sheet, the resistance increases by 3 kΩ from 45 to
48 kΩ/sq. (+7 %) between 4 % and 86 % RH. These variations appear large enough to be measured by discrete
electronic components, thus paving the way toward actual graphene‐based integrated humidity sensors.

Figure 4.49. (a) The inkjet printed silver electrodes; (b) sheet resistance versus relative humidity for a 12‐mn
plasma exposure.

4.5. Conclusions
Currently, numerous methods investigated for high quality graphene growth over large area, are based
on classical thermal‐CVD technique. The realization of graphene in practical application is still far, however, due
to the fact that this method needs: (i) time‐consuming complex transfer process, and (ii) unfavorable high
temperature at around 1000 °C. The graphene grown on transition metals should be transferred to insulating
substrate by polymer‐based technique. Mechanical stress and chemical residues leads to serious
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structural/chemical damage on graphene, which reduce its optical/electrical properties. In addition to this, the
high temperature process is not compatible with most of the current optoelectronic device fabrication.

Our research is devoted to opening up new growth technique, capable of solving above problems. Here,
using a plasma‐enhanced chemical vapor deposition process, we demonstrated the graphene formations (i) on
metal surface and (ii) at interface with insulating substrate, especially at low temperature. Compared to simple
thermal CVD process, the growth temperature is successfully lowered, thanks to reactive plasma phase.
Especially, the latter case, the interfacial graphene, can be directly used for device fabrication without transfer
process.

In our first experiment, we annealed the plasma‐exposed samples at high temperature. We found that
cooling condition (especially cooling rate) is much more important than annealing time. Fast cooling makes the
carbon atoms freeze out inside of Ni layer, and only limited amount near Ni surface can be diffused out. This
leads to rater uniform graphene precipitation. Additionally, it is worth to note that even sample holder is pulled
cooling zone out, inner space is connected to heat zone and even quartz boat which carrying sample is heated.
Thus, sample holder need to be equipped with cooling system and direct temperature measurement. Precise
temperature cooling will allow to interpret by how do carbon diffusion is determined.

After annealing process, we identified a large amount of thick graphene flakes on Ni surface. Thus, we
designed mild water vapor plasma treatment to minimize the amount of amorphous carbon. With only 2
minutes exposure in diffusive plasma (plasma comes itself by diffusion through grid without extraction voltage
and current), we can avoid surface damage by relatively strong plasma, as well as successfully minimize the
amorphous carbon. This makes much lower density of thick flakes.

The ratio of gas mixture, between carbon feeding gas and etching agent, is of great importance in
carbon‐based material synthesis. Our working condition, means gas composition, is quite different with others,
in general. We need to point out that other groups are introducing only few tens of ppm (parts per million) of
carbon feeding gas compare to hydrogen and argon gas, or even less. Thus, our working conditions are using
extremely high percentage of CH4 compare to hydrogen. We varied a gas ratio (10 : 50 ~ 80 : 50 of CH4 : H2), and
surface morphologies as well as crystallite size are analyzed by SEM and Raman spectroscopy, respectively. It
appeared that Ni surface is getting covered by amorphous carbon, but the crystallize size (determined by
Raman) is not affected a lot. This could be explained somehow as we are using high percent of methane
comparing to hydrogen, its growth process with such a range of methane composition is under saturation
regime.

In fact, we try to lower growth temperature, which compatible current industry, thus, the effect of
temperature is not investigated. What we seriously have a look is the time‐dependent evolution of graphene
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growth. After PECVD process for 1 ~ 12 minutes, a mild water vapor plasma and an annealing process at high
temperature followed. Here, we found linear increase of graphitic flakes and roughly increase of number of
graphene layers. Furthermore, the interfacial graphene which located in‐between Ni and SiO2 was found. There
was a time‐dependant evolution of coverage, but underlying mechanisms is complicated. Due to the fact that
high reactive plasma exposure with high amount of methane, carbon atoms can diffuse to the interface,
especially through Ni graphene boundaries. From the cross‐sectional TEM, we found that graphitic flaks can be
formed on both side, near surface and near interface. It assumed that some of vacancies, defects, and
structural voids at interface could lead to nucleation and growing of graphitic flakes. Interfacial graphene has a
great potential over transfer process, but owing to complicated underlying mechanism, it suffers from the lack
of possible parameter‐dependence.

We successfully grow the continuous & interfacial graphene layer on glass, especially at low
temperature. To the best of our knowledge, this is first time that a large continuous graphene layer is obtained
directly on insulating substrate at 450°C. After nickel etching, we are able to measure the optical transmittance
of the layers without any transfer. We also measured their sheet resistance directly and after ink‐jet printing of
electrical contacts: it is locally as low as 500 Ω/sq. The interfacial graphene contains relatively high amount of
defects, but, in other words, our graphene is highly activated for sensing system. Those defects, mainly grain
boundaries originated from nanocrystalline, can be utilized. Finally, we developed a humidity sensor based on
highly activated & directly grown graphene on insulating substrate. It has the possibilities to expand on various
substrates and to control the sensitivity depends on degree of crystallinity. These results herald the prototyping
of actual low‐cost graphene sensors for civil and urban engineering applications.
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Chapter V. Ion Implantation
5.1. Introduction
Chemical vapour deposition (CVD) is one of the most promising techniques to grow large‐area, high‐
quality graphene layers onto transition metals, which is favourable for current industrial aspects1‐4. Despite the
fact that numerous experimental works have been performed, we are still suffering from the lack of
understanding on growth mechanisms. For further advance in graphene synthesis and realization of its
potential to application fields, this should be elucidated by various growth techniques, multiple in‐situ
measurements, and ultra high resolution analysis tools. In this Chapter V, we will introduce a novel route for
graphene synthesis that could bring fundamental insight on growth mechanisms.

Carbon atoms, needless to say, are necessary to synthesize graphene layers. In CVD technique, those
carbons come from a vapour source, which can either be gas1‐4 or liquid5‐8. Even though we put specific amount
of carbon via MFC (Mass Flow Controller) valve in CVD chamber, actual carbon which react with metallic
substrate and result in graphene growth would be influenced by plenty of factors, such as pressure9‐11,
temperature11, type of transition metals (carbon solubility/diffusivity and its thickness)1 and its
roughness12/crystallinity13.

Because of the complexity due to a variety of influencing factors, understanding of graphene growth
mechanism is still veiled. Our group, for the first time, has designed carbon ion implantation technique14; (i) to
precisely control the amount of carbons inside of metals, (ii) to elucidate the graphene growth process, thanks
to simplifying the process. Shortly speaking, carbon ion implantation allows a precise control in terms of carbon
dose and implantation depth (energy), which permits in turn an accurate study of the precipitation processes.
In the present Chapter V, we expose our systematic investigation of graphene growth processes based on the
implantation of various doses followed by annealing process at high temperature.

