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1 Introduction: Transparent Conductor

Materials/Electrodes for Organic Solar

Cells

Transparent Conductor Electrodes (TCEs) are crucial for the range of elec-
tronic and optoelectronic devices ranging from touch screens, Liquid Crystal Dis-
plays (LCDs), Organic Light Emitting Diodes (OLEDs), Photovoltaic (PV) Solar
Cells, E-readers, Electro-chromic Windows and Stretchable Touch Sensors. Fig-

ure [I.1] shows several illustrations and applications of TCOs.

Figure 1.1: Transparent Electrodes applications in LCDs [1].

Several metal oxides and their combinations have been investigated and
used at the interface of light and electricity in the above devices as their func-
tion is to allow the light and current to pass through them. Oxides of Indium
(Iny03), Tin (SnO,) and Zinc (ZnO) and their combinations; Fluorine doped Tin
Oxide (FTO), and Indium Tin Oxide (ITO) are hitherto the most-widely used
TCEs [2, B, 4], with ITO taking the lion’s share of current TCE applications
being the the leading and a popular choice with a work function of 4.8-5.0 eV,
a transmittance of >80 % and a sheet resistance of 10-30 /0 in organic solar

cells [3]. These oxides are referred in the literature as Transparent Conductor

Oxides (TCOs) or Transparent Conductive films (TCFs). Table shows the



Table 1.1: Criteria for choosing TCO materials [])].

Property Materials Materials

Highest transparency ZnO:F, CdySnOy, ZnsSnOy
Highest conductivity InyO53:Sn

Highest mobility CdO, Iny03:T1, InyO35:Mo
Lowest work function ZnO:F

Highest work function SnOy:F, ZnSnQOs

Best thermal stability SnOq:F, TiN, CdySnOy
Best mechanical durability TiN, SnOy:F

Best chemical durability SnOqy: F

Best resistance to water SnOy: F

Best resistance to H plasma ZnO:F

Easiest to etch ZnO:F, TiN

Lowest deposition temperature | In,Os3:5n, Zn0O:B

Least toxic ZnO:F, SnOy: F

Lowest cost SnOq: F

most important transparent conductor oxides with different properties, which are
required depending upon future application [4]. Further details on I'TO and other
related TCOs are presented in the appendix Figure [1.2[shows the evaluation

of sheet resistance for different applications of TCEs.

A TCO can be defined as a wide band-gap semiconductor having a relatively
high concentration of free electrons in its conduction band. Free electrons can
be tuned by controlling the defects or extrinsic dopants in the material. The
high electron-carrier concentration (assumed that the materials are n-type) is
responsible for causing absorption of both the visible and infrared radiation of the
electromagnetic spectrum, while for photovoltaic applications, the absorption in

the visible portion is more important. A balancing compromise between electrical
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fortaBla&Lighy,
“"CAstylish Q:;y

(Qsq™)

Smart window
Flexible LCD

Flexible OLED

Solar cell

Figure 1.2: Sheet resistance requirement for different applications of TCFEs.

conductivity and optical transmittance is required for most TCE applications [5].

1.1 Criteria for Choosing TCEs

Choice of the TCE is dictated by its potential application. Different cri-
teria/figure of merit can be defined and established for different applications.
However, optical transparency and electrical conductivity are the two broad fac-

tors which are at the helm of TCEs.

DC electrical conductivity (o) defines the ability of a material/electrode to
allow the DC current to pass through it and it is defined either in Siemens per
centimeter (or meter) or the inverse, the resistance in Ohms (Q2), more frequently
by sheet resistance (R;). The latter defines the resistance of a uniform two-
dimensional film, expressed in ohms per square (2/00). The lower the sheet

resistance, the better conductivity is. For a rectangle shaped film of length T,
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width W, the resistance R is:

p/t xL RyxL
= = (1.1)

R

The term L/W can be seen as the number of squares of side W that can be
superimposed on the resistor without overlapping. Thus, even if R, has units of
ohms (as R does), it is called ohms per square (£2/0), due to historical reasons

for simpler description. Ry is related to bulk resistivity p by:
Ry = p/t. (1.2)

Where ¢ is the film thickness, p=1/0 is the resistivity, The electrical (and elec-
tronic) properties of materials (and devices) are measured by I-V (current-voltage
curve, also called V-I) characteristics, from which their behavior can be deter-
mined. Resistance is generally characterized by a relationship called current-
voltage characteristic and typically represented as a chart or graph. The graph
shows the electric current through a circuit, device, or material, and the corre-

sponding voltage, or potential difference across it.

I 1

Figure 1.3: [-V curves for different electrical and electronic devices: for a large
resistance (resistor) A); a small resistance B); a p-n junction diode C) and a battery

D).

Figure shows I-V curves for ohmic (resistor) and non-ohmic (p-n junc-

tion/Schottky diode) different electrical and electronic devices.
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Optical transparency defines the ability of a material/electrode to let the
light pass through it without scattering. It is often described as per cent of light
passing through a material as function of wavelength, normally in the visible
range of spectrum from 350 to 800 nanometers (nm), and it is commonly given
at 550 nm. The higher the transparency, the better. The transmittance and/or
absorbance can be derived from the Beer-Lambert-Bouguer law. The transmit-
tance of a sample T is referred as a function of the wavelength of UV-visible light
as:

=1 (1.3)

where I is the portion (%) of light coming out of sample and [ is the incident
light (100 % light). The transmittance is related to the absorbance A and the
reflectance R (A+R+T=1). Thus with R negligible:

A = —log1yT =€" c d; (1.4)

Where £* is the extinction coefficient; ¢ is the concentration; d is the path-
way of the light (thickness of graphene/film in this case).

A transparent conductor film/electrode has ideally the lowest possible sheet
resistance Ry and the highest possible transmittance (for optoelectronic devices
such as organic solar cells, OLEDs, displays, touch screens). A good standard
is the ITO film which has a transparency of >80 % with a sheet resistance of
30-40 /0 for organic solar cells. Thus let us recall that the resistance of thin
two-dimensional films is given as Rg=p/t.

Each of these parameters, transparency and sheet resistance alone, is of
little value for the TCE applications. There is always a trade-off between two
parameters depending upon the application. The effectiveness of TCE based on
the ratio of electrical conductivity o to visible absorption coefficient o can be

defined quantitatively. This ratio is known as the figure of merit for TCEs and
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is given by:
o/a=—{Riog(T + R)}* (1.5)

Where « is the absorption coefficient in visible range, 7" and R are the total visible
transmission and reflectance, respectively. Higher the value of o/, better is the
TCE. Another figure of merit is described for thin semiconductor films, mostly
based on carbon materials, allowing a combination of opto-electronic properties of
TCE without knowing the thickness (t) of the film [6]. This is called Conductivity
of Transparency (o,) expressed in Siemens per cm (S.cm™) by:

ggraphene 301, 6550771_1
g — f—
" —log(I/10)psampte — —10g(1/100%) prarmpic

Where oy is the conductivity of transparency based at 550 nm; psgmpie (0f-

(1.6)

ten used interchangeably as Ry) is surface resistance of a transparent conductive
graphene sample; €gqphene 1S the absorption coefficient, I/Iy is the transmission.
The €grqphene is determined from the dependency of absorption coefficient on in-
tensity change of light, the length of the pathway, and the concentration. Since
the perfect graphene (single sheet) structure has no variable concentration, there
is no dependence on the concentration, hence €,,4phene (=¢* ¢) is the absorption
coefficient of graphene in this case [6] Thanks to its near perfect structure (in
our work because this is not the case of chemical vapor deposition graphene),
graphene has no variable concentration and it is taken as constant. So it does
not affect the absorption coefficient (equation . The interlayer distance in
highly oriented pyrolytic graphite (HOPG) graphite is well known to be 0.335
nm (0.340 nm for other graphite). A single sheet of graphene absorbs ~ 2.3% of
white light, so the transparency is 97.7%. Hence, it is possible to calculate the

absorption coefficient of graphene to 301,655 cm™! as follows:

—log(I/Iy)  —log(97.7%/100%) 1
raphene — = = 301, 655 1.7
Sgraph dyraphite 3.35~8cm e (L.7)

Certain applications like E-Readers need very high transparency, around 99

% but sheet resistance as high as few k{2 may be acceptable. For organic solar
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cells (OSCs) on the other hand, the criteria require a transparency of 80 % with
a sheet resistance of few tens of ohms per square.

Apart from conductivity and transparency, other important factors affecting
the behavior of TCE are: chemical, thermal, mechanical and physical properties
like band gap, Fermi level (carrier generation), work function, and energy level
alignment at hetero-interfaces [4], [7] (Some of the other general criteria were
earlier shown by the table [1.1)). Therefore, for choosing a TCE, one has to take
into consideration all these factors affecting the performance of TCE as well as
the TCE employing device. Depending upon application, some of other material
properties become critical. For example, for OSCs, the TCE has to be resistant

to environmental conditions like humidity, heat, and oxidation among others.

1.2 Role of Electrodes in Organic Solar Cells

An OSC consists of an active layer sandwiched between two electrodes cho-
sen with suitable work-function, where, one of them is the transparent conductor
oxide/electrode. The active layer consists of a heterojunction of organic semicon-
ductors with an electron donor and an electron acceptor material. Organic semi-
conductors absorb the incident light via transparent conductor anode electrode
(ITO) and convert it to electrical energy [§8]. The converted energy is collected
by the counter cathode electrode (Al). Further details of OSC and electrodes will
be discussed later in section in this chapter.

1.3 Carbon-based TCEs/TCMs for OSCs

In this section, carbon-based transparent conductive films and electrodes as
alternative to commonly-used TCOs will be discussed. With the increase in de-
mand for TCEs for various emerging applications, amidst challenges of increased

cost of existing TCOs, especially the scarcity of indium (limited sources) and
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price fluctuations, difficulty in processing, sensitivity to acidic and basic chem-
ical environments and brittleness of ITO, new materials are being studied for
their suitability in the growing market of TCEs, especially for the applications
involving flexible devices. Last two decades’ progress in controllable synthesis,
purification, and analyses of novel nanomaterials has opened new possibilities
to investigate optical, electrical, thermal and mechanical properties of thin per-
colating films as well as bulk materials. Many methods have been studied to
produce thin percolating netwroks/films. Nanomaterial thin films can achieve
higher in-plane conductivity (due to percolation networks) than the bulk mate-
rials of the same species with additional benefits of flexibility, ease of process-
ing and stability. These small materials in the form of sheets, nanotubes and
wires, not only have high aspect ratio/large active surface area but are rela-
tively easy to disperse in inexpensive solutions. The nanomaterials, which can
be cast from their suspension into thin conducting films have revolutionized thin
film electronics, and the dependency upon high cost (high temperature and high
vacuum) film growth has been significantly curtailed. Solution processable dis-
persions give good promise to produce high volume, high throughput, large scale
thin films with low cost. One of the promising and readily reachable applications
for solution-processable nanomaterials is the use as transparent conductor films
and electrodes. Nano-scale carbon-based materials, like graphene (single, bi, tri,
few /multi layer graphene), Carbon Nanotubes (CNTs), Reduced Graphene Oxide
(rGO) have recently joined this pool due to their attractive properties [9]. Other
candidates as metal nanowires and metal grids have also shown great potential
to be investigated as TCEs |2} [7, [10].

High values of intrinsic dc conductivity of thin and transparent films includ-
ing carbon-based ones of up to 100 nm is key driving agent for these materials.
Typically, high aspect ratio of these materials and web-like topology make low
materials density films with reasonable sheet resistance a viable possibility and

they are worth applying in opto-electronics applications along with additional
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advantages of mechanical flexibility and thermal stability. Low cost starting ma-
terials and simple deposition techniques coupled with good properties mentioned
below make these rapidly advancing nanomaterials very attractive transparent
electrodes [2].

Considerable amount of research efforts have added knowledge to improve
synthesis methods, to better understand their material properties and to demon-
strate their potential as alternate TCEs/TCFs. Here, the most important work
which deals with Carbon-based TCEs/TCFs (CTCEs, CTCFs) is reviewed. The
methods of preparations (synthesis) and transfer of material itself and character-
izations are not detailed (until later in this chapter). Other materials such as:
conducting polymers, metal grids and silver nanowires have also joined the race,

and their potential is discussed as other candidates for TCEs in the appendix [8.2]

Table 1.2: Strengths and weaknesses of TCF technologies [11)].

Film Properties
Examples of Commercial Suppliers

TCF Technology  _ =
— = =
s = E =
T E 5 £ =
E 2 8 = = 4 =
= > = = o N @
] = = = o < —
(&) [T a. (7] o == w

TCO ° . . o . o . Many suppliers (film)
Silver grids © C 0 0 O O @ rchem Associates Inc. (ink); Cabot Corporation (ink)

sierois © O @ © © @ @ STy o (v oo
oo O 0 0 @ ® 0 O iy ncom e
CNTs O ° ° o ° ° o Solur;[g\l\(lgls;;\lanoTechnoIogies, Inc. (ink); Unidym,
© excelient, O Good, @ Poor.

CNT, carbon nanotube; PEDOT, poly(3,4-ethylenedioxythiophene); TCO, transparent conducting oxide.

Table [1.2| shows the strengths and the weaknesses of transparent conductive
film (TCF) technologies including TCOs, Carbon nanotubes, silver grids and
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nanowires [IT]. This table gives a quantitative view of the properties of TCF
technologies and does not include the price of material /film which can be also a
deciding factor in the commercialization of a given technology. From this table
it is evident that CNTs have superior properties for flexible TCF applications.
One can see that CN'Ts out perform metal-based TCFEs. Table gives a more
quantitative analysis of properties of materials for TCF technologies including

graphene. This table includes cost and failure strain % as well as thickness of

Table 1.3: Properties of various materials for TCF technologies [12].

Thickness Transparency ressi:te:;ce Fai‘lure Coit
(nm) (%) (Qsq) strain (%)

ITO 100~200 >90 10~25 1.4 120 $/m?
PEDOT:PSS 15~33 80~88 65~176 3~5 2.3 $/ml
Silver NWs ~160 92 100 ~1.2 40 $/m?

CNT 7 90 500 ~11 35 $/m?

Graphene 0.34 90 ~35 ~T 45 $/m?

TCFs apart from two prominent parameters, sheet resistance and transparency
[12]. All these films are under investigation for optimum performance and cost
of film preparation, which have to undergo evaluation for next several years for
potential application in various optoelectronic devices. As the table shows, CNTs
(rolled graphene sheets) have good conductivity (though lower than TCOs and
Ag nanowires/grids) but surpass in all other parameters.

The most recent and promising carbon nanomaterial for TCE applications,
among others, is graphene or few layer graphene (FLG) with favorable work-
function. The table [L4] shows the work-functions of carbon nanomaterials in-
cluding graphene in comparison with the currently used TCEs [ITO, AZO (Al-
doped ZnO), Sn-doped ITO, ATO (Sb-doped), FTO (Florine doped), etc|. As it

is evident from this table, carbon materials have similar work-functions to that
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of currently-used TCOs [7].

Table 1.4: Work Function of current TCEs and Carbon-based TCFEs.

TCE ITO AZO ATO FTO Graphene | SWNTs | MWN'Ts
Work func- | 4.26-5.6 | 3.2-4.5 | 4.0-5.3 | 4.4-5.0 | 4.3-4.6 4-70-5.05 | 4.80-4.95
tion (eV)

Reference | [13], [7] | [7] [7] [14] [15], [16] | [17],[18] | [17],[18]

Graphene is an allotrope and a flat, one atom-thick mono layer /sheet of two-
dimensional (2D) honeycomb lattice structure of carbon atoms. It is recognized
as the basic unit and building block of other graphitic materials of different
dimensionalities. Wrapping it will give OD fullerenes, rolling the sheet will form
1D nanotubes, stacking of infinite multiple sheets over each other will yield 3D
graphite material, while several stacked sheets give "pseudo" 2D sheets FLG
[19], however, it has come under enormous interest during the last decade in
many fields of fundamental and applied sciences, since first isolation as stable 2D
material in 2004 [20], [21]. Figure shows these carbon allotropes: graphite
(3D); graphene (2D); carbon nanotubes (1D) and fullerenes (0D).

The most prominent properties of zero-overlap semi-metal graphene (single
sheet) include very thin atomic thickness of 0.34 nm [23], very light at 0.77 mil-
ligrams per square meter [24 [25], spring constants of 1-5 N/m and a Young’s mod-
ulus of 0.5 TPa [26], an enormous tensile strength of 130 GPa (100 times stronger
than the best steel) [19], having one of the largest specific surface areas of 2630 m?
/g [27], the highest in-plane thermal conductivity between 2000-4000 W /m.K for
suspended samples at room temperature [28] and mobility above 15000 cm?/V.s
(electrical conductivity of 107% Q-cm) with ballistic transport where both holes
and electrons as charge carriers are able to travel sub-micrometer distances with-

out scattering [29], including high current density, chemical inertness, and super
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Figure 1.4: Family of carbon allotropes [22].

hydrophobicity at nanometer scale.

Many sheets of graphene (hundreds) piled together, forming a thin film can
be referred to as 3D graphite. It is not obvious to draw a clear demarcation line
defining when few sheets of graphene make up a 3D material. However, looking
at electronic structure and suitability in electronic applications, ten sheets can be
referred to as few layer graphene (FLG). A stack thicker than 10 sheets is consid-
ered as multi-layer graphene (MLG) and up to 100 sheets thick stack is a thick film
of 3D graphite and is of less scientific interest for electronics applications|20, [30].
A distinction between single-, bi- and three- layer can be done for band gap

description.