5.1.1. Ion Implantation
At the beginning of the semiconductor industry back in the 1950s, ion implantation was among many
processes identified and explored. Since then, ion implanters have developed to low‐ and medium‐current
implanters in the early 1970s and medium‐ and high‐current machines at low energies in the 1980s. High‐
energy implanters are in growing demand recently. Conclusively, ion implantation is a robust technique,
developed over the past ~40 years by the microelectronics industry15,

16

. It is worth to note that ion

implantation process is the most precise, reliable, and reproducible processing technique currently being used
in commercial semiconductor chip fabrication17.
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The main advantage of ion implantation in graphene synthesis is that we can precisely control (i) the
amount of carbon implanted, and (ii) the depth to be implanted. This means that we can implant carbon doses
in desired depth corresponding exactly to 1 layer, 2 layers or even more of graphene. Through annealing
process, we can find how carbon diffuses in Ni and precipitate at Ni surface.

Using TRIM (TRansport of Ions in Matter) simulation, we can estimate how deep and how much carbon
is implanted from the carbon dose and implantation energy18‐20.

5.1.2. Metallic Substrate
The metallic substrate has a couple of roles in graphene synthesis. One is mechanical supporting layer
for graphene, and the other is the catalytic effect to decompose hydrocarbon gases and to crystallize carbon
atoms into graphene.
The catalytic growth of graphene has first appeared using Ni thin films21, which were widely used in CNT
synthesis. Ni has high carbon solubility as well as high carbon diffusivity18, 22. Thus, thermally decomposed
carbon‐containing species could be absorbed and diffused on/into Ni layer. This state is explained as
“metastable solid solution”. Then, crystallization of carbon atoms onto the metal surface to form graphene can
follow. Using ion implantation technique, carbon atoms can be stored in advance. That is to say, we can focus
on diffusion‐precipitation step, apart from binding energy of carbon precursor6, 10, decomposition rate of gas24‐
26

, and optimization of CVD temperature/pressure/cooling etc5, 9, 27‐30.

5.1.2.1. Carbon Solubility/Diffusivity
The choice of metallic substrate is of great importance that can determine graphene growth pathway.
This is closely related to carbon solubility and diffusivity of metals, as well as lattice mismatch. In this section,
we will focus on the formal point with phase diagram between metal and carbon.

Figure 5.1. shows (inset) the Ni‐C phase diagram, and an enlargement of the metal‐rich side within a
temperature range from 600 K to 1800 K. At a given temperature T1 (see right y axis), if carbon atoms are
constantly supplied to the surface of a nickel film, they will dissolve into it, up to a certain concentration
represented by point A in the phase diagram (solubility limit at T1). Above this concentration, the excess carbon
will precipitate in graphite form. This is typically the reaction path for the formation of carbon nanotubes (blue
plain arrow on Figure 5.1.), provided the nickel material is in the form of small clusters of nanometric
dimensions. Now, still at T1, if a limited amount of carbon is supplied to the nickel surface, corresponding to a
concentration below the solubility limit (once dissolved in the nickel film), and if the solid solution is allowed to
cool down, carbon will again precipitate, in the form of graphite, as the temperature crosses the solubility line
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(TC on Figure 5.1.). If the amount of dissolved carbon in the nickel at high temperature is carefully controlled,
graphite precipitation can yield graphene or few layers graphene films on the surface of the nickel after cooling
down to room temperature.

Figure 5.1. Metal rich part of the Nickel‐Carbon phase diagram (inset is the full phase diagram). When carbon
is supplied to a nickel layer heated at T1, the carbon dissolves into it until the carbon concentration reaches a
value corresponding to the A point. When the carbon concentration increases further, the supplied carbon
precipitates as graphite. If the carbon supply is stopped at concentration C1 and the nickel layer is allowed to
cool down, the carbon starts to precipitate as graphite when the temperature Tc is reached.

In contrast to Ni, the transition metals which have low carbon solubility, for example Cu, show totally
different growth process. Cu has negligible carbon solubility, of 0.008 weight % at 1084 °C31‐33, its reaction
mechanism is only limited around surface34. This means that as the surface is getting covered by graphene, the
process can be done by self‐limited mechanism.
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Figure 5.2. (a) Cu‐C equilibrium phase diagram at the Cu‐rich side, and (b) magnified phase diagram in
temperature range from 1123 K to 1423 K (marked area of (a) by reddish color). Cited from G.A. López and E.J.
Mittemeijer, Scr. Mater. 51(1), 1‐5 (2004)32
In fact, Cu has the most stable electron configuration of [Ar]3d104s1 (along with [Ar]3d54s1). This allows
symmetric electron dispersion which minimizes the electron‐electron repulsion. Thus, only soft bonds with
carbon (via charge transfer from the  electrons in the sp2 hybridized carbon to the empty 4s state of copper)
can be formed33, 35, 36. Co and Ni have an electron configuration of [Ar]3d74s2 and [Ar]4s23d8, respectively. Fe
([Ar]3d64s2) is the most unstable one and Cu is the most stable one that stabilize carbon on their surface by
forming weak bonds.

Table 5.1. Electron configuration of some representative catalyst metal for graphene growth. Carbon solubility
and melting temperature are listed together. *‐Fe transforms to FCC ‐Fe at 912 °C, **‐Fe transforms to ‐Fe
at 1395 °C.
Atomic Number &
Electron Configuration

26 ‐ [Ar]3d64s2

7

2

2

8

27 ‐ [Ar]3d 4s

28 ‐ [Ar]4s 3d

29 ‐ [Ar]3d104s1

Symbol

Carbon Solubility

Melting
Temperature

‐Fe*

0.02 wt. % at 723 °C

‐

‐Fe**

2.08 wt. % at 1148 °C

‐

‐Fe

0.09 wt. % at 1495 °C

1538 °C

Co
Ni
Cu

33

1495 °C

33

1453 °C

0.9 wt. % at 1320 °C
0.6 wt. % at 1326 °C

0.008 wt. % at 1084 °C31, 33, 37

1085 °C

In previous Chapter IV, we introduced the interfacial graphene located in‐between Ni and SiO2 substrate.
Through ion implantation technique, we are able to get closer by high implantation energy and subsequent
carbon diffusion. An idea of ion implantation is thus also to possibly enhance the part of precipitation that
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takes place at the interface.

5.1.2.2. Lattice Mismatch
Graphene grown on transition‐metal surfaces typically exhibits a moiré pattern due to the lattice
mismatch between graphene and the underlying metal surface. This has an important role in defining the
structure characteristic of grown‐graphene38, 39. The lattice mismatch is defined as follows;

Lattice Mismatch (L.M.) = (LM‐LG)/LM

(Eq. 5.1.)

where LM, LG are the lattice constants of metal and graphene, respectively. Lattice constant of graphene
is 2.46 Å40. In the following table 5.2., we can see all catalyst metals that reported for graphene growth. Lattice
mismatch is calculated from its lattice constant, LM.

Table 5.2. Lattice constant of metal and its lattice mismatch compare to graphene.
Atomic Number

Symbol

Lattice Constant LM (Å)

Lattice Structure

Lattice mismatch (%)

28

Ni(111)

2.49

FCC

1.20

27

Co(0001)

2.51

Hexagonal

1.99

29

Cu

2.55

FCC

3.63

45

Rh(111)

2.69

FCC

8.55

44

Ru(0001)

2.71

Hexagonal

9.23

77

Ir(111)

2.72

FCC

9.56

46

Pd(111)

2.75

FCC

10.57

78

Pt(111)

2.77

FCC

11.19

79

Au

2.88

FCC

14.73

Unlike the case of epitaxial growth of a typical semiconductor material on lattice mismatched substrate,
in which pseudomorphic growth can be achieved through the introduction of lattice strains under a certain
critical thickness, graphene cannot be strained so easily on metal due to the large anisotropy in chemical
bonding strength between the basal plane and vertical direction. Therefore, except for graphene on Ni(111) in
which (1 x 1) structure is formed due to the small lattice mismatch, in most other cases, graphene supercells
are formed on metallic substrate. In general, pseudomorphic growth is predicted to be preferred for small‐
mismatched interfaces, while incommensurate films are favoured for large‐mismatched interfaces41.

Depend on how strongly the graphene layer interacts with the underlying metal substrates, the degree
of corrugation in graphene on lattice‐mismatched transition‐metal can be determined42. For example, Ir(111)
and Pt(111) surfaces weakly interact with the graphene layer43, 44. On the other hand, on Ru(0001) and Ni(111)
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surfaces, the graphene band structure is strongly modified36.

5.1.2.3. Linear Thermal Expansion Coefficient
Materials expand because an increase in temperature leads to greater thermal vibration of the atoms
and hence to an increase in the average separation distance of adjacent atoms. Solids mostly expand in
response to heating and contract on cooling. The linear coefficient of thermal expansion  describes by how
much a material will expand for each degree of temperature increase, as given by the formula,
dl = L0 x (T1‐T0)

(Eq. 5.2.)

where dI is the change in length of material in the direction being measured (meter), L0 is the initial
length of material (meter),  is the linear thermal expansion coefficient, and T0, T1 are initial, final temperature.

Table 5.3. shows the list of linear thermal expansion coefficients, especially of those metals related to
graphene growth. It is worth to note that the difference in linear thermal expansion coefficient (between
graphene and metal substrate) is one of possible reasons introducing ripples (or wrinkles) on graphene grown
at surfaces45, 46.

Table 5.3. Linear thermal expansion coefficient compared to graphite *Note that the value corresponds to in‐
plane graphite.
Coefficient of
Linear Thermal Expansion (10‐6/℃)
SiO2

‐

Graphite*

7.9

Ir

6.4

Pt

9.0

Pd

11.8

Ni

13.0

Au

14.2

Cu

16.6

Al

22.2
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5.2. Experimental
In this section, we will describe how we prepared sample for implantation, from wafer cleaning to Ni
evaporation. Then, the precise information on implantation, such as implantation energy and carbon does, will
be explained.

5.2.1. Wafer Cleaning and Catalyst Preparation
For the wafer cleaning and catalyst preparation, we followed sample process which described in
Chapter 4.2.1. Briefly, 4 inch wafer purchased from SILTRONIX (300 nm‐thick SiO2/Si) is dipped into
trichloroethylene (Alfa Aesar, L14474, 98%) under the heating in 100 °C for 30 minutes. Then, rinsing by
acetone, isopropyl alcohol, and deionized (DI) water follow in order. Consequently substrate is fully dried by
nitrogen gas. A mixture of sulfuric acid (Sigma Aldrich, 339741, 99.9%) and hydrogen peroxide (Sigma Aldrich),
namely piranha solution, is used to clean organic residues off substrates for more than 30 minutes on hot plate
with 150 °C. After rinsing by deionized (DI) water, drying by nitrogen, nickel is directly evaporated with a
deposition rate lower than 0.3 nm/sec, under 2 x 10‐7 torr in vacuum.

5.2.2. Ion Implantation from ibs
We prepared 200 nm‐thick Ni on SiO2/Si substrate, then transferred samples to company, ion beam
services (ibs)47 for the implantation of carbon with specific carbon does and acceleration voltage.

5.2.3. Ion Implantation from Université de Strasbourg
Carbon implantation at different carbon doses and energies were performed on a 200kV EATON ion
implanter which installed in InESS (L’Institut d’Électronique du Solide et des Systèmes), Université de
Strasbourg. Following table 5.4. shows basic information on the equipment.

Table 5.4. General information on 200kV EATON ion implanter
200kV EATON ion implanter
Acceleration Voltage

10 ~ 200 kV

Ion Energy

10 ~ 200 keV

Source

Freemann equipped

Current

~ A

Beam size

5 mm

Implantation Temperature

‐ 200 oC ~ +600 oC
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In this work, there are mainly two series, according to the location of the implantation tuned by the ion
energy. One is for graphene formation on metal surface, thus we employed low implantation energy. Implanted
carbon ions will be strongly distributed at near surface. These carbon ions could be engineered to out‐diffuse
for precipitation. The other is that we are aiming to introduce carbon ions near interface, between metal and
underlying SiO2. It would therefore require high implantation energy to penetrate roughly 150 nm‐thick metals,
referred to 200 nm‐thick cases. The latter case, interfacial graphene, can support previous work in Chapter IV.
with more fundamental insights.

5.3. Results and Discussions, Part (I)
In this section, we will describe our experiments on graphene growth on polycrystalline Ni thin films by
using ion implantation of carbon ions. The carbon density in monolayer graphene is ~ 3.8 ⅹ 1015 atoms/cm2,
corresponding to a dose easily accessible/controllable by ion implantation, thus fundamental insights on
growth mechanisms can be obtained through precise injection of carbon atoms.

5.3.1. Carbon Ion Implantation and Annealing
Figure 5.3. shows the schematic procedure followed in this work. We have used 200‐nm thick nickel
films deposited by e‐beam evaporation on oxidized silicon wafers (SiO2 thickness ~300 nm). Carbon
implantation in those Ni films was performed at an energy of 80 keV (yielding a ~ 100 nm projected range)
using doses of {8 16, 24 and 32} ⅹ 1015 atoms/cm2 which correspond to the equivalent of ~ 2, 4, 6 and 8
graphene layers assuming a uniform precipitation of the total implanted C upon.
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Figure 5.3. Schematic representation of the procedure used in this work. The inset shows the calculated carbon
distribution through the thickness of the Ni film after ion implantation at an energy of 80 keV

Simulations ran with the SRIM 2008 software indicated that no carbon is implanted in the silicon oxide
48

layer . The ion implantation energy was determined using classical simulation means. We have first calculated
the projected range of carbon ions in nickel for different energies (see in Figure 5.4.). In order to obtain a
projected range around 100 nm (i.e., centered in the middle of the thin Ni film), a 80 keV energy was chosen.
Once the implantation energy was calculated, an implantation simulation using the SRIM 2008 software has
been performed to check that the entire carbon dose is contained inside the nickel layer (no C lost in the SiO2
layer, Figure 5.4.(b)).