Fullerenes are physically zero dimensional objects with discrete energy
states where carbon atoms are arranged spherically [31]. Fullerenes can be
thought as wrapped-up graphene as they can be obtained from graphene with

the introduction of pentagons that create positive curvature defects.

Whereas, CNTs are thought of as a graphene sheet, rolled up along a given
direction and reconnecting the carbon bonds, to form a seamless tube or cylin-

der, of up to some microns in length and a few nanometers in diameter [32, [33].
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The ends of the tube are capped by fullerene-like half-spheres [34]. Hence carbon
nanotubes have only hexagons and can be thought of as one-dimensional (1D).
They exist in two configurations, with the first one consisting of a single rolled up
(strip of) graphene layer, and is called single-walled carbon nanotube (SWNT),
while the second one, consisting of several coaxially stacked SWNTs (like a Rus-
sian doll) and is named multi-walled carbon nanotube (MWNT). Double-walled
carbon nanotubes (DWNTs) are two sheets of rolled graphene and are described
separately. Typically the diameter of the latter is about one order of magnitude
larger than for SWN'Ts.

Graphite, a three dimensional 3D allotrope of carbon is made out of stacks
of graphene layers that are weakly coupled by van der Waals forces [35] and
theoretical 2D graphite (graphene) has been studied since nearly seventy years
[36].

The structural flexibility of graphene is reflected from its electronic prop-
erties [37]. The sp? hybridization between one s orbital and two p orbitals gives
a trigonal planar structure with a carbon atoms bond of 1.42 A. The o band
is responsible for the robustness of the lattice structure in all allotropes and are
responsible for the mechanical properties. Due to the Pauli principle, these bands
have a filled shell and, hence, form a deep valence band. The unaffected p or-
bital, which is perpendicular to the planar structure, can bind covalently with
neighboring carbon atoms, leading to the formation of a m band. The 7 band
is half filled because each p orbital has one extra electron which is delocalized.
These delocalized electrons are available for charge transport and are responsible
for exceptional electronic and thermal properties of graphene. Whereas, the van
der Waals attraction between different graphene sheets are responsible for the
stacking of sheets.

Thickness of graphene is directly proportional to the number of graphene
sheets and for few layer graphene the electronic properties change with thickness

and by the relative position of atoms in adjacent layers (by added complexity
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of stacking order) [19]. Figure shows the in-plane ¢ bonds/atom and 7 or-
bitals perpendicular to the plane and the most common structures and stacking

sequences of graphene flakes [38]. Structurally, Carbon (C) atoms can be stacked

P.
A orbitals
P P
o ™
.‘- A 3 X ﬂ - : , '. -
. » bond W, ™
e ‘ : wy ! : -
" bond bd * > ¥ ._> L
AA Stacking  AB Stacking  ABC Stacking

Figure 1.5: Schematic of the in-plane o bonds and the p orbitals perpendicular to the
plane of the graphene sheets forming m bonds A) and three most common stacking

sequences of graphene flakes B) [38].

in several ways in graphite to generate hexagonal (AA stacking with each atom
on top of another atom), Bernal (AB stacking with atoms on second layer sit
on the empty spaces of the layer below) which is the most stable and studied
so far and rhombohedral (ABC) arrangement, see figure [29], [38]. Bilayer
graphene can have AA or AB stacking order, trilayer can show a combination of

mono and bilayer stacking, whereas, for FLG no specific fixed stacking order [19].

1.3.1 Characterizations of Graphene and Graphene Films

Graphene morphology especially as thin films can be studied by Scanning
Electron Microscope (SEM) which is important for electronic applications. SEM
is a non-destructive technique but it is both time consuming and unsuitable be-
cause of the absence of clear signatures for the number of atomic layers. Scanning
probe is also a slower technique to study graphene due to its low throughput [9].

Better approach to study graphene is Transmission Electron Microscope (TEM)
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which, though a destructive technique, can give useful and accurate information
on the structural quality and the number of graphene sheets/layers accurately.
TEM diffraction mode can detect the single layer of graphene [39]. Figure
shows TEM and SEM micro-graphs of graphene sheets.

Figure 1.6: TEM micro-graphs of the FLG borders with different graphene sheets

numbers A), TEM micro-graph and electron diffraction of a single layer graphene B),
SEM image showing the presence of thick FLG in the sample C), [40].

Further detailed topography and to determine the number of graphene lay-
ers can be performed by Atomic Force Microscopy (AFM) [41], 42]. Another
rather easier way to differentiate thickness of graphene is by optical microscopy
on Si substrate with a capping layer of 285-300 nm SiO, using contrast spectra
[20, 43, 44]. A study showed that visibility of graphene depends strongly on both
thickness of SiOy capping layer and light wavelength. They claimed, by using
monochromatic illumination, that graphene can be made visible for theoretically
any SiO, thickness (in contrast to 300 nm-thick standard) and showed that 100
nm thickness is the most suitable for visual detection of graphene [45].

Further to study the nanoscale electrical properties of single-layer graphene
(SLG), bilayer graphene (BLG) and multilayer graphene electrical properties
Scanning Capacitance Microscopy (SCM) and Electrostatic Force Microscopy
(EFM) can be employed [46]. Two probes [47], four point probes, and Hall Effect
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techniques [48] can be used to study the electrical properties of graphene flakes,
sheets and films.

Electronic properties such as: work function (WF) and energy band gap re-
lated studies can be carried out using scanning Kelvin probe microscopy (SKPM)
[49] and Ultraviolet Photoelectron Spectroscopy (UPS) [50]. An advantage of
graphene (few layer graphene) is that its work-function depends upon thickness,
mostly increases with number of layers and can be tuned. For epitaxial monolayer
graphene on SiC the WF is 4.3 eV, which increases to 4.5 eV for four layers and
reaches final saturation value of 4.6 eV for higher numbers of layers. The environ-
ment, substrate and other parameters affect the values of WF e.g., a WF value
of 4.5 eV for monolayer graphene on SiOy was reported, it can be significantly
higher at 5.3 eV for monolayer graphene on Al;O3. Mostly, the basic trend that
holds is that WF can be increased by adding more layers of graphene irrespective
of the type of graphene and WF measurement techniques. This tunability can
be very useful in its applications in electronic devices [50].

Raman spectroscopy has been largely employed to investigate the structural
and electronic characteristics of graphite materials [51], 52]. A Raman spectra by
its D, G and 2D peaks/bands from different locations yield important signatures
in determining the crystal quality and thickness of graphene based on change in
position, intensity and width. The most prominent features in the Raman spectra
of single sheet or monolayer graphene are the so-called G band which appears at
around 1580 cm™! (graphite) and the G’ band (or 2D) at about 2700 cm™! using
a 514 nm laser. Figure[L.7(a) compares the Raman spectra of graphene and bulk
graphite [44]. The G band comes from a normal first order Raman scattering
process in graphene and is associated with the doubly degenerate (iTO and LO)
phonon mode (E,; symmetry) at the Brillouin zone center. Whereas, the G’ and
D bands originate from a second-order process involving two iTO phonons near
the K point for the G’ band or one iTO phonon and one defect in the case of the D

band. Since the width (location by wavelength) of the G’ band is approximately
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twice the width of D band (wg~ 2wp), G’ band is often called as the 2D band.
From the figure [L.7[(a), We can also see the so-called disorder-induced D band,
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Figure 1.7: Comparison of Raman spectra at 514 nm for bulk graphite and graphene
(scaled to have similar height of the 2D peak at 2700 cm™') (a). Evolution of the
spectra at 514 nm with the number of layers (b). Evolution of the Raman spectra at
633 nm with the number of layers (c). Comparison of the D band at 514 nm at the
edge of bulk graphite and single layer graphene (d). The fit of the Dy and Dy
components of the D band of bulk graphite is shown. The four components of the2D
band in 2 layer graphene at 514 and 633 nm (e) [44)]. Raman spectrum of a graphene
fragment, recorded at an edge, showing the main Raman features, i.e. the D, G, D’

and G’ bands taken with a laser excitation energy of 2.41 eV [53].

at about half of the frequency of the G’ band (around 1350 ¢cm! for a disordered
sample or at the edge of a graphene [53]. As expected, a D peak is mostly

observed at the sample edge, it is not itself a quantitative and accurate measure
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of defects in the graphene lattice, figure[1.7[(d). A significant change in shape and
intensity of the 2D peak of graphene compared to bulk graphite is observed in
figure [1.7(a). The 2D peak in bulk graphite is comprised of two components 2p;
and 2py roughly 1/4 and 1/2 the height of the G peak, respectively. A single,
sharp 2D peak in graphene, with a roughly 4 x more intensity than that of G
peak was measured for graphene. Observably, the G peak intensity of single
layer and bulk graphite is comparable [note that figure [1.7(a) is rescaled to show
a similar 2D intensity| and the G position is 3-5 cm™! higher than bulk graphite
showing an upshift. The G band peak however, will down-shift with number of
layers. The change in shape of the 2D band is evidently confirmed in figure[L.7/(d),
which compares the D peak of the graphite and graphene edges, respectively. The
D peak for graphene is a single sharp peak, while in graphite it shows a band
consisting of two peaks Dy and D, [44]. Figures [1.7[(b)- (c) show the evolution
of the 2D band as a function of layer number for two different laser excitations:
514.5 and 633 nm, respectively. The immediately observation reveals that a
bilayer has a much broader and up-shifted 2D band with respect to graphene.
This band is very different from bulk graphite as well with 4 components, 2D g,
2D 4, 2Dg4, 2Dsyp; two of which, 2D, 4 and 2D, 4, have higher relative intensities
than the other two, as evident in figure[I.7(e). Also a further increase in number
of layers leads to significantly important decrease of the relative intensity of the
lower frequency 2D; peaks as shown in figure [L.7|(b)-(c). For this reason, Raman
spectrum becomes hardly distinguishable from that of bulk graphite for more
than 5 layers. Hence Raman spectroscopy is capable of clearly distinguishing
a single layer, from a bilayer from few (less than 5) layers with its changes in
shape, width and position of 2D-band. The intensity ratio Ip /I increases with a
decrease in the number of layers/thickness. The thinner is graphene, the higher
is the ratio, (approximately 3.6 for a single layer) [29, 40, [44, 54]. An area ratio
Ap/Ag can be used for small disorder [55], whereas, an intensity ratio of Ip/Ig

coupled with full wave half minimum (FWHM) can give better approximation
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of defects/graphene quality for a large disorder. Some variations in the peak
positions are also reported for the in-plane vibration of sp? carbon atoms (G
band at ~ 1582 ¢cm™!) as well as the stacking order (2D band at ~ 2670 cm™)
and defects band around 1350 cm? laser excitation at 2.41 eV [figure [L.7(f)] [53).
The notation D’ band is used to denote another weak disorder-induced feature

which appears at ~ 1620 cm! when laser directly lands at the edge of a graphene
fragment |figure [L.7(f)].

1.3.2 Graphene Production Methods

There are several general ways to make graphene based upon top-down
(mechanical and liquid exfoliation) or bottom up approaches (CVD and epitaxial
growth) and the choice is dictated by the final application, the cost of production
and the efficiency. The first isolation of graphene (in 2004 by top-down method)
published in 2005 which used a micro-mechanical technique to exfoliate graphite
into thin graphene sheets [56]. This technique is still considered as the best one
in order to get defect free, highly pure material with the best electro-optical
properties. However, the yield is low, large area coverage and transfer to other
substrates and upscaling for large quantities are still unresolved challenge with
this technique [56]. Since then, number of other methods have emerged or already
existing methods have been employed to produce graphene in order to get high
quality, high yield graphene for various applications. High quality single and few
layer graphene is grown by Chemical Vapour Deposition (CVD by bottom-up)
on the metal substrates and is subsequently transferred onto other substrates for
electronic applications [23] 62 57, 58]. TLater, roll-to-roll production of 30-inch
single sheet of graphene films were grown by CVD on flexible copper substrates
[59]. CVD is an existing technique which was already in use for the production
of CNTs. Multi-walled and Single-walled CNTs were reported using CVD, a

decade earlier before the graphene was discovered by micro-mechanical exfoliation
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[60, 61]. A segregation of carbon-containing substrates or simply by heating and
cooling down a SiC substrate, commonly known as epitaxial growth is used for
growth of graphene on large area substrates [62] 63, [64] [65]. These methods have
gained substantial importance currently due to potential to produce better yields,
controllability, and growth on large area surfaces/substrates [9]. Although CVD
is scalable, epitaxial growth on SiC is not. Most epitaxial or CVD graphene needs
to be transferred on to arbitrary substrates for electronics applications. Transfer
is usually done via polymethyl methacrylate (PMMA), polymer support. Some
traces of PMMA may still be present on graphene as an impurity while the
catalyst is etched away (and lost) by acid treatment. Liquid Phase Exfoliation
(LPE) of graphite or expanded graphite method is also known for decades [66], (67,
68, [69]. Table shows five representative methods for production of graphene
and related characteristics of the produced graphenes (adapted from [68, [70)], [71]).

Table 1.5: Five representative methods of graphene production [T0)].

Mechanical | Reduction of Epitaxial CVD growth Liquid phase
exfoliation | grapheneoxide | growth on SiC on Ni, Cu, Fe, exfoliation

10-100 pm =6 inch (152 mm, =4 inch (101 mm) =6 inch (152 mm) few 10s of pm

film)
Mohbility best bad high high low
Transfer ves ves no ves ves
Applications no ves little most little

Scalable

Graphene produced by liquid phase method is the viable low cost technique
of large-scale production but there are quality related issues such as, structural

defects formed by oxidation products and reduction treatment and poor electrical
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conductivity. We will mainly describe further the top-down approaches to get

FLG or graphene flakes.

1.3.2.1 Micro-mechanical cleavage/ Mechanical ablation/Ball-milling

Inspired from the scotch-tape micro-mechanical ablation, few layer graphene
produced by mechanical ablation of pencil lead was produced with a very high
yield of FLG (percent of exfoliated sheets/flakes from the original materials used)
of around 60 percent [40]. Some other groups reported few layer graphene pro-
duction by the means of ball milling. Few-layer graphenes was reported from
ball-milling of graphite with melamine in solid phase. Melamine was removed
from FLG by a thermal annealing step up to 300°C [72]. Another study used
Triazine derivatives under ball-milling conditions to exfoliate graphite. They com-
pared their results with those obtained using melamine as an activating agent in
exfoliation [73]. Ball milling methods are low cost route, however, they often
involve activation agents/intercalants and the resultant graphene sheets are of
smaller, random size and shapes due to poor controllability and selectivity of the

process.

1.3.2.2 Liquid-phase exfoliation (LPE)

Graphene can be prepared in liquid media with varied conditions and envi-
ronments. This consists of a chemical wet dispersion followed by ultrasonication,
including organic solvents, ionic liquids, and water /surfactant solutions [74]. LPE
can be either surfactant-free or surfactant-assisted and allows upscaling the pro-
duction towards mass production of graphene [71], [75]. The simplest way consists
in dispersing the graphite in an organic solvent which appropriately matches the
surface energy of graphite [76]. This will reduce the energy barrier to overcome
the force between adjacent sheets and thereby detaching a graphene layer from

the 3D graphite. The solution is then ultrasonicated in a bath sonicator for
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several days/weeks (hundreds of hours). Alternatively, a voltage is applied [77].
After the dispersion, a step of centrifugation is carried out to dispose off/sep-
arate the thicker flakes in the solution. The quality of the obtained graphene
flakes varies from moderate to high depending upon the experimental conditions.
Reproducibility is good but the process is not yet controllable. The complexity
is low and this method allows preparing large amounts of graphene. A high per-
centage (up to 70 % of total product) of SLG can be obtained, by sonication of
graphite in water, using sodium deoxycholate surfactant and followed by ultra-
centrifugation [78]. The use of graphite-intercalation compounds to exfoliate the
expanded graphite has also been studied via LPE [67, [79]. The first sonication-
assisted exfoliation of graphite was demonstrated using N-Methyl-2-pyrrolidone
(NMP, an organic solvent) with 28% of single sheets of high purity and quality
with conductivity as high as 6500 S.m~! for semi-transparent (T= 46%) films
[68]. Later a liquid medium exfoliation method was reported to produce single to
three graphene sheets varying in shape and size, after the exfoliation of graphite in
N,N-dimethylformamide (DMF) solution [80]. Graphene nanoribbons of widths
up to few nanometers have been demonstrated as well from expanded graphite
[81]. The main advantage of LPE is that it is a low cost and scalable method and
it does not need expensive growth substrates. Furthermore, it is more suitable

to produce thin films due to being in the solution /liquid media [9].

1.3.2.3 Graphene Oxide

An extension of LPE is used to exfoliate graphite oxide by the means of
sonication to obtain graphene oxide (GO) using for example, Hummers’ method
[66, [82]. The method is based on a chemical process that can be used to generate
graphite oxide through the addition of potassium permanganate to a solution of
graphite, sodium nitrate, and sulfuric acid (figure shows the general strategies

for preparation of graphene oxide/graphene, structure and dispersion of GO)
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[25, 83, B4]. GO is subsequently reduced by (i) Thermal reduction (TR), (ii)
Chemical reduction (CR) or (iii) Electrochemical reduction (ER) methods to

produces reduced graphene oxide (rGO)/graphene.
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Figure 1.8: General strategies for preparation of graphene oxide/graphene from
graphite followed by types of reduction treatments A) and chemical structure of

graphite oxide B).

Graphite oxide is hydrophilic and thus can be solved in water by sonication
or stirring, thanks to the presence of several oxygen groups at the plane and
edges. The ultrasonication in liquid makes the dispersion negatively charged.
The sp? network is disrupted in the material and hydroxyl or epoxide groups are
introduced [85]. This makes a detaching of individual sheets possible and sheets
turn to become graphene oxide from Graphite Oxide (GO). Additional step of
centrifugation may be required to separate the thin graphene oxide from the
thicker. Due to the high oxygen content (>50%), graphene oxide is an insulator
and it has to be reduced in thermal or chemical environment under Ar, Hy or
N, gas at high temperature, most common being hydrazine (NH,) [86] 87, [88].
Then this material changes to be called reduced Graphene Oxide (rGO). Even

after thermal reduction, some oxygen remains present in rGO. In fact, a C/O
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atomic ratio lower than 10 is imperatively desirable [84]. An effective reduction
GO suspended paper was achieved by performing a two step reduction and a min-
imum temperature treatment of 1500 °C [89]. This method adds to complexity
and cost by adding the further need to reduce GO. However, if cheaper starting
graphite oxide is used, it can be really a cheap method on the whole to produce
large sheets of graphene with moderate to high quality rGO [90)]. Several other
thermal and chemical methods involving high temperature treatments and use of
chemicals, respectively, and their combinations exist for reducing the graphene
oxide [91]. Another method uses the rapid heating of expanded graphite (EG)
or graphene oxide in a solvent by p-waves irradiation (MWI) to ~ 165, °C us-
ing commercially available microwave oven to exfoliate EG, and simultaneously
exfoliate and reduce the GO. This is an extension of the LPE in a way that the
GO/EG have been been unltrasonicated or stirred in an organic solvent for in-
tercalation between the sheets to reduce the strong Van der Waal forces. The
method shifts the approach to lower the reduction temperature or to avoid the
use of chemicals. The microwave brings an advantage of heating GO/EG in a
very short time resulting not only in a pre-exfoliation process but also in thermal
reduction for a rapid production [91]. The use of p-waves for GO reduces the
weight% of oxygen-containing groups up to less than 10% with a conductivity
as high as 10,000 S/m [92]. GO can also be reduced in a powder form with
a rapid microwave irradiation treatment without the use of solvents [93]. Fast
photo-reduction by photo-irradiation, by xenon lamps or by femtosecond lasers

have also been reported, but their conductivity is on the lower side [94].

1.3.2.4 Bottom-up Approaches and Growth on Substrates

Methods to grow graphene directly on different surfaces/substrates has
shown potential towards high quality SLG and FLG. In CVD, carbon is decom-

posed on metal surfaces to grow graphene layers. The size of obtained graphene
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layers is independent of the initial graphite crystal. However, CVD is a high
cost, requires transfer to arbitrary substrates and potential problems occur due
to grain boundaries. A recent study demonstrated that multi-layer graphene can
be grown by high temperature carbon implantation into nickel film (supported
on SiOy/Si substrate) [95]. Further details on CVD, epitaxial and chemical syn-
thesis methods are given in the appendix [8.3] In epitaxial growth, the carbon
already exists in the substrate, i.e. the substrate and the layer of graphene are
the same material. Another bottom-up technique called total organic synthesis
involves well-defined, nanosized polycyclic aromatic hydrocarbons (PAHs). They
are extensively present in the remains of coal, wood, and other organic mate-
rials, and even in interstellar, after domestic and natural combustion. PAHs
are two-dimensional graphite fragments of all-sp? carbon composition which offer
synthesis versatility but the challenge lies in preserving distributed and a planar

geometry for large PAHs [90].

1.3.3 Charge Transport in Graphene and in FLG

Various types of electrical transport exist. For example, charge transport
processes which occur via localized states of the charge carriers in the conductor
like variable range hopping [97] or polaron hopping [98], are known as hopping
conduction. In the cases, where the charges are not localized, but scattered on
dislocations, phonons or magnetic impurities (Kondo effect [99]) or even among
one another along their way in the conductor, the charge transport is based on
diffusive conduction process. If the charge carriers do not suffer any scattering,
the charge transport is called ballistic [34]. Due to similarity of graphene structure
to organic semiconductors, a brief introduction to charge transport in organic
semiconductors has been presented in the appendix [8.4] The figure [I.9shows the
energy dispersion for the entire graphene lattice with zooming in on the linear

energy dispersion near a Dirac point.
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(a) Graphene {b) Bi-layer Graphene

I\

Figure 1.9: Low energy DFT 3D band structure and its projection on kz close to k
point K for graphene showing graphene honeycomb lattice and the Brillowin zone (a),
bilayer graphene (b), trilayer graphene (c) and graphite (d). The Dirac point (i.e.,
relativistic fermion characteristic) is lost in bilayer graphene (b), but appears again in
trilayer graphene (c); (d) shows the 3D graphite structure which displays a
semimetallic band structure with parabolic-like bands. The Fermsi level has been set at

zero in all cases [19] An enlargement close to the K and K’ point shows Dirac cones

[373, (100

In the first Brillouin zone, the inequivalent corners K and K’ are called
the Dirac points. A pure graphene sheet (SLG without any defects) exhibits a
unique electronic band structure with a linear dispersion relation close to the
charge neutrality point (Dirac point) [37]. This crystal structure of graphene can
be considered as two equivalent carbon triangular sub-lattices. The linear disper-
sion for this structure leads to massless excitons, described by the Dirac equation.

These Dirac fermions (electrons or holes) behave very differently and exhibit un-
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usual properties compared to ordinary electrons, thus leading to new phenomena.
The chiral nature of charge excitations in 2D graphene has been shown to result
in unconventional quantum transport features, such as unusual quantum Hall
effects, or anomalously weak localization phenomena at low temperature [I0T].
The structure of bi- and few layer graphene differs from that of single sheet
of graphene. The figure provides further explanations of energy dispersion by
density functional theory (DFT) calculations [19] in comparison to single sheet.
Stacking of few layers can change the electronic properties (empty dispersions)
considerably and the layering structure can be used in order to control the elec-
tronic properties. As with any physical system, the charge carriers in graphene
are affected by structural disorder and doping (the most common factors influ-
encing the transport properties) as well as by hopping between sheets in the
case of FLG. Possible sources for disorder in graphene systems many and possi-
bly include but are not limited to the charged impurities in the form of surface
adsorbates or trapped charge in the supporting substrate, neutrally charged im-
purities, ripples, carbon vacancies, edges (stable defects due to oxygen groups
attached), topological Stone-Wales defects, interstitial defects, and lattice strain,
adatoms, and interlayer adatoms for FLG case [102, [103| 104]. The examples
of structural and potential kind of oxygen groups are presented in figure [1.10]
A direct consequence of a single atomic layer structure of graphene is that all
electronic conduction takes place at the surface of graphene [37]. For this rea-
son, the charge transport properties such as mobility, Dirac point, and minimum
conductivity are expected to be sensitive to the surrounding environment. Such
dependence of charge transport on the environmental factors and also possibility
to tailor graphene’s properties through intentional doping with adsorbates or lat-
tice defects have been demonstrated both theoretically and experimentally [106].
Due to its extreme sensitivity to molecular adsorbents, chemical functionaliza-
tion means can also introduce band gap opening in graphene which will give rise

to a change in work function [I07]. The band gap opening leads to a shift in
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Figure 1.10: Examples of structural defects and oxygen groups in single sheet of

graphene. The 5-8 double vacancy A), stone-wales defects B), adatoms C) oxygen

functional groups mainly on the edges D). Interlayer double vacancy structures in

bilayer graphene V3 (88) E), V3 (38) F), and spiro-interstitial (a four-coordinated
carbon atom between the layers) G) [107].

the Fermi level as well [25]. It was shown by simulations that the band gap and
other electronic properties of few-layer graphene can be strongly modulated by
the interlayer distance and fluorination (also experimentally) [19) 108]. Whereas,
the armchair graphene nanoribbons (A-GNRs) are semiconductors with energy

gaps which is demonstrated to decrease by increasing the widths of ribbons [19].

The presence of disorder due to the presence of charged impurities results

in an inhomogeneous distribution of conducting electron and hole puddles at low
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carrier concentrations [I09]. Due to these electron-hole puddles a residual carrier
density, n*, on the order of 10'" ¢cm™2 for graphene on SiO, is observed [density
fluctuations (electron-hole puddles) experimentally measured using a scanning
single electron transistor) and prevents truly probing Dirac point physics, where
carrier concentration vanishes (figure . Even at an average carrier density
of zero (Dirac point) electronic conduction occurs locally through sections hav-
ing electron and hole concentrations, represented by the blue and red regions
respectively (figure [L.11]).

These puddles qualitatively explain the presence of the observed minimum
conductivity and indicate that the physics near the Dirac point is different than
the physics at higher carrier densities. Several theoretical works have investigated
the behavior of massless dirac fermions [110, 111}, 112, 113], for quantum conduc-
tance. The conductance quantum, denoted by the symbol Gg is the quantized

unit of electrical conductance and is defined by Landauer formula [114] [115]:

2

Go = e_h —~ 7.7480917346(25) x 107°8 (1.8)

™

Where e is the electron charge (most of quantum transport is the trans-
port of electrons) and the h is the Planck constant (this indicates the role of
quantum mechanics). In fact, under certain conditions, Dirac fermions are im-
mune to localization effects observed in ordinary electrons [116] and it has been
demostrated by experimental studies that electrons can propagate without scat-
tering over large distances, typically of the order of micrometers in graphene,
thus giving rise to ballistic transport [21].

Many reports have predicted a universal minimum conductivity value of
4e?/7h, where the factor of 4 stands for the spin and valley degeneracy [37].
Yet, experimental works reported o,,;,~ 4e?/h [20], and further studies found a
non-universal ,,;, generally greater than 4e?/h (for ideal graphene) [117]. In-
vestigations focused on resolving the issue of the missing 7 between theoretical

predictions and experimental values, demonstrated that 4e?/mh is accessible in
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Figure 1.11: Disorder in graphene obtained by micromechanical ezfoliation (scotch
tape) of synthetic graphite. Using a scanning single electron transistor the spatial
density fluctuations in graphene are measured. The black line shows the contour

between electron (red) and hole (blue) puddles at an average carrier density of zero

[109].

the ballistic transport regime for samples where length is much shorter than width
[118]. While the three experimental works discussed here [20] 117, 118] demon-
strate a wide variety of measured values for o,,;,, a common feature in pristine
graphene devices is a 0, > 4e%/7h. Away from the Dirac point, disorder also
plays a role in the measured transport properties through the mobility x4 and gate
dependent, conductivity. Charge mobilities in the range 1-20x10% ¢m?/Vs were
reported in graphene samples with various levels of disorder [101]. The equation
relates to the scattering of charge carriers and is an indication of the quality

of electronic transport.

= e (1.9)

While graphene devices supported by Si/SiOy have exhibited impressive

mobility between ~ 1x10% ¢cm?/V.s ~ 2,x10% cm?/V.s, it is still dramatically
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less than the predicted intrinsic limit of ~ 2x10° ¢m?/Vs [119, 120]. Addition-
ally, the symmetry of the experimentally measured conductance indicates that
hole and electron mobilities should be nearly the same. The large disparity is an
indication of extrinsic sources of electronic scattering. Scattering effect of elec-
trons by optical phonons of the substrate is larger than the effect of scattering
by graphene’s own phonons. Contacts to graphene can strongly dominate charge
transport and mobility as well as significantly modify the charge transport envi-
ronment local to the contacts by creating pn-type (pp, nn) metal /semiconductor
junctions depending upon the materials used as metal contacts but usually Cr/Au
contacts are free from such additional contact effects except sometimes creating

junctions [106].

1.3.4 Charge Transport in Carbon Nano Tubes (CNTs)

First multiwall nanotubes (MWNTs) were synthesized (1991) with diam-
eters ranging from a few nanometers to several hundred nanometers for the
inner and outer shells, respectively. They extend the length over several mi-
crons. Single-wall carbon nanotubes (SWNTs) were synthesized shortly after
the discovery of MWNTs by arc-discharge methods using transition-metal cata-
lysts [33]. Carbon-based tubular molecular structures (nanotubes) with a high
aspect ratio with a strong one-dimensional (1D) character are investigated as
photoactive material and semi-transparent electrodes in photovoltaic and other
applications due to their superior electronics, thermal and mechanical properties
[121]. MWNTs are generally composed of a few to tens of shells with random
helicities weakly coupled through van der Waals interactions, exhibit additional
geometrical complexity due to the coupling between shells, resulting in a multi
shell transport (figure [1.12A). They displayed a week localization and negative
magneto-resistance as well as incarporating them in to Y-shaped junctions shows

that they behave as intrinsic nonlinear devices, displaying strong rectifying be-
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havior at room temperature (figure [1.12)) [33] 122].

Ligzag Chiral

Figure 1.12: Schematic structure of MWNTs A) and chiralities of single wall CNTs
B) [123, [12]].

They are cheaper alternative (2-3 orders of magnitude lower cost as com-
pared to SWNTs), produced in large quantities even if their Ry is on the higher
side in thin films with ~250 k2/0J at 80% transmittance as compared to 0.15-2
k2/0 for same transparency for SWN'Ts [124]. The electrical properties of single
and multi-walled CN'Ts are mainly determined by their diameter, their wrapping
angle and the direction in which the graphene sheet is rolled up (out of many
ways). The diameter and the wrapping angle determine whether a CNT is metal-
lic or semiconducting with a band gap varying from zero to a few tenths of an
eV. As a consequence, all armchair tubes are metallic whereas zigzag nanotubes
can exist as either metallic or semiconducting molecular structures [125]. Figure
shows types of single wall CN'Ts depending on the chirality. The conduc-
tion in CNTs can be ballistic, diffusive, or based on tunneling/scattering. The
investigation of the electrical transport properties of CN'Ts has shown that various
effects have been observed such as single-electron tunneling (Coulomb blockade)
[126], 127] ballistic transport at room temperature [128, [129]. Metallic SWNTs
have a Fermi velocity (vg) of 8x 10° m/s that is comparable to typical metals.

Semiconducting SWNTs have a bandgap E, 0.9 eV/d, where d is the diameter
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of the tube in nanometers [I30]. By the Landauer formula, the conductance is
given by:

Go = (4%2) x T (1.10)

Where T is the transmission coefficient describing the probability that an
electron will be transmitted along the channel through the sample. A SWNT
has four 1D channels in parallel due to spin degeneracy and the sublattice de-
generacy of graphene. Conduction in SWNTs is quantized due to their one-
dimensionality and the number of allowed electronic states is limited, if compared
to bulk graphite. The nanotubes behave consequently as quantum wires and
charge carriers are transmitted through discrete conduction channels. When bal-
listically conducted, the electrons travel through the nanotubes channel without
experiencing scattering due to impurities, local defects or lattice vibrations (no
resistance and no energy dissipation in the conduction channel). The transport
properties of MWNTs are similar to those of SWNTs, however some differences
exist due to the transport coupling between the walls of the tube. For SWNTs
bundles, the coupling between tubes requires to be taken in account [125]. In
order to estimate the current in the carbon nanotube channel, the Landauer for-
mula can be applied, which considers a one-dimensional channel, connected to
two contacts source and drain in a FET structure.

Assuming no scattering and ideal (transparent) contacts, the conductance

of the one-dimensional system is given by:

G = GoNT (1.11)

Where N is the number of the channels available for transport, and Gq is
the conductance quantum 2e? /h ~ 12.9kQ~!. Perfect contacts, with reflection R
= 0, and no back-scattering along the channel result in a transmission probability
T = 1 and the conductance of the system becomes: G = (2¢?/h) N. Thus each

channel contributes 2Gg to the total conductance [I31].
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If the transport is ballistic and the tube has perfect contacts, this equation
predicts a quantized conductance of 4e? /h associated with each 4-fold degenerate
1D subband. Metallic nanotubes very often approach this quantized conductance
value even at room temperature [132, 133]. Conductance less than the quantized
value can arise from additional resistance contributions due to either the contacts
or the tube which add up incoherently at or near room temperature. At lower
temperatures, coherence effects and the Coulomb blockade become important as
well. If we neglect coherence effects, the total resistance R—=G~! of a nanotube

device with a uniform channel can be written as:

R= Rcontacts + Rtube (1 12)

Where the contact resistance obeys:

h

Rcontacts = (4_6’2) (113)

and for a uniform tube with diffusive scattering:

Riupe = (%) X (%) (1.14)

where L is the tube length, [ is the electron mean-free path for momentum
relaxation. For example, electric force microscopy can measure the potential drop
along the tube under current bias [129, 134], 135], directly probing the relative

contributions.

1.3.5 Charge Transport in graphene/FLG films

There are several methods of growing graphene/rGO/FLG films on arbi-
trary substrates, such as spray [136, [137], spin coating [138|, casting [139)] trans-
fer via vacuum filtration, Langmuir-Blodgett assembly /deposition [140, 141l 142]

charge drop-casting, dip coating, electrophoresis [12] and inkjet-printing for
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metal-graphene hybrid structure [143] for transparent conductor films (TCFs)
have been demonstrated. The charge transport in these films is influenced by
grain boundaries (CVD method), junction dependency (between two sp? hy-
bridized species, FLG-FLG, interflakes stacking), however a minimum amount
called critical point (¢.) is required to cover the surface to form a percolation in
the conducting film is necessary which depends upon several parameters: shape,
size, texture, chemical nature (phase of grains), orientation of domains, homo-
geneity, density of materials and other physical and chemical properties among
others [I44]. percolation (most solution-processable films) including other factors
already mentioned earlier.