Figure 5.4. (a) Projected range of ion implanted carbon in nickel as a function of implantation energy. (b)
Simulated concentration profile of carbon in nickel for a 80 keV implantation energy
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5.3.2. Carbon Out‐Diffusion from Polycrystalline Ni
The implanted substrates were annealed under vacuum (~ 10‐5 mbar) using different starting and
stopping temperature. The annealing was performed by pushing the samples (loaded on a quartz boat) with a
stainless steel rod into the furnace which was preheated to the setting temperature. The stainless steel rod was
also used to rapidly remove the samples from the furnace, thus providing rapid quenching process. (See in
Section 4.2.5.)

From the results of Lander et al49, we have evaluated the C solubility in a 200 nm thick Ni film at
different temperatures. We have transformed the data of Lander (lnS = 2.480‐4.880/T where S is the carbon
solubility in weight % C into Ni) into C atoms per cm3 of Ni, yielding
ST = 5.33 ⅹ 1022 exp(4880/T) atoms/cm3

(Eq. 5.3.)

where ST is the carbon solubility expressed in atoms/cm3 at temperature T. From this formula, we have
deduced the C solubility in atoms/cm2 in our 200 nm thick Ni films. Some values of interest for the present
study are listed in table 5.5.
Table 5.5. Some C solubility values in a 200 nm‐thick Ni film.
Temperature (°C)

C solubility (ⅹ1015 atoms/cm2)

725

8

900

16

1000

23

In order to avoid complications with the kinetics of carbon out‐diffusion from the Ni film due to the
decrease of solubility as the temperature drops50, the following procedure was adopted after ion implantation:
(i) annealing was first performed at 900 °C over 30 min, in order to dissolve all the implanted carbon in the Ni
thin film (the carbon solubility in Ni at 900 °C is ~16 ⅹ 1015/cm2, see in table 5.5.) and (ii) the furnace
temperature was then slowly decreased to 725 °C (at a rate of 0.5 °C/s). During this temperature decrease, the
carbon solubility in Ni evolves from 16 ⅹ 1015/cm2 down to 8 ⅹ 1015/cm2, which means that the equivalent of
~ 2 graphene layers should out‐diffuse and precipitate. Finally, (iii) the samples were rapidly quenched from
725 °C, thus trapping the residual carbon inside the Ni. In this manner, we can control the amount of
precipitated carbon at high temperature without knowing the details of kinetics of carbon out‐diffusion from Ni
at moderate to low temperature.
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Figure 5.5. shows a Raman spectrum taken on a sample processed as explained above (16 x 1015 cm‐2,
annealing at 900 °C and quenching from 725 °C) and still standing on top of the Ni film. It exhibits the now
classical features of graphene, i.e., a low D band (~1350 cm‐1), a strong G band (~1590 cm‐1) and a 2D band
(~2700 cm‐1) emerging from a double resonant scattering phenomenon51.
The D band activated by defects is negligible, indicating that well‐organized sp2 network is formed with
high IG/ID ratio of 4.9. The other relationship between I2D/IG is also important factors that can bring the
information on number of graphene layers. The intensity ratio, I2D/IG, is recorded as 1.39 which closes to ~ 5
layers. However, wide 2D peak is not fully suitable to conclude its thickness exactly. The peak position,
especially 2D peak, reflects its electronics structure, as we mentioned in Section 4.1.2.2. As the Raman signal is
collected on Graphene/Ni surface, p type doping effect resulting in 2D peak redshift52. In addition, it is worth to
mention that increase of graphene thickness can make same situation.

Figure 5.5. Raman characterization (at 514 nm excitation) of a graphene film still standing on top of the Ni
catalyst.

Next, we examined the surface structure of the Ni films after annealing, using electron backscatter
diffraction (EBSD) in the scanning electron microscope (SEM) and transmission electron microscopy (TEM). First
of all, we observed that the Ni films were strongly (111) textured after ion implantation and annealing (Figure
5.6.). Also, the grain size was rather small, varying typically between 0.5 and 1 m. Preferential growth of (111)
direction is widely reported via high temperature (1000 oC) annealing, as well as grain size can be reached to
~10 m. Small grain size of Ni, in our case, might be attributed to rather low temperature process (900 °C) and
the effect of pre‐implanted carbon. Along the grain boundaries, carbon diffusivity is much higher than the
other part. Thus, grains are carbon segregation places, which disturb grain growth of Ni.
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Figure 5.6. SEM image of a Ni film after carbon ion implantation and annealing. The local crystallographic
orientation at each pixel has been measured using electron backscatter diffraction (EBSD). The dominant blue
colour indicates that more than 80% of the Ni grains are oriented within 15° of <111>.

5.3.3. HR‐TEM study
In order to understand the poor electrical properties of the graphene films, we characterized the fine
structure of the films using transmission electron microscopy experiments. After the annealing procedure
described above, we have transferred some graphene layers to holey carbon‐coated TEM grids. Figure 5.7.
shows a typical high resolution TEM image of a layer obtained after implantation with a dose of 24 x 1015 cm‐2.
The graphene flakes appear to cover several squared micrometers, i.e., more than the typical nickel grain size.
Their being folded allows one to count the number of layers on their edges: between two and four, again, in
that case (inset in Figure 5.7.). As summarized in Figure 5.7., two types of carbon structures are observed: (a)
well crystallized graphite flakes and few layers graphene (FLG) and (b) nanometric graphene crystals arranged
in films. The observation of two different carbon structures on the same sample suggests the existence of at
least two mechanisms.
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Figure 5.7. TEM micrographs of graphene film transferred onto a TEM grid. (a) Plan view of a graphite flake and
electron diffraction pattern (EDP, inset) recorded over the circled area. (b) General view of the graphene. (c)
High magnification TEM image of the edge of the film, where a local folding allows to count the number of
graphene layers. (d) Intensity profile of the image in (c), indicating a distance of 0.34nm between the graphene
layers. (e) Selected area EDP (circle in (c)) exhibiting 100 and 110 graphene reflections with a distribution of
orientations. A given orientation appears to be favoured as the diffracted intensity is enhanced with six‐fold
symmetry (arrows)

It therefore seems that, during high temperature annealing, the implanted carbon diffuses towards
dedicated nucleation sites, from where growth takes place, and that some grains are totally depleted of carbon
by this diffusion process. This carbon redistribution indicates that the graphene thickness (number of
monolayers) is determined by the topography of the nucleation sites (probably steps or bunches of them at the
boundary of (111)‐oriented Ni grains), rather than by the amount of carbon present in the Ni films, which
points toward further study of the graphene nucleation mechanism on Ni thin films. This tendency of graphene
to produce a non‐uniform film thickness when synthesized on Ni has already been reported34 but not really
explained yet.
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Figure 5.8. Cross sectional HRTEM image showing part of a graphene film with a thickness of 4 to 5 layers,
extending over the whole top surface of a Ni grain. The inset is a higher magnification picture showing a
particular area where 4 layers can be counted.