Table provides summary of pristine, doped and reduced graphene oxide
materials with sheet resistance, transmittance characteristics along with conduc-
tivity of transparency (o,)[0} [145].

For a CVD graphene (CVD-G) film, R, of 280 ©/0J with 76 % (at 550 nm)
transmittance (T) was reported with a high o, of 9.0 x 10® S.em™ [23]. For
the doped CVD-G, respectively with HNO3 and AuCls, even better results were
reported with lower values of R of 30 and 150 /00, higher transmittance of 90
and 87 %, and oy of 2.2 x 10° and 3.3 x 10* S.cm ™, respectively [59,[146]. A non-
volatile ferroelectric polymer spin coated on top of CVD-G in a hybrid structure
what the authors call graphene-ferroelectric transparent conductors (GFeTCs)
yield Ry of 120-130 /0 with T of 95% with oy of 3.1 x 103-10* S.em ™" [147]. A
mono layer of reduced graphene oxide (rGO) by Langmuir-Blodgett (method of
forming mono-and multimolecular films of an amphiphilic substance on the water
surface and then transfer it to a solid substrate) was transferred to transparent
glass substrate to form a LB-rGO film, and very high R, of 1.9 x 10" /0 and T
of 95% (at 650 nm) were reported [141]. Lower R, (1100 ©2/0) and T (91% at 550
nm) were reported by similar method (LB-rGO), giving slightly higher o, (670
S.cm™!) than previous (6.7 x 107! S.em™) result [149]. Currently, there are not

so many results available for films made from exfoliated (mechanical or liquid)
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Table 1.6: Sheet resistance, transmittance and conductivity of transparency (o4t) of

graphene, graphene oxide and doped graphene films produced by various methods.

Graphene Film R, Transmittance % | Conductivity of Transparency
(ref.) (2/0) | (Wavelength in nm) (ogt) (S/cm)
CVD- h G .
graphene (G) 280 76 (550) 9.0 x 10°
(123])
CVD-G doped with HNO3 .
30 90 (550) 2.2 x 10°
(159))
CVD-G doped with AuCl;
150 87 (550) 3.3 x 10
([146]
F lectri | CVD-G
erroelectric polymer/ 102103 95 (500) 3.1 x 10%-10*
(GFeTCs) ([147])
LB-rGO ([141]) 1.9 x 107 95 (650) 6.7 x 107!
Electrochemically exfoliated )
2.4 x 10° 73 (N/A) 02
graphene ([148])
Vacuum filtered rGO
43 x 10° 73 (550) 51
([88])
LB-rGO ([149)) 1100 91 (550) 670
LB-chemically modified G
8 x 103 83 (1000) 465
(67])
LPE-G by ultrasonication )
1000 65 (550) 1.6 x 107
([78])
rGO (|143)) 2.5 x 10° 93 (550) 3.8 x 10°
rGO-Ag-NP ([143]) 640 87 (550) 7.8 x 10°

graphene, howerver, LPE-G obtained by ultrasonication showed a Ry 1000 Q /[
and T of 65% (550 nm) with high oy of 1.6 x 10* S.em™! [78]. The rGO films
displayed a higher R, of 2.5 x 10® with 93 % T (550 nm) yielding a o, of 3.8

x 10% S.em™! [143|, whereas rGO coupled with Ag nanoparticles shows better

performance with a lower R, of 640 Q/0 at T of 87% giving improved o, of 7.8

x 10% S.em™! [143].
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1.4 Introduction to Organic Solar Cells

Organic Solar Cells (OSCs) are the technology which has attracted strong
attention in recent years, due to the numerous advantages. They contain
certain organic molecules and polymers for solar energy harvesting. Organic
molecules/polymers have good absorption/light capture efficiency, possess semi-
conducting properties, are easy to process at room temperature (the most of the
cases), and provide good promise for low-cost solar cells manufacturing at large
scale. Though, they did not hit the commercial market due to lower efficien-
cies (record up to 11.1%) as compared to inorganic cells technology, matured
over 50 years (record efficiency up to 44.4 % for triple-junction compound solar
cells). Figure [1.13] shows the graph with the progress in different solar cells and
technologies to date (2014).

The fundamentals of OSCs and their progress during last decade will be
covered briefly. In simplest terms, an organic solar cell contains a photo-active
layer, consisting of an electron donor (D) and an electron acceptor (A) materials
sandwiched between two electrodes. One of the electrodes is transparent (anode,
ITO) and facilitates light absorption by acting as window to the active layer and
the other (cathode) usually is a metal (Al, Ca etc), all deposited on a rigid glass
or flexible plastic transparent substrate [8]. They are fabricated in the form of
successive thin films where spin-coating, spray, printing and vacuum deposition

techniques are applied to form the complete cell.

The active layer can be a planar or a bulk hetero-junction of two materials.
The commonly used materials are a blend of poly-(3-hexylthiophene)/phenyl-
Ce1-butyric acid methyl ester (P3HT /PCg¢BM) [151]. P3HT is used as a donor
and PCBM as an acceptor material (figure [I.14] [? ]). Architectures will be
discussed later in the section [L4.1] .

To facilitate an efficient charge collection, one or more additional buffer

layer(s) can be added for hole and/or electron extraction/transport. These layers,
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Figure 1.13: The graph shows the record solar-cell efficiencies over time, highlighting

the progress in different solar cells and technologies up to the end of 2014. [150].
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Figure 1.14: P3HT and PCBM materials, and their blended D/A structure [T ].

according to the function they perform in the cell, can be named as hole transport
layer (HTL) or hole extraction layer (HEL). Poly(3,4-ethylenedioxythiophene)
Polystyrene sulfonate (PEDOT:PSS) is the most popular choice polymer material
for HTL [I52]. Bathocuproine (BCP) is an example of an electron transport
layer (ETL) [I53]. One of the functions of ETL or HTL is to block the opposite
charge carriers from the infiltrating P3HT and PCBM, respectively, after charge
separation. Following layers make up the OSC: first electrode, electron transport
layer, photo-active layer, hole transport layer, and second electrode. But HTL
and ETL may not always be the integral part of an OSC structure. Thickness
of organic solar cells made of thin layers of organic materials is of the order of
100-120 nanometer range [I54]. A rather general concept of solar cells is defined
as: light is absorbed by photo-active materials via transparent and conductive
electrode, absorbed light generates charge carriers (excitons— electron-hole pair)
by photo-excitation process, both electrons and holes are separated by the electric
field present near contacts to be subsequently delivered to contacts in the form
of electrical power. The basic difference between inorganic and organic solar cells
lies with the mechanism of the way charge carriers are created and separated. In
the former, charge carriers are generated directly by incident light when it strikes
the photo-active material which are then collected by the electrodes. In the later,

light absorption does not generate free carriers instantly, rather an electron-hole
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pair called exciton is generated due to coulomb-interaction which has typical
binding energy (0.3-0.5 eV) [I51]. Since organic components have low dielectric
constant (~ 3), photo-excitation leads to a strongly bound exciton, which needs
to be dissociated into free carriers [155]. The necessary electric field (>10° V/cm)
is usually required for charge separation which is not available inside the active
layer, so exciton has to travel (depending upon lifetime of charge carrier and
hole/electron mobility of polymer) to the D/A interface in order to be separated
in the presence of sufficiently strong field at the hetero-junction. This requires
energy alignment of materials (D/A interface) for efficient separation of excitons

and minimize the loss of energy during conversion process [I51].

1.4.1 Types and Architectures of Organic Solar Cells

There are three types of organic solar cells based on the materials used
in the fabrication of an OSC, namely: conjugated polymer ( macromolecules
with a molecular weight larger than 10000 atomic mass unit), small molecu-
lar (SM) weight (consist of lighter molecules usually called oligomers or small
molecules, ) SM solar cells and dye-sensitized solar cells (or Gratzel cell) in which
dye molecules are adsorbed on a highly porous layer of titanium dioxide (an
electron transport layer) [I54]. Usually, physical vapor deposition in vacuum
methods dominate for SM solar cells and spin-coating and ink-jet printing meth-
ods are used for deposition of polymers (vacuum deposition techniques are needed
for electrodes deposition /evaporation purposes in polymer cells also). In Gratzel
cells, screen-printing is the method used for deposition of titanium dioxide which
is followed by sintering and dying steps.

Conjugated polymers (alternating single and double bonded carbon) possess
delocalized (not associated with a single atom) electrons that can absorb photons.
They are attractive class of semiconductors for photo-voltaic cells due to their

strong absorbing ability and low-cost deposition on various substrates. The light
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that is absorbed by conjugated polymers generates power in the solar cell by
photo-voltaic effect. For these reasons, the devices which include the polymers
are also called organic photo-voltaic (OPV) cells/ solar cells. One of the most
common and best performing active layer in OPVs is comprised of a polymer-
fullerene cell with poly (3-hexylthiophene) (P3HT) as the donor and the fullerene
[6,6]-phenyl-C61 butyric acid methyl ester (PCBM) as the acceptor.

The simplest of the OPV devices is Single-layer OPV. This contains only
one layer of conjugated polymer, sandwiched between two electrodes. A high
work function, transparent conductor electrode such as ITO is used as anode,
whereas, low work function metal cathode such as Ag, Al, Ca, or Mg may be
used, as schematized in figure[1.15|[I51]. The Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) will be explained
later in the section [L4.2l
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Figure 1.15: Structure of conventional OSC with ITO anode and Al cathode
electrodes, highlighting the importance of WF [151).

This difference of work-function between two electrodes sets up an electric
field in the active layer and this field helps separate the charge carriers (electrons
and holes) from exciton (electron-hole pair). Based on the number of conjugated
polymer(s) and the way of arrangement in the active layer, four device archi-
tectures are possible (see figure —d). Ideally, electrons and holes are pulled

towards positive and negative electrodes, respectively, under the influence of elec-
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tric field. Practically, single layer OPVs (see figure [[.16p) are inefficient devices
because the photo-generated excitons usually do not split by the built-in electric
field, arising from work functions difference of electrodes, and single layer is not
sufficiently thick to absorb all the visible light [I56]. In order to increase the
efficiency, the exciton splitting must occur at the interface between two semi-
conductors with offset energy levels. A rather improved design of OPV is made
as bi-layer device structure which involves an electron donor and an electron
acceptor materials placed separately over one another in the planar structure,
and sandwiched between high and low work-function electrodes (refer to [L.16b)
[157, 158]. However, a lot of excitons, due to small diffusion length (10-20 nm)
recombine or decay (radiatively or non-radiatively) before reaching the D/A in-
terface. A better approach to harness the most excitons is to reduce the distance
that excitons have to travel. This can be achieved by mixing the donor and the
acceptor materials together to form a polymer blend so that D/A blend has more
interfaces throughout the bulk structure of blend (refer to[I.16f-d). If the exciton
diffusion lengths are comparable to the length scales of the polymer blend, then
most of the excitons generated in either material may reach the interface and
they break efficiently to disassociate to become electron and holes. The charge
carriers (electrons and holes), after the exciton break-up, are efficiently collected

at their respective electrodes, while traveling through the blend [156], 159].

1.4.1.1 Equivalent Circuit for a p-n Junction Solar Cell

The figure shows the equivalent circuit and the equation for the solar
cell (diode). It describes the solar cell J-V behavior into four constituent parts,
mathematically expressed by the diode equation in figure [1.17]B: a photocurrent
source, a diode, a series resistor and a shunt resistor. This model is based on
inorganic p-n junction (a boundary between p-type and n-type material in a

semiconductor device) model [I60 161]. Starting with the photocurrent source
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Figure 1.16: Four device architectures of conjugated polymer-based photo-voltaic
cells: (a) single-layer PV cell; (b) bilayer PV cell; (c) disordered bulk hetero-junction;
(d) ordered bulk hetero-junction [159].

which is simply the result of converting absorbed photons to free charge by the
solar cell, then the diode representing the electron-hole recombination at the p—n
junction, the internal resistance of the cell to current flow is denoted by the series
resistor, and finally, the leakage current through the cells (e.g.,via pinholes) is
accounted by the shunt resistor [160) 161]. Although the active layer in an OSC
is a blend of two materials in heterojunction structure which is difficult to describe

by a p —n junction model used for the inorganic solar cells but this model is used

Series

A inda resistor B
v elV -JR V-JR
!J:Jﬂ cxp(iﬂ‘) ol L
Photocurrent v Shunt nky1 R,
source resistor “ N J
T ~v y— =/
Recombination current  Shunt current Photocurrent

Figure 1.17: The commonly used equivalent circuit for a p-n junction diode A) and
the current density equation B) for solar cells. Note that the diode represents

recombination current [160, [167).
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commonly to consider active layer as roughly equivalent to the inorganic p — n
junction by considering the donor (P3HT an electron rich material, hence type n)

and PCgBM (acceptor, hole rich material, hence type p) as shown in the figure

161, [162].

Donor

Acceptor

v ' electrons

substrate

Figure 1.18: Bulk heterojunction in organic solar cells described by the p —n

Jjunction in inorganic solar cells.

In the equation, Jq is the reverse bias saturation current density, e is the
elementary charge, Ry is the series resistance, n is the diode ideality factor, kg is
Boltzmann’s constant, 7" is temperature, and R,y is the shunt resistance. Accord-
ing to the original p —n junction theory of Shockley, Jj represents the saturation

current density at reverse bias for an ideal p — n junction diode [163].

1.4.2 Organic Solar Cell Mechanism

In a bi-layer organic solar cell, D/A active layer is the center of activity.

The related four steps are briefly explained here [8], [164] [165].

1.4.2.1 Photon Absorption

In the first step in a PV process, the incident light strikes the active layer
by passing through transparent electrode (ITO) and photons are absorbed by the

active organic material (D/A). Upon the absorption of a photon, an electron in
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the organic semiconductor is excited from the Highest Occupied Molecular Or-
bital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) of donor
material. In organic semiconductors, HOMO and LUMO refer to energy bands
that correspond to different hybridization states of the p-bonds and are analogs
to the valence band and conduction band respectively in inorganic semiconduc-
tors. Upon absorption of photon, not only electron is excited from HOMO to
LUMO in an organic semiconductor, but the electrons within other energy levels
are excited as well. This is in contrast to the actual excitation of a free elec-
tron from the valence band to the conduction band in inorganic semiconductors.
The strong Coulombic attraction between the electron-hole pair form an exciton
[166, 167]. Since organic semiconductors have high absorption coefficients ( typi-
cally >10°/cm), hence a layer of a few hundred nanometers thickness is normally
sufficient to absorb the incident light. High band gap limits the absorption of light

hence, hence low band gap materials are preferred to maximize the absorption.

1.4.2.2 Exciton diffusion and charge separation

Once excitons are generated, they diffuse through the active layer (donor)
towards D/A interface. As the potential difference between LUMO of donor and
HOMO of acceptor is lower than that of the energy of the exciton, the transfer
of an electron from the exciton to LUMO is an energetically favorable process
whereas the hole remains in the donor material. However, they recombine and
decay by giving away the energy (radiatively or non-radiatively) before dissoci-
ating at the D/A interface. After dissociation, electron-hole pairs form a charge
pair called a geminate pair. These are still coulombically bound charges and have
to be separated by an internal field. Common exciton diffusion lengths (the dis-
tance that excitons can diffuse before recombination) in organic semiconductors

are very short, typically a few tens of nanometers [154] [168].
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1.4.2.3 Charge Transport

After the exciton dissociation, the geminate pairs have to travel to electrodes
for collection before they decay or recombine on the way. The main driving forces
for the transport of holes to the anode and electrons to the cathode are drift and
diffusion currents [169]. Electrodes are chosen in a way that their difference of
potential creates a built-in electric field inside the solar cell. The drift current cor-
responds to carrier movement along the potential gradient within the solar cell.
A high work function anode and a low work function cathode determine the open
circuit voltage (V,.) of the cell. The potential gradient is mainly determined by
the choice of band alignment of donor and acceptor materials for hetero-junction
electrodes in a solar cell. With the application of an external bias voltage, the
internal electric field set by electrodes” work-function changes and hence the drift
current changes also. The carriers then drift along the resultant internal electric
field of the solar cell toward the respective electrodes for collection. Diffusion cur-
rent also participates in carrier transport. This is the diffusion of carriers along
the carrier concentration gradient developed around the hetero-junction. As the
geminate pairs keep generating around hetero-junction of the cell, the concentra-
tion of electrons and holes tend to grow around the hetero-junction. This higher
concentration of charge carriers is responsible for build up of concentration gra-
dient. Thus, charge carriers diffuse along the concentration gradient away from
the hetero-junction, resulting into the diffusion current. The diffusion current
mainly dominates when the applied bias modifies in a way that internal electric
field is nearly zero, while drift current dominates when the internal electric field

is large [8].

1.4.2.4 Charge Collection

Once the charge carriers approach to the active layer/electrode interface,

they are extracted from the active layer to the electrodes. The potential barrier
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at the active layer/electrode interface has to be minimized so that maximum
charge can be collected. Thus, the electrodes are chosen in a way that the work
function of the anode ideally matches the donor HOMO, while the work function
of the cathode is expected to match the acceptor LUMO. With this set up, the
contacts are called ohmic contacts and at the same time, V. correlates positively
with the difference between the acceptor LUMO and donor HOMO [170]. On the
other hand, a corresponding ohmic contact cannot be established between active
layer/electrode interface if the work functions of anode and cathode materials
are not near from the donor HOMO or acceptor LUMO. If they are not, this
will result in the carrier extraction behavior dominantly governed by the metal-
insulator-metal (MIM) model [I71]. ITO does this job well as an anode because
its work function of 4.7 eV matches well with the HOMO of donor material
P3HT [172] and low work function metals, such as Al, with work function of
4.2 eV match the LUMO of PCBM. Besides choosing right electrodes, certain
materials can be inserted as interlayers between the electrodes and the active
layer to better align the electrode work function and the active layer LUMO or
HOMO. For example, a very thin layer of LiF, is usually evaporated on the active
layer before fabricating the cathode to form an ohmic contact [I73 174]. TiO,
[175], 176] and ZnO are solution-processable materials which have been used to
enhance electron collection [I77, 178]. For ohmic contact at anode electrode,
some transition metals oxides, such as MoO3z or WOj3 as interlayer/hole collector
are used [178, 179, 180, I8T]. The overall operation of solar cells is summarized
in figure [1.19 showing the four steps: (1) Photon absorption leading to exciton
generation; (2) Exciton diffusion to a donor/acceptor heterojunction; (3) Exciton
dissociation at a heterojunction to form geminate pairs; (4) Carrier transport and

carrier extraction at the electrodes.
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Figure 1.19: Illustration of the principle of charge separation in solar cell [§].

1.4.3 Characterization of Organic Solar Cells

Characterization of Organic Solar Cells involves some measurements which
need to be described. The terminology used in the characterization of OSCs
will briefly be explained. It is important to begin with by understanding what
happens to an OSC in the dark and upon exposure to illumination. This is
explained by Current-Voltage (J-V) characteristics curve/graph, also called I-V
graph. In dark, the J-V curve passes through the origin of graph. No current
flows if there is no potential applied to the electrodes of device. But once the
device is under illumination, the J-V curve shifts downward. Figure [1.20| shows
the J-V characteristic curve. The following terms are often used to characterize

solar cells, some of the items can be seen on the J-V curve:

Air Mass (AM) is the measure of atmosphere sunlight that must travel to the
earth’s surface and is denoted by "AM(x)”, where x is the inverse of the cosine of
the zenith (the highest point that the Sun or the Moon reaches in the sky, directly

above you) angle of the Sun. A typical value for solar cell measurements is 1.5,
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Figure 1.20: Graph of current (J) versus Voltage for photo-voltaic devices. The
figure shows how the device characteristics change upon illumination. Key points on

the graph are also indicated, [182)].

which means that the sun is at an angle of about 48°. Air mass describes the
spectrum of radiation, but not its intensity. For solar cell purposes, the commonly

used value of intensity is fixed at 100 W /cm?.

Open-Circuit Voltage (V,.) is the maximum possible voltage (V) across a
photo-voltaic cell, the voltage at which the current density output is 0 A. V.
mainly depends on the difference of work function of metal contacts. It depends
on the difference of HOMO-LUMO between the donor and the acceptor when an

ohmic contact at the electrodes is formed.

Short-Circuit Current Density (Jsc) is the current (Isc) intensity per surface
(A/m?), the current that flows through an illuminated solar cell when there is
no external resistance (i.e., when the electrodes are simply connected or short-
circuited) or the current at which the externally applied voltage is 0 V. The
short-circuit current is the maximum current and represents the number of charge

carriers that are generated and eventually collected at the electrodes at short
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circuit condition. This can be improved by a small band gap, a high absorption
coefficient, a smaller phase separation, or a high carrier mobility.

Maximum Power Point (MPP) the point (1,5, Vinpp) on the J-V curve is the
maximum power (P, a product of current and voltage, P=JV) and is illustrated
in the figure as the area of the rectangle formed between a point on the J-V curve
and the xy axes. The maximum power point is the point on the J-V curve, where
the area of the resulting rectangle is the largest.

Fill Factor (FF) is the ratio of a photo-voltaic cell’s actual maximum power
output to its theoretical power output if both current and voltage were at their
maxima, Jsc and V., respectively. This is an important factor that helps measur-
ing the performance of cell. Tt also defines the shape of J-V curve as the measure
of the squareness of the J-V curve. The squarer the shape of J-V, the better the

device is. The formula for FF in terms of the above quantities is:
FF = Jopp X Vinp/ Jse X Voe (1.15)

where J,,,p, and V,,,, are the current density and the voltage at the point
of maximum output power respectively.

Power conversion efficiency (PCE) is the ratio of power output to power
input and represents the efficiency of the solar cell. In other words, PCE measures
the amount of power produced by a solar cell relative to the power available in
the incident solar radiation (P;,). P;, is commonly fixed at 100 W/cm? when
solar simulators are used. This is the most general way to define an efficiency.

The formula for PCE, in terms of quantities defined above, is:
Ne = Jmpp X Vinpp/ Pin = Jse X Voo X FF /Py, (1.16)

Quantum Efficiency (QE), is the efficiency of a device as a function of the
wavelength or the energy of the incident radiation. For a particular wavelength,
it specifically relates the number of charge carriers collected to the number of
photons shining on the device. QE can be reported in two ways: internal QE and

external QFE.
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External Quantum Efficiency (EQE) also called Incident Photon to Cur-
rent Efficiency (IPCE), is the measure of incident photon to electron conversion
efficiency. This type of quantum efficiency includes losses by reflection and trans-
mission. This gives the percentage of incident photons that are converted to
carriers that are finally collected at the electrodes under short circuit conditions.

Internal Quantum Efficiency (IQE) refers to the efficiency with which pho-
tons that are not reflected or transmitted out of the cell can generate collectable
carriers. By measuring the reflection and transmission of a device, the exter-
nal quantum efficiency curve can be corrected to obtain the internal quantum

efficiency curve.

1.5 Performance and Properties of Graphene

TCEs

The interest in the graphene-based TCEs is introduced in this part. Apart
from high optical transparency, high electrical conductivity and good thermal
and chemical stability [I83], [20], graphene is flexible unlike ITO which yields
cracks on bending. Due to these attractive properties, graphene is investigated in
several applications as TCE. Graphene is being envisaged as an enabling material
which will not only replace ITO in mainstream application but will energize the
drive for flexible electronics devices. Here, we will focus on the performance of
graphene based TCEs for Organic Solar Cells. A single sheet or a mono-layer of
graphene absorbing light between 400 nm and 6 mm in the UV region through
direct inter-band transitions, while its absorption intensity remains nearly flat,
approximately 2.3 %, throughout this spectrum as shown in the figure [1.21)(a)
and (b), it indicates that 4 sheets/layers (or less) of graphene can be applied to

obtain comparable or even higher transmittance than provided by ITO (figure

T.21)) [183, 184)].
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Figure 1.21: Transmission of SLG, and BLG (a), and up to five layer FLG (b), and
AFM height as function of thickness of graphene (height obtained by AFM

tapping-mode profile) up to 8 layers of graphene (c) [183], [16].

In terms of sheet resistance, single to few (up to 5) layers graphene from epi-
taxial and CVD methods can give best performance (sheet resistance «~ 302/,
but generally one order of magnitude higher) [145]. LPE graphene has moder-
ate values of sheet resistance. RGO, as starting material, is insulating (sheet
resistance of 10'?), but can give resistance in the range of 10? to 10° Q/0J, de-
pending upon the rate of reduction, the type of reduction environment and the
thermal conditions |88 [I85] [I86]. Most of the production methods render values
of sheet resistance that are not sufficient for organic solar cells and hence they
are doped with different types of materials to modify the conductivity and the

type of carriers in thin films.

Sheet resistance can be reduced by nitric acid, a p-type dopant up to 108
from 272 /0 [59] for roll-to-roll (CVD) SLG. Polyvinyl alcohol (PVA) induces a
n-type doping, and the sheet resistance for graphene obtained by micromechanical
exfoliation can be dramatically decreased from value of 4 kQ/OJ to 400 /0,
whereas transmittance remains unaffected [I87]. One of the problem, however,
of the doping approach is the long-term stability of doping, which is susceptible

to degradation due to instability of doping and absorbance of moisture. This
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issue warrants the use of chemical doping requiring long-term use/application. A
curable polymer (poly(4-vinylpyridine)) coating can be applied over the doped
graphene film to protect the properties of doped graphene film. This technique
has displayed reliable protection of film and its sheet resistance stayed unaltered
under ambient conditions for a period over 2.5 months [I8].

Many groups have used graphene-based (graphene, few layer graphene or
rGO) transparent conductive films (GTCF) into organic solar cells as transpar-
ent electrode and have demonstrated beyond the proof of concept and compa-
rable with ITO electrode performance with graphene materials, on rigid and
flexible substrates [189)], [190]. Solution-processable rGO provides lower effi-
ciency up to 1 % in OSC devices due to its high R, which is in the range of
1-18 K. Highly-doped, CVD-grown multi layer graphene used as a top (an-
ode) electrode, and P3BHT:PCBM as the active layer, was reported to show ex-
cellent efficiency of 3.2 % in flexible OSC device on a plastic substrate [191].
Figure [1.22] shows two device structures for OSCs: conventional and inverse,
and their Current-Voltage (J-V) characteristics. Figure [1.22|(a) shows a conven-
tional device (Glass/LrGO/PEDOT:PSS/P3HT:PCBM/Al) structure using one
step, fast laser reduced (LrGO) as an anode on a glass substrate [192]. Figure
1.22(b) shows an inverse structure device on a flexible polyimide (PI) substrate
(PI/Metal/ZnO/P3HT:PCBM/PEDOT:PSS (Au)Graphene/PMMA) with CVD
graphene used as anode [191]. J-V characteristics of both devices are shown by
(c) and (d) for different thickness of LrGO and graphene (with variable number
of sheets) conventional and inverse devices, respectively.

In a recent report, very high efficiency was obtained by using doped-CVD
graphene on a flexible substrate with modified PEDOT:PSS (Graphene hole ex-
traction layer (GraHEL), also called hole transport layer (HTL) to improve wetta-
bility of HEL which otherwise can hamper the homogeneous deposition of pristine
PEDOT:PSS due to opposing nature of graphene (hydrophobic) and HEL (hy-
drophilic) (figure . They demonstrated that 3 sheets of graphene using a
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Figure 1.22: Organic Solar Cell structure using GTCFEs. (a) Conventional device
(Glass/LrGO/PEDOT:P3HT:PCBM/Al) structure for using LrGO as an anode, (b)
Inverse structure device on flexible substrate
(PI(substrate)/Metal/ZnO/P3HT:PCBM/PEDOT:PSS (Au)Graphene/PMMA) with
CVD graphene used as cathode, (c) J-V characteristics of OPVs with different number
of layers of graphene anode doped with PEDOT:PSS+Auw or PEDOT:PSS only, and

(d) J-V curves of the solar cells with various LrGO film thicknesses [192], [191].

more efficient bulk heterojunction (BHJ) provides highest reported efficiency of
4.33 %, so far [193].

Figure [1.23] shows the device structure and its J-V characteristics, showing
flexibility of graphene and FL.G and use as interlayer in a high efficiency device.
Inset shows optical image of the fabricated device on flexible substrate.

These cells have also been demonstrated with active layer consisting of small

molecular weight molecules, such as copper phthalocyanine (CuPc)/fullerene
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Figure 1.23: (a) Organic Solar Cell structure using modified PEDOT:PSS
(GraHEL) and (b) J-V curves of the solar cells with varying film thickness/sheets of

graphene [193)].

C60/bathocuproine (BCP) as well. Earlier, an OSC with CuPc¢/Cg/BCP on
rGO with a film thickness of 20 nm, an optical transmittance of 80 %, and a
variable sheet resistance from 5 KQ to M()/square was reported with poor de-
vice characteristics, efficiency of only 0.4 %, due to the enormously large sheet
resistance [189]. CVD graphene with sheet resistance of 230 §2/square at 72 %
transparency showed power conversion efficiency of 1.18 % which was comparable
with ITO-based control device (efficiency 1.27 %) [189]. Device structure con-
sisted of Graphene/PEDOT:PSS/CuPc/Cg/BCP /Al where CuPc/Cgy formed
the heterojuntion, PEDOT:PSS and BCP served as Hole Transport Layer (HTL)
and Electron Transport Layer (ETL) for anode (graphene) and cathode (Al) re-
spectively. Figure shows the band diagram of graphene-based device with

small molecules and the J-V characteristics with bending cycles.

~e—aLG [+ 716 .--3?’""

06

The conventional structure of OSC has evolved from ITO/PEDOT:PSS/photo-

active layer/Al due to instability and performance degradation caused by oxida-
tion of the top Al electrode to inverse structure by incorporating air-stable and

high work function electrodes as Ag, CNT and ITO, which gave efficiencies of
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Figure 1.24: (a) Organic Solar Cell structure using small molecules and

graphene-based TCE (b) J-V curves of the solar cells for different bending cycles [189)].

1.3 % up to 3.2 % [194], [195], [196]. There are examples where graphene films
have been used as cathode electrode, investigated towards their suitability for
semi-transparent inverse structure solar cells. Laminated graphene was used in
as top electrode in ITO/ZnO/P3HT:PCBM /GO /G structure, using a simultane-
ous thermal releasing/annealing technique. The device demonstrated PCE up to
2.5 % [197]. Later, an improved performance was demonstrated by using highly
doped single-layer graphene as the top electrode of semitransparent organic solar
cells. An efficiency of 2.7 % was reported by illumination of the device from
graphene electrode side under the AM1.5 solar simulator. Further, it was stated
that devices showed higher efficiency from the graphene than I'TO side, due to the
better transmittance of the graphene electrodes [198|. Table shows the per-
formance of some selected organic solar cell devices made using graphene-based

transparent conductor films/electrode [145].

Recently, graphene cathode-based hybrid solar cells using two different
photo-active materials, PbS quantum dots and the conjugated polymer P3HT,
demonstrated power conversion efficiencies of 4.2 % and 0.5 %, respectively, under

AM 1.5G solar simulator conditions [199].
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Table 1.7: Performance of GTCFs in organic solar cells [145].

Graphene type Sheet resistance T (%) PCE (%)
rGO* 1 k2 sq~! 80 1.01
rGO* 17.9 k2 sq™" 85-95 0.13
rGO-CNT 240 kQ sq~* 86 0.85
LrGO 700 © sq~" 44 1.1
CVD-G doped with PEDOT:PSS 3500 sq_' 88 2.7
CVD-G doped with PEDOT:PSS and Au 158 + 30 Q2 sq~! 90 3.2
CVD-G doped with SOCI, 450 Q sq~" 90 2.5
CVD-G doped with HNO, 36.6 Q1 sq™! 85 4.33

* Chemical reduction of exfoliated graphene oxide (GO).

Another type of organic solar cells which use organic dyes are the Dye-
sensitized solar cells (DSSCs). DSSCs have attracted scientific community since
last two decades due to low cost production, simplicity, and high conversion effi-
ciencies with very recent report at 13 % efficiency [200]. Potential of graphene as
conductor counter electrode has been investigated in this category of devices as
well. Function of a counter electrode is to inject electrons into the electrolyte and

help catalyze iodine reduction after charge injection in DSSCs |201]. Fluorinated

multilayer graphene was shown to display a promising electro-catalytic activity

toward triodide (I3) reduction in DSSC device. The device platinum-free multi-
layer graphene counter electrode demonstrated power conversion efficiency (PCE)
of 2.56 %. Another report using a graphene nanosheet counter electrode claimed

high PCE of 6.81 % in DSSC [202]. rGO films, when used as transparent counter-

electrodes displayed an encouraging 2.64 % efficiency [87)]. Later, a graphene film

coated with conducting polymer, used as counter electrode displayed a high effi-

ciency of 6.26 % (comparable to 6.68 % efficiency of the control device comprising

Pt/ITO) in a platinum-free and inexpensive flexible device [203]. A short dura-
tion nitric acid treatment and a PEDOT:PSS film over graphene contributed to
lower the sheet resistance and enhancement of PCE for the device. These results

highlight the importance of graphene materials as counter electrodes in DSSCs.
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However, to be fully commercialized, graphene production methods have to be
optimized for low cost and high quality graphene films on a large scale. GTCFs
are promising, environmentally favorable and flexible alternatives for TCEs to
replace ITO. Pristine graphene, stacked FLG, doped graphene and rGO have
demonstrated gradual improvement in performance in the TCFs in polymer and
small molecule OSCs as bottom and top electrodes. Best performance in terms of
PCE is demonstrated for doped CVD graphene, whereas large quantity graphene
with compromised material properties is obtained by the LPE method. However,
future of graphene TCEs is promising, as further optimization of production
methods, deposition and non-volatile doping techniques continue to improve the

material.

1.5.0.1 Carbon Nanotubes and their Hybrids

Since the first experimental observations of CNTs in 1991 [204], fundamen-
tal transport properties of more tubes have been studied, and a decade later it
was reported that charge mobilities as high as 10° ¢m?/V.s can be attained in
individual CNTs [205]. Despite their attractive electrical, optical and mechani-
cal properties, the progress in CNTs applications has been slower than initially
expected. Fundamental problems linked with CN'Ts are their production in large
quantities with appropriate purity.