Graphite flakes and FLG are always seen at the grain boundaries (GBs). During the annealing, the nickel
film is strongly deformed and, in particular, undergoes a substantial grain growth. This suggests that graphite
flakes/FLG grow at GBs and that, similarly to what is observed in the case of the growth of nanotubes53, the
metal is displaced by the growing graphite. Furthermore, those graphite flakes are always oriented with the c‐
axis perpendicular to the surface: as growth proceeds laterally, this tends to indicate that growth started from a
grain wall. As shown in Figure 5.9., in certain topological conditions, FLG is grown. This requires GBs with a high
curvature (and thus a high density of atomic steps) acting as nucleation centres for the lateral growth of FLG.
The fact that we found some places with graphite flakes, some places with FLG and others with no graphene, as
well as the large variations in the thickness of the observed graphitic objects, indicates that the initially uniform
density of carbon atoms is strongly redistributed during annealing procedure. In fact, we calculated from
Lander et al. data49 that, for an annealing of one second at 725 °C, the diffusion length of carbon atoms in
nickel is 1.2 m.
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Figure 5.9. TEM cross‐section of graphene or graphite on nickel grains. Sample implanted with 16 ⅹ 1015
atoms/cm2 dose of carbon, annealed at 900 °C for 30 min, slowly cooled to 725 °C, and then quenched. (a) TEM
images showing the connection between a nickel grain boundary and graphene layers at the surface of the film.
(b) Schematic representation of the nucleation and growth mechanism of graphene over nickel. Nucleation
preferentially occurs in regions of high curvature of the (111) grain surface, where the step concentration is
high (blue arrows in inset), and graphene subsequently grows parallel to the grain surface.

5.3.3. Growth Mechanisms
Step flow growth (see in Figure 5.9.(a)) has indeed been observed for individual graphene layers, in the
case of carbon nanofibres grown with Ni catalyst54‐57, in the case of epitaxy of graphene on Ru(111)58, and in
the nucleation of single‐walled carbon nanotubes on Co59. The lateral growth that occurs here then recalls
again the mechanism observed in multiwall carbon nanotube growth53, 60, 61, especially when the metal is in the
form of nail‐shaped particles, where the surface under the head of the nail delivers the graphene layers, and its
body then guides them in the form of nanotube/nanofibres53, 61. Such a scheme would explain why large
graphite flakes seem in some occurrences to have just replaced a certain thickness of nickel: expending nickel
grains would offer room on their surface for graphite to grow laterally.

So the less energetic path for graphite formation would be that summarized in Figure 5.10.(a), where
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grain boundaries accelerate the diffusion of carbon atoms toward nucleation sites, from which graphite/FLG
films grow laterally (Figure 5.10.(b), below), as the GB drifts away. It is interesting to note that the graphite
thickness in that case depends on the depth of the groove associated with the GB, and on the local surface
curvature. As quoted above, FLG films are also synthesized according to the same mechanism62, when the
surface topography is favourable, i.e., when the intersection of the grain boundary with the Ni surface exhibits
a large radius of curvature and only a few atomic steps are available for graphene nucleation there.

The quasi‐absence of long‐range order in our nanocrystalline‐graphene films (see the rings in the
diffraction patterns; Figure 5.10.(a)) indicates that the mechanism at the origin of their existence is quite
different from that discussed above: there is little correlation between the crystal orientation at one place and
another. Thus, the nucleation rate in that case must have been extremely high, and it has obviously involved a
very high density of nucleation sites, which is compatible with the fact that the Ni surface is far from perfect.
Thus, this process has implied only local transport of carbon atoms (Figure 5.10.(b)).

An explanation is that the nanocrystalline graphene has most probably developed during quenching,
below 725 °C, because of the very high supersaturation, associated with still significant carbon diffusivity49
(Figure 5.10.(b)). Data from the literature indicate that such a disorder is indeed possible even in a constant‐
temperature regime, as, for example, in the case of C‐segregation at the surface of platinum (100)63. The key
word again is high supersaturation. Such conditions are essentially opposite to the unsaturated regime with
which Blakely and coworkers observed single‐crystal graphene formation64. Our 8 ⅹ 1015 atoms/cm2 dose,
which was aimed at obtaining Blakely and co‐workers’ graphene “segregation”64‐66, thus, did not deliver it.
A major difference between the work of Blakely and coworkers64‐66 and the present one resides in the
presence of grain boundaries here and their absence there. In our samples, GBs are at the origin of a very
strong re‐distribution of carbon throughout the Ni films. Whatever the exact cause of that redistribution, we
did observe it with all the doses, including 8 ⅹ 1015 atoms/cm2 one. Thus, in reality, the local carbon
concentration in the nickel in the present samples is everywhere different from the concentration imposed by
implantation. As the carbon concentration window for graphene “segregation” on Ni surface is quite narrows,
the regions of the sample where the concentration condition is fulfilled are probably very few
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Figure 5.10. Two types of growth processes starting from carbon atoms dissolved into Ni: (a) Lateral growth of
high quality graphite/few layered graphene. (b) Growth of nanocrystalline graphene after surface precipitation
of carbon atoms.

5.4. Results and Discussions, Part (II)
In previous section, we opened up new possibilities for graphene growth. Ion implantation technique
has a variety of factors that could affect graphene growth, such as carbon dose, implantation energy, and
catalyst metals, so investigation of those parameters are necessary. In this section, carbon ion implantation at
different carbon doses and energies were performed on a 200kV EATON Implanter that is installed at Université
de Strasbourg, France.

5.4.1. Effect of Implantation Conditions
After PECVD growth (Chapter 4.), we found interfacial graphene layers in‐between Ni and SiO2/Si. We
have discussed its advantages for transfer‐free, low‐temperature graphene applications. For these reasons, our
goal with ion implantation is not only to elucidate graphene growth mechanism in general but also to precisely
understand interfacial graphene formation.
Through Rutherford Backscattering spectroscopy (RBS) which is performed with 2 MeV He+ at an
incidence angle of 160o in a Van de Graaff accelerator, the interfaces and the thicknesses of the layers were
determined. As shown in Figure 5.11., steep interfaces between Ni/SiO2 and SiO2/Si(100), respectively, were
obtained. The thicknesses obtained are in good agreement with the expected thicknesses for Ni (190 instead of
200 nm) and SiO2 (290 instead of 300 nm), calculated with the density expected for Ni (8.91 g/cm3) and SiO2
(2.33 g/cm3).
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Figure 5.11. Rutherford Backscattering spectroscopy (RBS) measurement on Ni‐evaporated sample. The
thickness of Ni layer is expected to 190 nm, instead of 200 nm.