It is difficult to separate carbon impurities and catalyst-free CNTs. Further,
as-produced CN'Ts contain a mixture of nanotubes of various lengths, diameters,
tube number and chiralities. It involves therefore, tremendous effort and time
to get nanotubes of suitable/desired features in large scale without the substan-
tially increasing cost of CN'Ts production. There are several reviews which cover
synthesis, yield, purification, transport and other important features of CN'Ts
in detail, thus we which will not focus on it here [206], [I30], [207]. Thin films

of nanotubes comprising random percolated networks of CNTs have emerged as
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transparent material for opto-electronics applications [208], [209], and have been
used as transparent conductor electrodes by several groups [210], [211], [212]. In
order to obtain good quality flexible and transparent films, the transfer from a
filter membrane onto a desired support via solvents [212] or in the form of LBL
adhesive film grown by CVD method is necessary [213]. A study showed that
films prepared by arc-discharge show good conductivity and transparency [214].
Vertically aligned CN'Ts with high thermal and good electrical conductivity have
been reported as well [215].

Mostly, single wall nanotubes (SWNTs) have been studied for transparent
conductive electrodes applications due to their good quality and good trans-
parency for a larger spectrum from UV-Vis to near IR region (3-5 p meter) [212].
Work-function of SWNTs (4.8-4.9 V) networks matches well with that of ITO
(4.7 eV), indicating that SWNTs can function as efficient hole charge collectors
in the OSC anodes [121]. SWNTs films exhibit sheet resistance of few hundreds
of /0 which is an order of magnitude higher than in the case of graphene.
In contrast to I'TO, SWNTs can be deposited on PET substrates via solution-
processable means, they are thermally conductive to sustain heat dissipation,
and they offer high chemical inertness, even in an oxygen environment. CNT
films made from solution-processable methods were demonstrated as anodes in
opaque organic solar cells [138]. SWNTs were used as transparent conductor
anode on glass substrate to replace ITO with a low efficiency of 1% due to low
transmittance (45%) [216]. Soon, another report demonstrated organic solar cell
with CNTs network as transparent electrode on flexible PET substrate with 85%
transparency and sheet resistance of 200 2/0, showing efficiency of 2.5% [217].

Later study suggested that CNTs electrodes can perform dual function
as TCE and as an efficient Hole Transport Layer (HTL), thus eliminating PE-
DOT:PSS from the structure [2I8]. The structure replacing ITO with SWNTs
( SWNTs/PEDOT/P3HT:PCBM/Al) demonstrated a device efficiency of 2.61%
and the second one replacing ITO and PEDOT with single layer of SWNTs (SWC-
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NT/P3HT:PCBM/AI) gave an efficiency of 1.43% whereas showing an inherent
compatibility of SWNTs with the chlorobenzene solvent.

HNO3-doped SWNTs demonstrated an efficiency of 3.1% for an OSC, close
to the efficiency of control ITO device (3.6%) [219]. To support the concept
of eliminating PEDOT:PSS, a device entirely made up with carbon nanotube
network electrodes displayed a power conversion efficiency of 2.65% without PE-
DOT [220]. At the same time, multi-wall nano tubes (MWNTs) film used as a
counter electrode in DSSC displayed higher performance with 7.7% of conversion
efficiency [221]. The hybrid films consisting of Garphene-CNT have also been
integrated as TCE in organic solar cells. One way to improve the properties of
transparent film is using rGO/CNT hybrid film which could help lower the sheet
resistance and/or modify the work function of TCF [222]. In order to under-
stand how CNT /graphene hybrid will change the opto-electronic properties of
thin film, a study [223] demonstrated that with the increase of graphene con-
tent (wt%), there was slight gradual decrease in transmittance of hybrid film but
sheet resistance was improved. They achieved best transmittance of 80% with a
sheet resistance of 100 /0 for optimized hybrid films after acid treatment steps.
Recently, Graphene Mesh electrode (GMEs) was produced from rGO using the
standard industrial photo-lithography and Os plasma etching process on Si/SiO,
substrate. This functioned as TCE with poly-(3-hexylthiophene)/phenyl-Cg;-
butyric acid methyl ester (P3HT/PCg¢BM) as the active layer and displayed
efficiency of 2.04 % [224].
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1.6 Aim of Thesis

The aim of thesis is to integrate few layer graphene (FL(G) nanomaterials
as transparent conductor electrodes in the organic solar cells (OSCs) in place of
the widely-used Indium tin oxide (ITO) anode electrode but also to envisage the
potential use of these nanomaterials as conductive counter electrode (cathode).
This consists of several subtasks including the production and optimization of
FLG by low cost, high yield and facile mechanical and liquid exfoliation methods;
and next establishment and optimization of deposition method to obtain (semi)
transparent and conductive thin films of FLG materials by hot-spray method
which has advantages of being simple, low-cost, scalable and potentially suitable
for an unlimited surface coverage. After thin film deposition, investigation of
(opto) electronic (electrical) properties and morphology/roughness of prepared
thin films/charge transport devices are to be performed to find out their suitabil-
ity for integration in the OSCs. Several other characterizations are also envisaged
to increase the predictive understanding of FLG materials in general and FLG

thin films in particular.

1.7 Organization of Thesis

This thesis is divided in to seven chapters. Each of which contains specific
information from introduction, methods and materials to results and conclusions.

The introduction to the subject and literature review is presented in the
chapter 1. This include the criteria for choosing a transprent conductor elec-
trode and provides the general overview of carbon-based (graphene, FLG, re-
duced graphene oxide and carbon naotubes) materials by briefly over-viewing
their general characteristics, synthesis methods, charge transport properties, in-
tegration in thin, transparent conductor films (TCFs) and their optoelectronic

properties. Moreover, this chapter provides a brief introduction to OSC devices
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and further develops to survey the performance of carbon-based transparent films
in OSCs as carbon-based transparent conductor electrodes (CTCEs). The chap-
ter 2 covers the description of the materials and methods used to carry out this
work. This includes the preparations of methods for obtaining different FLG
materials and film formation by hot-spray method. Further the details of the
characterization techniques that were applied for the investigation, are given.
The chapter 3 contains the results of thin FL.G films/charge transport devices for
the materials obtained by mechanical ablation /exfoliation of pencil lead and syn-
thetic graphite, and microwaves-assisted liquid exfoliation of expanded graphite
(EG), respectively. These results include charge transport studies, transparency,
roughness/thickness, morphology and work-function studies of these films/de-
vices. The chapter 4 further presents the results for reduced graphene oxide
(rGO) and rGO/FLG composite materials obtained by simultaneous exfoliation
and reduction by microwaves-assisted liquid exfoliation of graphene oxide (GO)
and GO/EG composite in ethylene glycol medium. Their investigations are simi-
lar to those presented in chapter 3. The chapter 5 presents the results for hybrid
devices that were prepared with carbon nanotubes (CNTs), i.e. CNTs/FLG and
CNTs/rGO. The preliminary results for OSC devices fabricated by integrating
the carbon-based transparent conductor electrodes are presents in the Chapter
6. Finally, the general conclusions and perspectives for future work are given in

the chapter 7.
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2 Experimental: Materials and Tech-

niques

The information about the materials, the methods and the characterizations
that have been used to carry out research work in this thesis, is presented in this
chapter. This will begin with listing the materials first in the section [2.1], then
further details on their preparation and synthesis methods for materials will be
presented in the section 2.2 Film formation by Hot-spray method and device
fabrication will be described in the section Solar cells preparation will be
discussed in the section[2.4] Characterization techniques that have been employed
will be discussed finally in the section [2.5]

2.1 Materials

The following materials have been used during experiments:
A) Carbon/graphitic materials used in the powder form, for film for-
mation and preparation of charge transport devices
1. Few Layer Graphene (FLG) powder obtained by mechanical ablation of Pencil
Lead (commercially available B9 pencil).
2. FLG powder obtained by mechanical ablation of synthetic graphite: Highly
Ordered Pyrolytic Graphite (HOPG).
3. FLG flakes obtained by p-waves assisted liquid phase exfoliation (LPE) of
expanded graphite (EG) in toluene purchased from Carbone Lorraine ™,
4. Graphene Oxide (GO) obtained by the modified Hummer’s method.
5. Reduced Graphene Oxide (rGO) obtained by u-waves assisted reduction of
graphene oxide alone by microwave irradiation.

6. Reduced Graphene Oxide-Few Layer Graphene (rGO-FLG) obtained from u-

waves assisted liquid phase exfoliation of graphene oxide and expanded graphite



2.1. MATERIALS 71

composite.
7. Multiwalled Carbon Nanotubes (CNTs): Nanocyl™ (3100 Series Thin Multi-
wall Carbon Nanotubes) produced by the Catalytic Chemical Vapor Deposition
(CCVD) process with carbon purity >95%, metal oxide content <5%, average
length and diameter of 1.5 ym and 9.5 nm, respectively. CNTs were used as
received without further purification.

Table provides the summary of these materials with their abbreviations.
Further details on the methods will be presented later in the section [2.2]

Table 2.1: Summary of carbon/graphitic materials used.

. Type/ | Obtained by Obtained from

Raw Material Short Name
Form | (Method) (Material/ Company)
Solid, .

Few Layer Graphene (FLG) Mechanical Ablation Exfoliation Pencil Leads (B9) FLG-Abl
Flakes
Solid . .

Few Layer Graphene (FLG) Mechanical Ablation Exfoliation Synthetic Graphite FLG-HOPG
Flakes

. Solid, . . .

Expanded Graphite (EG) Thermal expansion of graphite Carbone Lorraine EG
Flakes
Solid

Few Layer Graphene (FLG) Flakes | p-waves-assisted liquid phase exfoliation Expanded Graphite FLG-p-w
Powder

. Solid .

Graphene Oxide (GO) Modified Hummer’s Method Graphite Flakes GO

Flakes
X Solid .

Reduced Graphene Oxide (rGO) p-waves-assisted liquid phase exfoliation Graphene Oxide rGO

Flakes
. \ Solid,

Reduced Graphene Oxide (rGO) al p-waves-assisted liquid phase exfoliation GO and EG rGO/FLG
Flakes

Multi-wall Carbon Nanotubes Solid ; : :

catalytic chemical vapor deposition (CCVD) | Nanocyl CNTs
(MWCNTs) Flakes

B) Materials used in the fabrication of Organic Solar Cells
1. Poly(3-hexylthiophene-2,5-diyl) (P3HT) (4002-E(2013)) electronic grade pow-
der/flakes with purity of 98.8% purchased from Rieke Metals, Inc™ . used as
received.
2. [6,6]-Phenyl C61 butyric acid methyl ester (PCgBM) powder, with purity of
99.5%, purchased from Solenne b.v.™ powder used as received.

3. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) lig-
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uid form, with conductivity (o) of 1 S/cm, purchased from CLEVIOS ™ HTL
Solar and used as purchased.

C) Substrates

Glass and quartz substrates of 1 cm x 1 ¢cm and 2 cm X 2 cm size were used for
film formation.

ITO with R,=15 /00 and patterned contacts on glass substrates were purchased
from the Luminescence Technology Corporation ™ Taiwan.

D) Solvents

Various solvents were used to prepare dispersions of the above materials and/or

to clean the substrates. The table lists the specific use of these solvents.

Table 2.2: List of solvents and their use.

Solvent (formula) Purity (%) | Purchased from | Used for
Ethanol (CoHgO) 99.8 Sigma Aldrich Dispersion of FLG
Toluene (C;Hg) 99.3 Sigma Aldrich Dispersion of EG
Ethylene Glycol } Dispersion of GO
99.5 FLUKA
(CaHgO,) and GO/EG hybrid materials
Chloroform (CHClj) 99 Carlo Erba Dispersion of CNTs
Acetonitrile (CoH3N) 99.9 Acros Organics Dispersion of CNTs
Dispersion of CNTs/
Isopropanol (C3HgO) 99.7 Carlo Erba
Cleaning ITO/glass substrates
Acetone (C3HgO) 99.8 Carlo Erba Cleaning ITO/glass substrates
De-ionized water (H,O) | (pH ~ 7) home-purified Cleaning ITO/glass substrates
Orthodichlorobenzene ) )
99 Sigma Aldrich Dispersion of PCgBM/P3HT blend

(ODCB) (CgH4Cl)

E) Gases
Gases used in thermal treatment/reduction steps were purchased from SOL
France and are used as purchased:
Argon, Hydrogen, Helium, and Nitrogen
F) Sonicators and stirrers

The following sonicators/stirrers were used for FLG, CNT, EG, GO and GO/EG
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dispersions:

1. Low-power bath sonicator (Elmasonic 102168022) with mild sonication for
different durations.

2. Finger/tip sonicator (Bandelinsonoplus uw 2200) at 30% power for different
durations.

3. Flasher Bloblock Scientific MR 3001 K Stirrer was used for stirring the
PCgBM/P3HT blend in ODCB suspension at 800 rotation per minute (RPM)
of 60 °C for 48h.

G) Spray-coating apparatus The following materials were used during spray-
coating method, the details of which will be presented in the section [2.3}

1. Air used as a carrier medium

2. Airgun (Hi-line Iwata)

3. Hot plate

H) Ovens and reactors for thermal annealing and reduction

The reactors are in quartz tubes

The ovens are tubular ovens, Early(max. temp. 1000 °C)

They were used for thermal annealing and reduction of FLG, rGO and CNT and
hybrid films.

2.2 Methods and Techniques Used for Prepara-

tions of Materials

In this section, the details of the methods used to obtain the materials for

preparing transparent conductor films are presented.
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2.2.1 Few Layer Graphene Synthesis by Mechanical Abla-
tion

This section describes how the FLG materials (powder form) used in this
work, were obtained. These materials were subsequently used to prepare FLG
dispersions in ethanol and to prepare FLG films on planar substrates by hot-spray
method. Later, these FLG films will be called charge transport devices after
the deposition of contact electrodes for the study of charge transport properties
of FLG. This FLG was produced by mechanical ablation from different starting
materials, such as pencil lead (B-9 grade) and synthetic graphite: Highly Ordered
Pyrolytic Graphite (HOPG). FLG from pencil lead will be introduced first and
then FLG from synthetic graphite will be presented. Both types of FLG were
obtained by mechanical thinning/ablation process but the difference was in the
starting material and post-synthesis treatments, which will be briefly discussed

below.

2.2.1.1 Few Layer Graphene Synthesis by Mechanical Ablation of
Pencil Lead

This method was prepared by our group and reported in an earlier work
[40]. Commercially available pencil leads were used to synthesize FLG by a
mechanical thinning principle displayed in figure [40]. These pencil leads
were ablated against the rough glass disk continuously, in an automated system,
and assisted with simultaneous ultrasonication, in order to get FLG in powder
form. Further, the obtained FLG in ethanol suspension has to undergo harsh
filtering, purification and drying steps involving acid and base treatments for
several hours, to remove the impurities such as the inorganic binder contained
in the pencil lead. After these steps, FLG was obtained in powder form for
further use [40]. These FLGs had an average lateral size of few micrometers,

and consisted of 1-20 sheets. Analyses showed that the method produced good
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Figure 2.1: A) Optical photo showing the main part of the mechanical set-up to

produce the FLG from the pencil lead by a mechanical ablation where: (1) is the glass
disk with rough surface, (2) pencil leads, (8) an ultrasonication bath containing

solvent, B) suspension of the FLG in the ethanol medium.

quality graphene with high yield (60% yield of the starting material) with added
advantages of being simple, fast, low-cost and scalable but was poorly selective for
the number of sheets, the lateral size of flakes, and size of sheets within individual
flakes. This FLG will be further called FLG-Abl in the text to indicate FLG from

Ablation (mechanical exfoliation) of pencil lead.

2.2.1.2 Homogenization and Crystallization of Few Layer Graphene

by u-waves-assisted Oxidation in Water Oxidation in Water

A 30 mL amount of distillated water was added to 300 mg of FL.G and the
suspension was stirred and heated at 160 °C for 1h under the p-waves irradiation
of 400 W (FLG-H,0). The powder was next filtered and dried at room tempera-
ture for 24h and at 110 °C for 2h, respectively. Prior to oxidative treatment, the
FLG-AbI (solid/powder) was annealed in Ar at 900 °C for 2h.
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2.2.1.3 Few Layer Graphene Synthesis by Mechanical Ablation of
Synthetic Graphite

On the pattern of FLG from pencil lead, disks of synthetic graphite materi-
als like HOPG was ablated against a rough glass surface in a home-grown set-up
to obtain FLGs. During ablation process, a controlled flow of ethanol was carried
on in order to collect the ablated FLGs in a beaker. The suspension of FLGs in
ethanol was kept for 24h for decantation in order to let the thicker flakes settle
down. The thinner FLGs floating in the ethanol (supernatant) will be collected
from the suspension after 24h. These FLGs will be called FLG-HOPG24h in
the manuscript. The approximate concentration of HOPG24h was determined to
be 0.lmg/mL ethanol. For all the materials obtained by ablation as explained
above, hot-spray method was applied for film formation, which will be described

later in

2.2.2 Microwave-assisted Liquid Phase Exfoliation of FLG
and Reduced Graphene Oxide (rGO)

Expanded Graphite and Graphene Oxide were used as starting materials
to obtain FLG and reduced graphene oxide (rGO) by the microwave irradiation
method, respectively. The Mars (CEM Corp.) microwave oven was used for
these experiments with the following characteristics: adjustable power between
300 and 1200 W and maximum temperature of 250 °C. First, the synthesis of
Few layer Graphene from Expanded Graphite in Toluene will be presented, then
Ethylene Glycol-mediated reduction of graphene oxide and expanded graphite
will be described.
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2.2.2.1 Few layer Graphene by Microwave-assisted Liquid Phase Ex-
foliation (LPE) of Expanded Graphite in Toluene

400 mg of raw expanded graphite (EG) was mixed with 200 mL toluene
(2 mg/mL), dispersed in the liquid phase and homogenized in a low-power sonic
bath (Elma sonic 102168022) for 5 minutes and a tip sonicator (Bandelinsonoplus
uw2200) at 10% power for 10 minutes, respectively. Prior to p-waves heating,
the EG-toluene suspension was sonicated in closed vessel and then stirred for
24h, in order to help intercalation of toluene at the edges, cracking of EG. The
suspension was then ready for microwave irradiation experiment. Suspension was
then put into four reactors in equal quantity (50 ml x 4) and they were placed
inside the chamber of the microwave oven within the following conditions:
- The microwave irradiation was set at the power of 600 W with a ramp of 1 min
and a duration of plateau for 10min.
- Maximum infra-red (IR) temperature and pressure were set to 160 °C and 40
bars, respectively.
- The suspension was cooled for 15 min.
The FLG sheets were formed as a suspension in toluene phase above the solid
residual EG which remains at the bottom. First there is an intercalation of
toluene at the edges, at the nano-cracks, and than the very fast heating (by u-
waves) helps to exfoliate (extract) the sheets due to the rapid rise of local surface
temperature. The suspension was left for decantation for 90 min and the FLG
sheets in toluene were extracted from the supernatant, which was formed above
the precipitated residual EG. After decantation they were kept in an oven for
drying at 120 °C for 20h. The final mass of the FLG was measured to be 27 mg
(around 7 % yield) after this drying step. The yield was improved up to ~ 20%
by adding an additional 24h stirring step prior to u-waves treatment. A similar

procedure was already reported for NH,OH exfoliated EG in [225].
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2.2.2.2 Reduced GO from Graphene Oxide (GO) and Expanded
Graphite (EG) Composite in Ethylene Glycol

Graphene oxide (GO) was reduced under pu-waves in ethylene glycol to ob-
tain rGO. Expanded graphite (EG) and GO were sonicated in ethylene glycol
separately, and the two suspensions were mixed and treated byu-waves to help
exfoliation (extraction) and reduction in rGO-FLG. Graphene oxide was prepared
by a modified Hummer’s method from graphite plates as described in [226]. Two
solutions were prepared by mixing GO alone in ethylene glycol with a concen-
tration of 1 mg/mL (100 mg/100 mL), and GO/EG (0.33:1 wt%) composite in
ethylene glycol with a concentration of 2 mg/mL (60 mg/120 mL), respectively.
The suspensions were dispersed by tip sonicator (Bandelinsonoplus uw2200) at
15% power for 3h at 40 °C. After sonication, about 80% of both suspensions were
taken in flasks in order to separate heavier from lighter material to maximize the
chances of obtaining thin FLGs. The figure shows the raw materials and the
sonication steps for both materials which allows the adsorption of GO on EG and
probably to induce the exfoliation of EG before performing the u-waves exper-
iment for exfoliation and reduction. Both suspensions (GO alone and GO/EG
composite) were separately put into four reactors (15ml x 4) each, and reactors
were then placed inside the microwave oven. Various conditions were attempted
and the following conditions were retained for both suspensions:

- The microwave irradiation was set at 800 W with a ramp of 1 min and a dura-
tion of 15 min.

- Maximum IR temperature and pressure were set to 200 °C and 40 bars, respec-
tively.

- The suspensions were cooled for 15 min.

After the exposure to microwaves, the reduced graphene oxide was recovered with
a yield of 0.7 mg/mL (70%) and 1 mg/mL (50%) for starting material GO and
GO/EG composite (now called rGO and rGO/FLG), respectively. The suspen-
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A Raw materials

Expanded graphite (EG) Graphene oxide (GO) Ethylene glycol (EG)
B Exfoliation procedure EG-GO-EG

GO suspension  EGsuspension Tip sonication

40°C, 3h

Figure 2.2: A) Raw materials, B) Sonication and exfoliation procedure before the

microwave experiment.

sions were further diluted by adding ethanol twice the volume of ethylene glycol
(e.g. 20 mL of ethanol was added in 10 mL of ethylene glycol-containing product
after microwave irradiation, modifying the concentration to ~0.25 mg/mL and
0.33 mg/mL for GO and GO/EG composite, respectively). This was done in
order to lower the boiling point of the solvent which was high for ethylene glycol
alone (c.a. 190°C). The rGO samples obtained from both GO and GO/FLG in
ethylene glycol-based solutions were used to grow thin films on glass/quartz sub-
strates with various deposition quantities using the spray-coating method. These
films are further called rGO and rGO/FLG, respectively. Table provides the
summary of the prepared FLG/rGO materials by different methods discussed in

this section.
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Table 2.3: Summary of methods of producing FLG/rGO materials.

Exfoliation/Reduction X X Obt.
Raw Material/Precursor | Media/Solvent Short Name
Method Product
Mechanical Exfoliation Pencil Leads (B-9) Rough glass disk/Ethanol/Toluene | FLGs FLG-Abl
Mechanical Exfoliation Synthetic Graphite (HOPG) | Rough glass disk/Ethanol FLGs FLG-HOPG24h
Liquid Exfoliation/u-waves | Expanded Graphite Toluene/ p-waves FLGs FLG-p-w
Liquid Exfoliation/p-waves | Graphene Oxide Ethylene Glycol/p-waves rGO rGO
L L Graphene Oxide/Expanded
Liquid Exfoliation/p-waves Ethylene Glycol/p-waves rGO/FLG | rGO/FLG
Graphite Composite

2.2.3 CNTs dispersion

Different solvents with different concentrations were tested to prepare CN'Ts
dispersions in order to find the suitable solvent and concentration, respectively
2 mg each was initially put into 40 mL (0.05 mg/mL) of a solvent such as:
ethanol, chloroform, ethylene glycol, acetonitrile, and isopropanol. By visual ex-
amination, it was found that CNTs had formed better dispersion in acetonitrile
or isopropanol and was stable for several hours as compared to the other three
solvents. To further homogenize the dispersions, the suspensions were diluted
to a concentration of 0.025 mg/mL by doubling the volume of solvents and this
concentration was retained for further use of these suspensions in the formation
of thin films. CNTs dispersions were used to prepare the hybrid films with other
materials, such as FLG and rGO by spray method. These films made up of CN-
T/FLG, CNT/HOPG and CNT /rGO hybrids were prepared by always depositing
CNTs ahead of other materials (FLG/HOPG/rGO) to minimize the roughness

issues.
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2.3 Film Formation for charge transport devices

by Hot-spray Method

Hot-spray method was used to prepare thin films of FLG and rGO materials
obtained by the above methods (mechanical and p-waves-assisted liquid exfolia-
tion), which would serve as transparent conductor films for the study of charge
transport properties by electrical measurements. Hybrid films of these materials
were also prepared with CNTs. Different concentrations of these materials were
tested in different solvents. Films were prepared on a preheated glass/quartz
plates (1/2 ¢cm?, respectively) at 120 °C under ambient air. Glass plates were
cleaned in ethanol for 15 min in sonic bath before deposition. Different vol-
umes of FLG/rGO suspensions (mostly in ethanol) were deposited using Airgun
(Hi-line Iwata).

The glass/quartz plate substrate was continuously heated during the mate-
rial deposition and the temperature fluctuated between 80-120 °C during deposi-
tion. Air was used as the carrier gas at a variable inlet pressure between 0.5-1.5
bar. The nozzle diameter of the gun was variable (0.22-0.3 mm) and its distance
from the substrate was 12 cm.

Some of the 2 cmx 2 c¢m (4 cm?) samples were used as transparent, con-
ductor electrodes for fabricating OSCs. These will be called carbon-based TCEs
(CTCEs) as when used as group term and they will be referred to, with their
generic names as FLG-Abl, FLG-HOPG, rGO, CNTs/FLG-Abl and so on so forth
when used as individual films. Figure [2.3] shows the FL.G dispersion in ethanol

and hot-spray set up.

2.3.1 Electrodes Deposition by Thermal Evaporation

Before Au evaporation, a new configuration of masks for Hall Effect mea-

surements was designed, using Labview interface for a laser (YAG epitherm610



82 CHAPTER 2. EXPERIMENTAL: MATERIALS AND TECHNIQUES
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Figure 2.3: (a) FLG dispersion in ethanol, (b) set-up of spray coating by air-gun on
hot plate.

quantronix model 114). The laser has the following specifications: Intensity 30A,
repetition rate 25kHz, wavelength 1064 nm, pulse 100 ns, laser focus spot on
sample 100 pm, continuous power 6 W, and cutting speed of 100 p/sec. The
masks were cut with the following conditions: 60 mm/s at 30A intensity.
Chromium/Gold (Cr/Au) electrodes were deposited on the top of the FLG
films by evaporation (Home-made evaporator at the rate of evaporation of 3-7 A /s
for Au and L&/s for Cr with a vacuum of 4x10~" mbar) to prepare charge trans-
port devices for electrical measurements. The thicknesses of deposited chromium
and gold electrodes on the top of graphene film were 2.5 nm and 30 nm, respec-

tively, for each sample.

2.4 Solar Cell Preparation

Solar cell preparations steps are outlined here.
The donor-acceptor solution (P3HT /PCyBM)
The prepared solution (40 mg of PCgBM/P3HT (1:0.7)) was taken in a small
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flask and mixed with ODCB (40 mg/mL) and placed on the stirrer for stirring
the blend in ODCB suspension at 800 rpm at 60 °C for 48 hours inside the glove
box.

Thermal evaporation and substrate cleaning

Cr 2.5 nm and Au 25 nm were deposited by thermal evaporation on all sub-
strates/samples (CTCFs/CTCEs and reference ITO).

The ITO reference cell was cleaned three times for 15 min, each in acetone, iso-
propanol and deionized water in mild ultrasonic bath at 45°C.

UV Ozone treatment

Few samples (CTCF /CTCE) were treated under UV to activate the surface before
PEDOT:PSS deposition for 2 min and some of them were retained as untreated.
Subsequently, the reference ITO substrate/cell was treated for 15 min under UV
ozone.

PEDOT: PSS deposition

PEDOT:PSS was deposited using spin-coating method with the following condi-
tions:

Few hundreds of uL. of PEDOT:PSS was spin-coated on all cells with speed=3000
rpm and acceleration=1000 rpms/s for 60s. CTCF/CTCE samples without UV
ozone treatment remain hydrophobic and the deposition of PEDOT:PSS is then
not uniform on the surface of CTCFs/CTCEs. All samples were thermally-
annealed on a hot plate at 140 °C for 30 min inside the glove box.

Active layer

The spin-coating method was used for deposition of PSHT:PCBM blend as well
with following conditions in 2 steps: step 1: speed=1250 rpm and accelera-
tion=200 rpm/s for 90s; step 2: speed=2000 rpm; and acceleration=200 rpm /s
for 120s. All samples were thermally-annealed on a hot-plate at 140 °C for 15
min inside glove box.

Counter electrodes (Ca/Al) deposition

Ca (20 nm) and Al (120 nm) electrodes were deposited by thermal evaporation
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inside the glove box.

J-V characterization

The current density-voltage (J-V) characteristics of the reference ITO device and
carbon-based OSCs were measured with a Keithley source 4200 SCS measure-
ment unit, under darkness and illumination in conjunction with a solar simulator
under AM 1.5 G conditions (Oriel Xenon 150 W) and a 100 mW /cm? power flux

2. The device performances in terms of

on an active device surface of 0.12 ¢cm
V-I response and efficiency were measured in glove box under nitrogen atmo-
sphere. Mr. Thomas Regrettier and Nicolas Zimmermann helped with solar cells

fabrication and characterizations.

2.5 Characterizations Techniques

The following characterization techniques have been employed to study the
structural, (opto) electronic properties, and the morphology of graphene materials
and films. This section will start with the description of electrical characterization

first.

2.5.1 Electrical Characterizations for Charge Transport
Measurements by Two Probes, Four-Point Probes

(FPP) and Hall Effect (HE)

In order to study the charge transport of these carbon-based (FLG/rGO
and hybrids with CNTs) films, electrodes must be deposited on these films to
facilitate the electrical measurements by providing ohmic contact and preserving
underlying films from degradation. Further details on electrical characterizations

are provided for each technique below.
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2.5.1.1 Two Probes for Electrical Resistance Measurements

A Keithley 4200-SCS semiconductor characterization system was used for
two-probes electrical resistance (R) measurements with a 4200-SMU card unit in
ambient environment. The SMU card unit operates as a voltage or current source
(depending upon source function) in series with an I-Meter (ampere meter), and
connected in parallel with a V-Meter (volt meter). Current and voltage are regu-
lated (limited) by respective limiting circuits (I-Limit and V-Limit, respectively)
to the programmed compliance value of the unit. By injecting a current (I),
the potential difference (V) can be measured across the same terminals and vice
versa. Figure shows the device (Organic Field Effect Transistor, OFET
device supplied by FRAUNHOFER IPMS) configuration with variable gaps be-
tween electrodes (2.5, 5, 10 and 20 um) for two probes and ﬁgure shows the
SEM image of a 2.5 um device after FLG deposition over it.

20

@
2.5 ‘

LEN X30  100pm WO BZmim

Figure 2.4: A) Device configuration with variable gaps between electrodes (2.5, 5, 10
and 20 um) for two probes measurement (T=top, B= bottom, R= right and L=left)
and B) SEM image of the 2.5 um device after FLG deposition.
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2.5.1.2 Four-Point Probes (FPPs) for R, Measurements

The resistivity, expressed in units of ohm-centimeters (ohm.cm) can be de-
termined using either a four-point probe or a Van der Pauw configuration /mea-
surement technique. The most common method for measuring resistivity is the
four-point probes method (FPPs). A Keithley 220 programmable current source
in conjunction with a Hewlett-Packard 34401 A multimeter was used for four-point
probes sheet resistance measurements (R;) in ambient environment.

FPPs also allow to measure two-dimensional sheet resistivity of thin films
by injecting/inducing the current through two extreme (external) probes, and
measuring voltage difference (V) between two middle probes, created by current

flowing through the sample. The scheme is given in figure 2.5

1 2 34

A B dec power Ammeter
SUPPIY e (A

Voltage
Probes

_J Cl.lrre:'lt"‘ml Current
2 " Probe Probe

Figure 2.5: A) Scheme showing the geometry of sample and probes in FPPS
measurement, B) scheme showing the measurement principle, where extreme probes are
used to inject the current in the sample under investigation and middle probes measure
the voltage drop caused by the induced current across the sample. The spacing between
probes is equal to s and is constant for all four probes from 1 to 4 as shown in A. The

distance among probes in B is arbitrarily exaggerated for a better visualization only.

If the spacing between the probe points is constant, the conducting film

thickness is less than 40 % of the spacing, and the edges of the film are more than
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4 times the spacing distance from the measurement point, the sheet resistance
(Rs) of the film is given by Ohm’s law and a geometrical correction factor as

follows:

R, = % x F2 (2.1)

The R, is the calculated sheet resistance of sample in /0, V is the mea-
sured potential difference in Volts, [ is the induced current in Amperes, and F2 is
a geometrical correction factor which takes into account the length (a) to width
(d) ratio (a/d) of the sample, and the spacing s between the probes for rectangle
or square samples. It is precisely based on the ratio of the width to the probe
spacing (d/s) and sample size or length to width ratio (a/d) [227]. Since our
samples are 2 cm X (4 cm?), and the spacing (s) is 0.635 mm, d/s ratio is around
31, so a factor 4.45 or 4.51 corresponding to the d/s<40 can be applied. In our
calculations, a value of 4.45 was chosen. Further, chart with calculations of ge-
ometrical factor for different sample geometries is provided in the manual pages
of FFPs in the appendix [8.5]

The measurements were done by inducing different current (I) values, start-
ing from 1 pA to 1 mA and occasionally up to 10 mA depending upon the stability
of the FLG transport device and the compliance of the Keithly measurement sys-
tem in order to get evaluation of Ry with increasing current. For each device, a
pair of electrodes (Au/Cr) was deposited (by Nicolas Zimmermann) as shown in

Figure 2.6

2.5.1.3 Hall Effect Measurement System for Mobility, Resistivity and

Charge Carrier Concentrations Measurements

A Microworld HMS-500 Hall Effect (HE) measurement system was used to
make electrical characterizations. The van der Pauw configuration is commonly
used in measuring the resistivity and the Hall coefficient of a sample [228]. Usu-

ally, highly conductive materials such as Au and Ag are used for electrodes, but
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Figure 2.6: A) Geometry for charge transport device sample with dimensions of
electrodes and spacing (s) between them, B) Optical image of actual device after

electrodes deposition.

paste of Indium Gallium (InGa) is also used. Figure [2.7[(b-d) shows the possible
geometries for HE measurements. A cloverleaf geometry is preferred, however
a square sample with contacts at the perimeter is acceptable. The contacts are
numbered from 1 to 4 in a counter-clockwise order, beginning at the top-left con-
tact (figure 2.7(b)). The Hall effect can be observed when the combination of
a magnetic field through a sample and a current along the length of the sample
creates an electrical current perpendicular to both the magnetic field and the
current, which in turn creates a transverse voltage that is perpendicular to both
the magnetic field and the current [229]. Figure 2.7(a) illustrates the schematic
of Hall Effect principle and sample geometries in van der Pauw configuration
for Hall effect measurements [230]. When an electrical current passes through a
sample placed in a magnetic field, a potential proportional to the current and to
the magnetic field is developed across the material in a direction perpendicular
to both the current and to the magnetic field. The Lorentz force accumulates the
carriers on one side of the sample so that a Hall voltage (Vg) is created when
the electric force on the carriers counter balances the Lorentz force. The right
hand rule allows us to determine the direction of the force on a charge carrier

based on its direction of motion and the direction of the applied magnetic field.
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Figure 2.7: Schematic of principle of Hall Effect (a) and sample geometries for Van

der Pauw configuration for resistivity and Hall effect measurements (b-d)

Based on this principle, a measurement of Hall Effect can actually be used to de-
termine several important material parameters such as the carrier mobility (u),
the carrier concentration (n), the resistivity (p), and the conductivity type (N
or P) apart from the Hall voltage (V) and the Hall coefficient (Rg). The Hall

voltage (V) is expressed as:

1B

Vi =
H nte

(2.2)

Where I is the current across the plate length (sample), B is the applied
magnetic field, ¢ is the thickness of the sample, e is the elementary charge, and
n is the charge carrier density of the carrier electrons. The Hall coefficient Ry is

defined as:

Y
2.
Ry B (2.3)

Where j is the current density of the carrier electrons, and Ej, is the induced

electric field. This is expressed in SI units as follows:

E, Vit 1
= =—=—-— 2.4
Jex B IB ne (24)

Ry

The units of Ry are generally expressed as m?/C, or Qxcm/G, or other

variants. As a result, the Hall effect is very useful as a means to measure either
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the carrier density. The Ry can also be defined in terms of mobility and charge
carriers concentration types, respectively:
2 2
—n
RH — Pl He 5 (25)
e(pin + nyte)
Where n is the electron concentration, p is the hole concentration, u. the
electron mobility, u;, the hole mobility and e the elementary charge.