Our first trials with carbon implantation were performed at 80 keV, with the aim of centring the carbon
distribution at equal distance from the top surface and the bottom interface. We performed TRIM (Transport of
Ions in Matter) simulation to estimate how many and how deeply carbons are implanted into Ni films at 20 and
120 keV (Figure 5.12.). Ni layer (200 nm‐thick) is directly deposited, as before, on chemically‐cleaned SiO2/Si by
e‐beam evaporation. Carbon dose is fixed as 5 x 1015/cm2 which corresponds to 1.3 graphene monolayer and
only the implantation energy is changed. At 20 keV the maximum of carbon concentration occurs at around 30
nm below the surface (almost no carbon appears after 85 nm depth), whereas at 120 keV the wide and weak
maximum of concentration occurs around 140 ~ 170 nm, far from the surface but near the interface with SiO2
(300 nm)/Si. We can also note that a small amount of carbon is implanted into SiO2 layer with high energy. We
assumed that these carbons may be possible to enhance adhesion of nickel films with SiO2 and to participate as
nucleation centre for graphene formation at interface. Let us put some emphasis again on the case of high
energy implantation with 120 keV that aims to promote formation of interfacial graphene layers.
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Figure 5.12. Depth profile of implanted carbon using 200 nm‐thick Ni on SiO2(300 nm)/Si sample by TRIM
simulation.

5.4.2. Study on Annealing Conditions
One of the most dominant factors that influence carbon diffusion is the annealing temperature, thus we
have investigated its impact.
Figure 5.13. shows top‐view scanning electron microscope (SEM) images of annealed samples at 450 oC,
750 °C, and 900 °C. In the annealing system, we have two separated regions; one is heating zone surrounded by
tungsten wire for heating and the other is cooling zone which is outside of quartz tube and exposed to air. This
system enables us to push/pull the substrate in‐between heating and cooling zone.
First, sample is loaded in cooling zoon and evacuated down to 2.0 x 10‐5 mbar. Using temperature
controller (Carbolite ‐ 1200 oC Horizontal Split Tube), temperature is set up at desired level with a ramping
speed of 25 °C per minutes. Once the temperature is getting to target under vacuum, sample holder is moved
into heating zone (by load‐lock arm) for 18 minutes. The temperature, then, starts to drop naturally with
keeping the sample inside for 7 minutes. Finally, the sample holder is pulled off into quenching zone to prevent
additional carbon precipitation.

Regardless of implantation energy, we find progressive structuring of dark fragments with an increasing
of annealing temperature. The surface looks very homogeneous (almost single contrast appears), in case of (a)
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for both, while dark fragments are clearly observed at 900 °C―annealed samples. The differences due to
implantation energy (between Figure 5.13. and Figure 5.14.) are not detectable in this step.

Figure 5.13. Effect of annealing after 120‐keV implantation: Carbon ion implantation has been performed on
Ni(200 nm)/SiO2 (300 nm)/Si with 120 keV, 5 x 1015/cm2. Top‐view SEM images of annealed samples at (a)
450 °C, (b) 750 °C, and (c) 900 °C, for 18 minutes under vacuum. In the cooling process, samples are quenched
out to cool zone after 7 minutes of slow cooling.

Figure 5.14. Effect of annealing after 20‐keV implantation: Carbon ion implantation has been performed on
Ni(200 nm)/SiO2 (300 nm)/Si with 20 keV, 5 x 1015/cm2. Top‐view SEM images of annealed samples at (a) 450 °C,
(b) 750 °C, and (c) 900 °C, for 18 minutes under vacuum. In the cooling process, samples are quenched out to
cool zone after 7 minutes of slow cooling.

The Raman spectra can deliver more detailed information on the evolution of graphene formation.
From annealed samples at 450 °C, two wide and large contributions can be observed; one is D peak at 1370 cm‐
1

and the other is G peak at 1590 cm‐1. However, 2D peak (centered at around 2700 cm‐1) contribution is

negligible. At higher temperature, 750 °C with green color in Figure 5.15., three peaks which are closely related
to graphene appeared more clearly. Especially, in case of high implantation energy, the spectrum shows
relatively narrow G peak (FWHM of G peak is around 62.0 cm‐1). Integrated intensity ratio of ID/IG=0.88,
IG/I2D=1.70 is recorded. Purple color in Figure 5.15. shows annealed sample at 900 °C.

The most significant changes in spectra are that: (i) disappearance of D peak, (ii) sharpening of G peak,
and (iii) redshift and desymmetrization of 2D peak. The ID/IG for (a) 120 keV, and for (b) 20 keV is 0.09, 0.06,
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respectively, while 1.47 and 1.02 of IG/2D are recorded. Those values are fairly comparable to high‐quality
carbon materials. Especially, GFWHM is 29.32cm‐1, 33.03 cm‐1, implying well‐crystallized structure. The
experimental GFWHM was measured on a single crystal graphite as 13 cm‐1,67 and ~25 cm‐1 is expected for CVD‐
grown single layer graphene51. It is worth to note that graphite‐like structure is generated rather than desired
graphene, because of 2D peak redshift and its desymmetrization51. Again, this is mostly due to the fact that
carbon diffusion in Ni layer is not homogeneous. The way to guide uniform carbon movement toward catalyst
surface should be developed, for example, Ni pre‐annealing via high temperature can be useful in decreasing
the grain boundary density. Grain boundaries of Ni have significantly high carbon diffusion rate compared to
bulk diffusion, thus the preferential diffusion flux associated with GBs could be limited.

Figure 5.15. Raman spectra analysis (excited by 534 nm laser) from those samples in Figure 5.13. and Figure
5.14.

5.4.3. Investigation of Electrical Behavior
We have used the transfer length method (TLM)68 to study the electrical properties of our few‐layered
graphene (FLG) films grown by ion implantation technique. Carbon implantation in those Ni films was
performed at an energy of 80 keV using a dose of 16 x 1015 cm‐2 which corresponds to the equivalent of ~4
graphene layers, followed by standard annealing process. For the transfer of FLG films onto Si/SiO2 substrates, a
1.5 μm thick PMMA layer was first spin coated on top of the samples after annealing. The Ni layer was then
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etched using a commercial etchant and the PMMA layer was dissolved once the film was deposited on the
oxidized Si substrate 2, 3, 30. The transferred FLG films were then masked and etched in an oxygen plasma and Pd
electrodes were evaporated to a thickness of ~80 nm. A further annealing at 600 °C under vacuum was
performed in order to improve contact resistances.

Figure 5.16. shows a SEM image of a typical TLM sample on oxidized Si. We have measured sheet
resistances varying between 12 and 40 kΩ/sq. depending on the location on the host oxidized Si substrate.
These high values tend to confirm that the films are not continuous.

Figure 5.16. SEM image of a TLM device used for the measurement of the sheet resistance of few‐layers
graphene films transferred on Si/SiO2

5.5. Conclusions
Recently, the CVD technique is the most‐widely using technique for large‐area, high‐quality graphene
synthesis. CVD is one of the essential tools in semiconductor industries, thus it has huge potentials toward
industrialization/commercialization. However, the investigation of its growth process is hindered by
complicated inter‐related growth factors.

We introduced, for the first time, the ion implantation technique as an alternative way for graphene
growth. As carbon dose and implantation energy can be precisely controlled in advance, we have more
possibilities to understand the graphene growth mechanism. This, together with fundamental insights, could
lead to better engineering of graphene growth process.

We have used the ion implantation of carbon into Ni thin films followed by high temperature annealing
and quenching, in order to synthesize few‐layer graphene (FLG).
i.

Our observations indicate that the number of graphene layers in the FLG films is controlled by
the graphene nucleation mechanism on Ni rather than by the amount of carbon available in
the Ni film. Larger grains from Ni foils (instead of films) or pre‐annealed Ni thin films would
probably reduce the amount of nucleation centers and increase the overall uniformity of the
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graphene films.
ii.

Carbon diffusion in Ni is amazingly fast, thus strong re‐distribution of carbon has occurred
during annealing process. Thus, even we can control the implantation depth by energy, most
of carbon atoms will be precipitated at surface, not at interface.

iii.

To obtain interfacial graphene by implantation technique, we believe that fast cooling process
after low temperature annealing is required to freezing out carbon movement.

Implantation technique wouldn’t be a suitable way for large‐area graphene growth, like a CVD or PECVD
technique. We believe, however, that new possibilities can be given by this way, especially in functional device
architecture. For example, if we want to grow graphene layers on pre‐defined area while device structure is
already fabricated, ion implantation technique can be used with a sort of mask (either additional mask or
device itself). This means that low temperature process is mandatory for avoid damage on the other
components. Carbon implantation and precipitation at local places should be studied.
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6.1. Conclusions
Since the discovery of graphite, fullerene, carbon nanotube, and graphene, all the known forms of
carbon allotropes have been intensively investigated. For such a long time, fundamental knowledge has been
accumulated on graphene due to the fact that graphene is the basic building block for all others. However still,
isolating or directly growing a single graphene sheet remains a challenge.

Theoretical physicists first succeeded in isolation of graphene, by the micromechanical exfoliation of
HOPG (Highly Oriented Pyrolytic Graphite) 1. This technique or other early preparation methods, such as
chemical exfoliation of HOPG 2 or epitaxial growth by high‐temperature annealing of SiC (0001) in UHV (ultra‐
high vacuum)3, appeared to fall short in terms of reproducibility or scalability. In contrast, methods involving
the catalytic crystallization of graphene on a metallic substrate, compatible with large‐area fabrication,
appeared well adapted to meet the requirements for industrial application.
Chemical vapor deposition (CVD) on a metallic substrate4, 5 is now considered as a strong candidate for
large‐area and uniform graphene growth. Such a route, however, has two critical limitations: one is high‐
temperature processing (~ 1000 °C) – low‐temperature is always preferable in an industrial perspective – and
the other one is the necessity of transferring on an insulating (functional) substrate, which introduces not only
an additional step in the process, but also structural defects and chemical contamination.

In the present thesis work, we investigated new graphene growth techniques with the idea to limit or
suppress those drawbacks. We focused on two techniques differentiated by the way the carbon atoms are
introduced into the metal catalyst film: (i) direct‐current plasma‐enhanced CVD (dc‐PECVD) and (ii) carbon ion
implantation.

(i) The plasma‐assisted graphene growth process consists in the exposure of the metal film to a highly
reactive plasma to introduce carbon atoms at and near the film surface. Performing this at elevated
temperature makes the carbon atoms to diffuse throughout the film. Our team had developed a large
experience of dc‐PECVD in the growth of vertically aligned carbon nanotubes. Here, we have adapted this
method to graphene growth: we were thus able to prepare graphene layers on Ni at 450 °C. Moreover, in
addition to the top‐surface layer, we obtained with this technique another graphene layer in‐between Ni and
the underlying insulating substrate (SiO2 or glass)32‐34. That second graphene layer placing itself directly on the
insulating (functional) substrate, we developed a simple process for using it directly as a sensor without
transfer34. This: direct growth of graphene on an insulating substrate and its direct use in a functioning device,
can be considered as the main achievement of the present thesis work.
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(ii) We were the first to propose carbon ion implantation for supplying carbon atoms to the Ni layer,
prior to obtaining graphene upon annealing35, 36. By separating introduction and annealing, this technique
allowed us to isolate important factors of a heat treatment. Thus, through precise control of carbon
dose/implantation energy, we were able, by using this method, to get fundamental insight into the graphene
growth mechanisms37.

For most of the experiments, we employed nickel as catalyst, under the form of 200‐nm thick films
deposited by e‐beam evaporation onto an insulating substrate. For PECVD, we used a high density and highly
reactive plasma generated by the combination of CH4 and H2. We applied a procedure patented35 by our team,
which postulated that two graphene layers could be formed (at the surface and at the interface). We thus
confirmed this postulate and preliminary experiments38. In such a process, the surface graphitic layer includes
damages due to direct exposure to plasma. The underlying graphene on insulating substrate is protected from
plasma exposure and requires no transfer for its use.
We have shown, with our implantation experiments37, that carbon diffusion is very significant in
redistributing carbon in Ni, especially through grain boundaries. In PECVD, grain boundaries would help driving
C to the interface, but a complex mechanism related to plasma also has to be taken into account: we obtained
interfacial graphene with PECVD while we did not get it with implantation. We now explain this absence of
interface graphene after implantation by observing that carbon diffusion in Ni is quite fast39, so that most of
implanted carbon atoms will out‐diffuse (within a few tens of seconds at 450 °C) rather than precipitate at
interface. Thus the PECVD growth includes a complex – probably dynamic – mechanism that promotes
precipitation at the interface.

Due to this fast diffusion, the final carbon distribution in a Ni film thus depends on the annealing
treatment that is applied during or after carbon has been introduced. We showed in particular that two kinds
of graphitic materials are obtained after a given treatment: one under the form of single crystals of few‐layer
graphene/graphite, grown during the high temperature plateau, and a second under the form of
nanocrystalline few‐layer graphene, grown during cooling.

Finally, on the graphene grown by PECVD directly on glass at low temperature, we thus developed a
humidity sensor, by direct electrode printing. Beyond this proof of concept, we need to further investigate
growth mechanisms and annealing conditions for the development of various transfer‐free, low‐temperature,
graphene applications.

To conclude, we believe that the research carried out during this thesis work has brought a significant
brick in the building and understanding of low‐cost methods for making functional graphene devices.
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6.2. Perspectives
Using a highly reactive plasma, we succeeded in growing nanocrystalline graphene directly on insulating
substrate. As grain boundaries (GBs) would increase sensor properties, this would be a good approach to
enhance the sensing performance of graphene‐based devices51‐54. However, those defects also diffuse charge
carriers; this means that an optimization process between sensing capability and signal transport is required.
Thus, engineering of graphene crystallinity from nanocrystalline to microcrystalline order will be a highly
interesting research subject in the years to come, as it will bring a new understanding of these two effects of
GBs. Various catalyst metals including alloy structure could be further studied with enlargement of grain size by
pre‐annealing process.

Ion implantation for graphene growth is definitely a novel technique that possibly can be used in
functional way.

(i) In general, the conventional lithography process (photo‐resist (PR) coating, UV exposure, PR develop,
oxygen plasma etching, PR strip) on graphene is required for device applications. However, it is very difficult to
get graphene having smooth edges, thus the performance of device is limited by edge effects. Using pre‐
patterned catalyst, several of graphene forms, such as graphene nanoribbons (GNRs), graphene quantum dots
(GQDs), and graphene channels for transistors, can be grown with smooth edges. Source and drain electrodes
could be simply deposited on patterned‐graphene, thus allowing one to investigate the performance of
graphene itself.

(ii) Furthermore, carbon ions can be implanted on a sort of mask; then, via annealing treatment, we can
grow patterned graphene at desired local position. To make precise structures of graphene pattern, we can
possibly use inversion‐mask of one used for implantation, which aims to apply some chemical/physical
treatment that could suppress the carbon precipitation. This will lead to the formation of “precipitation‐
barrier”, thus patterned‐graphene could be appeared with better resolution.

(iii) If we can find suitable insulating substrates where carbon could be implanted and then precipitate
on it, ion implantation would be a strong technique for graphene applications. For example, carbon could be
implanted on surfaces that correspond to electrodes and channel area, and then we could repeat ion
implantation on channel for the formation of bilayer graphene. After annealing process, bilayer graphene
would be connected to both electrodes (of single layer graphene). Thus, such a self‐assembled graphene
transistor would be expected to have the lowest contact resistance between electrode and channel.
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To realize the full potential of the techniques we have used (dc‐PECVD and implantation), however,
perfect control of both carbon diffusion and precipitation in/on metal is a prerequisite condition. There is a lot
of interconnected factors that can influence graphene growth, i.e. implantation or plasma energy, carbon dose,
types of substrate, annealing conditions (temperature, increasing/decreasing speed, annealing time,
surrounding atmosphere). Among those factors, we have found out in the present work that the cooling
condition in annealing treatments tends to be the most critical parameter. Thus, cooling speed and surrounding
atmosphere during cooling (vacuum, or nitrogen, argon, and hydrogen55, 56) should be extensively studied to
understand more of the growth mechanisms associated with precipitation from a solid mixture or solution.

As the present work comes to its end, we are investigating these mechanisms by using a new technique,
which we call “Sub‐plantation”, where the carbon atoms are implanted at low energy into the metallic film. Our
team started this development in order to reproduce some of the dc‐PECVD conditions in ultra‐high vacuum
and ultra‐clean environment, after realizing that the carbon radicals had a significant kinetic energy in the dc‐
PECVD process (where the electric field reaches several hundreds of volts). The team thus designed an ultra‐
high vacuum (UHV) chamber jointly equipped with a carbon ion gun on the one hand and XPS, LEED and Auger
analysis on the other hand: “FENIX” – Facility for Elaboration of Nanomaterials with In‐situ analysis at
EcolePolytechnique (X). In FENIX, we can keep carbon contamination to a minimum, which is mandatory to
understand the formation of graphene on the catalytic layer.

With such a sub‐plantation in a single‐crystal metal film epitaxied on a single crystal insulating substrate,
one should be able to (1) better understand the way a metal surface helps building up the graphene lattice and
(2) develop high‐quality low‐temperature graphene films directly on a functional substrate.
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Résumé
Cette thèse présente de nouveaux modes de croissance du graphène, basés sur le dépôt PECVD d’une part et
l’implantation ionique d’autre part. En séparant la phase de recuit de la phase d’introduction, l’implantation
ionique – que nous fûmes les premiers à employer – nous a permis d’isoler des facteurs importants du
traitement thermique. Nous avons ainsi pu obtenir une compréhension profonde de certains des mécanismes
de croissance : du fait d’une diffusion très rapide, la distribution finale du carbone dans un film de Ni dépend
du détail du traitement thermique qui est appliqué pendant ou après l’introduction de carbone. Nous
montrons en particulier que deux espèces de matériaux graphitiques sont obtenues après un traitement
donné : constituées de fins monocristaux de graphite d’une part, qui se développentvraisemblablement durant
le plateau haute température, et de “few‐layer graphene” nanocristallin d’autre part qui apparaît très
certainement durant le refroidissement. Le dépôt PECVD soumet un film métallique à un plasma hautement
réactif, introduisant des atomes de carbone dans le voisinage de sa surface.Effectuer cette opération à haute
température provoque la diffusion des atomes de carbone à travers le film. Cette technique a délivré
notamment des nanotubes de carbone d’excellente qualité. Ici, nous l’avons adaptéeà la croissance de
graphèneet en avons obtenu des films de graphène sur Ni, à des températures aussi basses que 450 °C. De plus,
cette technique s’est avérée délivrer un deuxième film de graphène, à l’interfaceentre le Ni et son substrat
isolant (SiO2ou verre). Ce second film se plaçant directement sur un substrat fonctionnel, nous avons
développé un procédé simple pour l’utiliser directement dans undispositif, sans transfert. Nous avons ainsi
développé un capteur d’humidité, par simple impression d’électrodes. Au‐delà de cette preuve de concept,
nous devons maintenant explorer plus avant les mécanismes de croissance et les conditions de recuit pour le
développement d’applications de ce graphène sans‐transfert et basse‐température.
Mots‐Clés: graphène : croissance catalytique,croissance directement sur isolant, croissance basse température,
solubilité/diffusivité de C dans Ni, PECVD, implantation ionique

Abstract
In this thesis work, we developed a new paradigm in the field of graphene growth, based on PECVD and Ion
Implantation techniques. Exposure of the metal film to highly reactive plasma introduces carbon atoms at and
near the film surface; performing this at elevated temperature makes the carbon atoms to diffuse throughout
the film.After adapting this method to graphene growth, it delivered graphene layers on Ni at 450 °C.
Moreover, in addition to the top‐surface layer, we obtained with this technique another graphene layer in‐
between Ni and the underlying insulating substrate (SiO2 or glass). That second graphene layer placing itself
directly on the insulating (functional) substrate, we developed a simple process for using it directly as a sensor
without transfer. We were the first to propose carbon ion implantation for supplying carbon atoms to the Ni
layer, prior to obtaining graphene upon annealing. By separating introduction and annealing, this technique
allowed us to isolate important factors of a heat treatment. We were thus able, by using this method, to get
fundamental insight into the graphene growth mechanisms. Due to fast diffusion, the final carbon distribution
in a Ni film depends on the details of the annealing treatment that is applied during or after carbon has been
introduced. We show in particular that two kinds of graphitic materials are obtained after a given treatment:
one under the form of single crystals of few‐layer graphene/graphite, grown during the high temperature
plateau, and a second under the form of nanocrystalline few‐layer graphene, grown during cooling.Finally, on
the graphene grown by PECVD directly on glass at low temperature, we thus developed a humidity sensor, by
direct electrode printing. Beyond this proof of concept, we need to further investigate growth mechanisms
and annealing conditions for the development of various transfer‐free, low‐temperature, graphene
applications.
Keywords: graphene: catalyzed growth, direct growth on insulator, low‐temperature growth, transfer‐free,
carbon solubility/diffusivity in Ni, PECVD, ion implantation
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