Figure shows geometry of the prepared devices and an optical image of

the device sample.

Figure 2.8: A) Schematic for the van der Pauw configuration device for Hall Effect
measurement, B) Optical image of the device. Practically, the four contact electrodes
have each 1.5 x 1.5 = 2.25 mm? over a surface of 10 x 10 = 100 mm? with a
thickness t = 200 nm (t/a = 200 x 107°/10 x 1073 = 2 x 1079).

2.5.1.3.1 Basic Measurements: To make a measurement, a current is
caused to flow along one edge of the sample (for instance, I;5) and the voltage
across the opposite edge (in this case,Vsy) is measured. From these two values,
a resistance, R (for this example, Ry334) can be found using Ohm’s law:

Vi

o (2.6)

R12,34 =



2.5. CHARACTERIZATIONS TECHNIQUES 91

The current Iy, is a positive DC current injected into contact 1 and taken
out of contact 2, in amperes (A). The voltage V34 is a DC voltage (V) measured
between the opposing contacts (3-4) with no externally applied magnetic field,
measured in volts (V). The actual sheet resistance is related to these resistances

by the van der Pauw formula:

e*ﬂR12¢34/Rs + e*WR23,41/RS =1 (27)
Rearranging for R:
Ry
R="1n2 (2.8)
™

The average resistivity p of a sample is given by:
p=Rsxt (2.9)

where the Rj is the sheet resistance and ¢ is the thickness of the sample (200
nm in average). Thus equation [2.8 and 2.9 can be combined for R as follows:

R pln?2

- (2.10)

This method was also applied for the HE measurements of our charge trans-
port devices. Measurements were performed in an ambient environment at room
temperature, first with the current range of 1A to 1 mA, with magnetic field of
0.55 Tesla and second, as a function of temperature from -130 °C to around 80
°C (from 140 K to 350 K) at a current fixed at 5x10 ~* A in N, atmosphere on

the samples of 1 cm? with the electrode configuration described above.

2.5.2 Scanning Electron Microscopy (SEM)

SEM is a type of electron microscope used to produce images of a sample

surface by scanning it with a focused beam of electrons. The electrons inter-
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acting with atoms of the sample produce different types of signals that can be
detected and analyzed subsequently to extract the information about the sam-
ple’s topography and composition. These different types of signals can be sec-
ondary electrons (SE), back-scattered auger electrons (BSE), characteristic x-ray
cathodoluminescence (CL) light (see the figure [2.9A), and specimen current and
transmitted electrons. The secondary electrons emitted by atoms excited by the
electron beam is the most common imaging mode for detection. Since the sig-
nals result from the interactions of the electron beam with the atoms at or near
the surface of the sample (SEs cannot be detected after a few collisions as their
energy is reduced and they are unable to leave the sample), the amount of sur-
face "seen" by the electron beam is very important. Therefore, the contrast in
the secondary electron image (SEI) is created by sharp features and tilts on the
sample surface. Conductive samples are usually better for reflecting back the
electrons. SEM can provide a controllable magnification over a range of up to 6
orders of magnitude from about 10 to 500,000 times. SEM employs condenser
and objective lenses to focus the beam to the spot and not to image the sam-
ple. Image magnification in SEM is not a function of the power of lens as in the
case of transmission electron microscope (TEM) and other optical microscopy
techniques. SEM micrographs have a large depth of field (due to narrow elec-
tron beam) which yields a three-dimensional characteristic appearance useful for
understanding the surface morphology of a sample. For this work, a JEOL 6700-
FEG microscope working at 3 kV accelerated voltage, and equipped with a CCD
camera was used to characterize the morphology of thin films, FLG-Abl, FLG-
HOPG, rGO and their hybrid with CNT, CNTs/FLG, CNTs/FLG-HOPG and
rCNT/rGO samples, respectively. Dr. Thierry Dintzer Thierry Romero helped

during SEM sessions.
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2.5.3 Transmission Electron Microscopy (TEM)

TEM is another electron microscopy technique that uses electron beam
produced by an electron gun focused on the sample by a condenser system to
form images. The image is formed from the interaction of the electrons with
the local electronic potential of the sample in the image producing system. The
image producing system consists of objective lens, a movable specimen stage, and
image recording system (and intermediate and projector lenses), which focus the
electrons passing through the specimen to form a real, highly magnified image
(see the figure ) The images are then fed to an image recording system which
converts the electron image into some form perceptible to the human eye. The
image recording system usually consists of a fluorescent screen for viewing and
focusing. The image is magnified and focused on to an imaging device, such as:
fluorescent screen or CCD camera for permanent records. TEM is capable of
imaging at a significantly higher resolution than other light microscopes, owing
to the small de Broglie wavelength of electrons accelerated by high voltages up
to 400 kV (200 kV in our case). The most common modes of operating a TEM
is the bright field imaging mode. In this mode, the contrast formation when
considered classically is formed directly by the diffusion of electrons in the sample.
Thicker regions of the sample or the regions with higher atomic number (Z) will
appear dark, whereas, the regions with no sample (or light elements) in the
beam path will appear bright. Hence the term bright field is used. During the
analysis of the crystalline samples, a "dark-field" mode exists opposed to the
bright-field mode. In this mode, the detector is placed at a certain angle with
respect to the transmitted beam and analyzes one of the diffracted beams due to
interference with a given family of crystal planes of the sample. In fact, when the
sample is crystalline it acts as a diffraction grating and the image on the screen
in composed of a series of spots or rings. A selected-area (electron) diffraction

(SAED) pattern provides information on the local structural properties of the
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sample. The TEM can be modified to work in scanning transmission electron
microscopy (STEM) mode by addition of movable stages and detectors. In this
mode, the electron beam, which is not parallel anymore but convergent on the
sample, moves across (rasters) the sample to form the image. Modern TEMs
include aberration correctors for better quality of imaging. The figure 2.9 shows
the basic principles for SEM and TEM microscopes.

Electron Beam
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Figure 2.9: Principle of SEM and TEM respectively, showing back-scattered electrons

and transmitted electrons.

In addition, a vacuum system, consisting of pumps and their associated
gauges and valves, and power supplies are required. A JEOL 2100 field-emission
gun (FEG) microscope operated under an acceleration voltage of 200 kV was
used to study the structural quality and the number of FLG sheets accurately.
Dr. Baaziz Walid helped with TEM sessions. TEM analysis were made by drop
casting of the FLG dispersion onto holey carbon grids. The number of sheets
in few layer graphene can be counted on the slightly curved flakes edges. The

HR-TEM allows to see the crystallinity of FLG, but with very low number of
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sheets the graphene becomes unstable for the standard electron acceleration (200

KV) and for the monolayer graphene, the lower acceleration is required. [58], [40].

2.5.4 Spectrophotometry: UV-Vis spectroscopy

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry
(UV-Vis or UV /Vis) refers to absorption spectroscopy or reflectance spectroscopy
in the ultraviolet-visible spectral region. Transmittance is the fraction of incident
light (electromagnetic radiation) at a specified wavelength that passes through a
sample. The basic principle involves sending monochromatic light on the sam-
ple and analyzing the absorbed, reflected or transmitted light. Generally, the
transmittance measurements are performed at normal incidence unlike reflectance
measurements which are performed at 8° from the normal for technical reasons.
The instrument used in ultraviolet-visible spectroscopy is called a UV /Vis spec-
trophotometer. It measures the intensity of light passing through a sample (I),
and compares it to the intensity of light before it passes through (100 % light) the
sample (I,). Transmittance of a sample is given by (T') as function of wavelength

of UV-visible light, and is usually expressed as a percentage (%).

I

T\ = —
A T,

(2.11)

The basic parts of a spectrophotometer include a light source, a sample
holder, a diffraction grating in a monochromator or a prism to separate the
different wavelengths of light, and a detector. The radiation source is often a
tungsten filament (300-2500 nm), a deuterium arc lamp which is continuous over
the ultraviolet region (190-400 nm), a Xenon arc lamp, which is continuous in the
range 160-2000 nm, or more recently a light emitting diode (LED) for the visible
wavelengths. The detector is typically a photomultiplier tube, a photodiode, a
photodiode array or a charge-coupled device (CCD). A spectrophotometer can be

either single beam or double beam. In a double-beam instrument, the light is split
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into two beams before it reaches the sample. One beam is used as the reference;
the other beam passes through the sample. The reference beam intensity is taken
as 100 % Transmission (or 0 % Absorbance), and the measurement displayed is
the ratio of the two beam intensities.

For our samples, a VARIAN Cary 100 Scan UV-Visible spectrometer having
both a deuterium arc lamp and a tungsten halogen lamp was used to study the
transmittance of thin films in solid mode. Transmission spectra were measured
for films of few layer graphene, reduced graphene oxide and their hybrids with
carbon nanotubes on glass/quartz substrates (prepared by hot-spray method,
see section in the UV-Vis range (200-900 nm and occasionally between 300-
800 nm) with double beam mode (blank sample as a reference) without baseline
correction. The measurement was repeated at three locations at least on the
sample in order to check the homogeneity of the transmittance over whole sample.
The photon energies in the visible region range from 36 to 72 kcal/mole and the

near ultraviolet region up to 200 nm it extends to 143 kcal /mole.

2.5.5 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES), also called photoemission spectroscopy,
refers to energy measurement (kinetic energy distribution) of electrons emitted
(photoelectrons) from solid, gas or liquid by the photoelectric effect, in order to
determine the surface composition, the binding energies of electrons in a sub-
stance, and electronic state of surface region. PES uses a well-characterized
photon source directed onto a sample. Due to the photoelectric effect, this leads
to liberation of photoelectrons which possess information on the chemical and
the orbital character of elements of surface material. This information is gained
with respect to emission angle and kinetic energy by an electrostatic analyzer.
Traditionally, when the technique has been used for surface studies it has been

subdivided according to the source of exciting radiation into two categories (XPS
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and UPS) but the general equipment requirements are the same, (see figure [2.10)):
— A source of fixed-energy radiation (an X-Ray source for XPS or, typically, a
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Figure 2.10: A) The basic apparatus required and B) the schemes of photoelectron
spectroscopy, XPS and UPS.

He discharge lamp for UPS).

— An electron energy analyzer which can disperse the emitted electrons ac-
cording to their kinetic energy, and thereby measure the flux of emitted electrons
of a particular energy.

— A high vacuum environment to enable the emitted photoelectrons to be ana-

lyzed without interference from gas phase collisions.

X-Ray photoemission spectroscopy (XPS) using soft x-rays (with a photon
energy of 200-2000 eV) is used to examine core-level states at higher binding en-
ergies. By XPS, the chemical composition of the sample can be determined since
the binding energy of an electron is characteristic of the element, of the electronic
level and of the chemical environment. Ultraviolet photoemission spectroscopy
(UPS) uses vacuum UV radiation with a photon energy of 10-45 eV to examine

the valence levels with a high selectivity.
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Photoelectron spectroscopy is based upon a single photon in/electron out
process. The energy of a photon of all types of electromagnetic radiation is given

by the Einstein relation:
E = hv (2.12)

Where h is the Planck constant (6.62 x 10731 J s) and v is the frequency
(Hz) of the radiation. Photoelectron spectroscopy uses monochromatic sources
of radiation (i.e. photons of fixed energy). In XPS, the photon is absorbed by
an atom in a molecule or a solid, leading to the ionization and the emission of
a core (inner shell) electron. By contrast, in UPS, the photon interacts mainly
with valence levels of the molecule or solid, leading to ionisation by removal of
one of these valence electrons.

The kinetic energy (KE) distribution of the emitted photoelectrons (i.e. the
number of emitted photoelectrons as a function of their kinetic energy) can be
measured using any appropriate electron energy analyzer and a photoelectron
spectrum can thus be recorded. This is shown by a simple model representation
in the figure 2.11]

Although the process of photoionization can be considered in several ways,
but most the widely used relation depends upon the relation between the Kinetic
Energy of emitted photoelectrons and the Binding Energy, BE (the ionization
energy, which is synonymous with electron binding energy, of the electron or the
energy difference between the ionized and neutral atoms) by Einstein’s photo-

electric law. The measured kinetic energy of an emitted photoelectron is given

by:
KE =hv— BE (2.13)

The BE is now taken to be a direct measure of the energy required to just

remove the electron concerned from its initial level to the vacuum level and the
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Figure 2.11: The simple model representing the energies in XPS.

KE of the photoelectron is again given by the equation above 2.13] Note that
the binding energies (BE) of energy levels in solids are conventionally measured
with respect to the Fermi-level of the solid, rather than the vacuum level. This
involves a small correction to the equation given above in order to account

for the work function (¢) of the solid (equation [2.14)):

KE=hv—BE — ¢ (2.14)

2.5.5.1 X-Ray Photoelectron Spectroscopy (XPS) Analysis

X-Ray Photoelectron Spectroscopy (XPS) is also called Electron Spec-
troscopy for Chemical Analysis (ESCA) is a surface sensitive technique and is
widely used technique to investigate the chemical composition of surfaces, more
precisely, the elemental composition down to parts per thousand molar concen-

tration. The depth of the analyzed surface is c.a. 10 nm. The XPS instrument
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measures the kinetic energy of all collected electrons. The electron signal in-
cludes contributions from both photoelectron and Auger electron lines. For each
element, there will be a characteristic binding energy associated with each core
atomic orbital, i.e. each element will give rise to a characteristic set of peaks in
the photoelectron spectrum at kinetic energies determined by the photon energy
(Auger lines) and the respective binding energies .

The presence of peaks at particular energies therefore indicates the presence
of a specific element in the sample under study and it is also possible to estimate
the percentage of oxygen and carbon in FLG materials from the areas of the
peaks. Furthermore, the area of the peaks is related to the concentration of the
element within the sampled region. Thus, the technique provides a quantitative
analysis of the surface composition

The emitted photoelectrons will therefore have kinetic energies in the range
of ca. 0-1250 eV or 0-1480 eV.

For our measurements, the XPS measurements were performed in an ul-
trahigh vacuum (UHV) setup equipped with a VSW Class WA hemispherical
electron analyzer (150 mm diameter; multi-channeltron detector). Dr. Vasiliki
Papaefthimiou performed the XPS measurements. The base chamber pressure
was 1x107% mbar. A monochromated MULTILAB 2000 (THERMO) spectrom-
eter equipped with an AlKa X-ray source (hv=1486.6 e¢V; anode operating at
240 W) was used as incident radiation. Survey and high resolution spectra were
recorded in constant pass energy mode (100 and 22 eV, respectively). Prior to
individual elemental scans, a survey scan was taken for all the samples to detect
all the elements present. The CASA XPS program with a Gaussian-Lorentzian
mix function and Shirley background subtraction was employed to deconvolute
the XPS spectra. The binding energy scale of the FLG/rGO was corrected for
electrostatic charging using the C 1s peak at 284.5 eV as an internal reference.
The content (% mol) of oxygen was calculated by recording the O 1s and C 1s core

level peaks, respectively, properly normalized to the photoemission cross section
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and assuming a homogeneous distribution arrangement model [225], [231], [232].

2.5.5.2 Ultraviolet Photoemission Spectroscopy (UPS)

The work functions ¢ of graphene, rGO and other materials can be deter-
mined by UPS mode [233], [234], [235]. During the measurements of the work
functions by UPS, the Hel source at 21.23 eV was used and a bias of 15.31 V was
applied to the sample, in order to avoid interference of the spectrometer thresh-
old in the UPS spectra, for our samples. Dr. Vaso Papaefthymiou performed the
UPS measurements. The figure shows a simple example of the work function

measurement by UPS for a Au(111) surface.
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Figure 2.12: A simple example of UPS spectra for Au(111) surface.

The work function of the surface of the sample can be determined by mea-
suring the width of the emitted electrons (W) from the onset of the secondary
electrons cutoff up to the Fermi edge Er (W =secondary electron cutoff-E'r) and

subtracting W from the energy of the incident UV light, hv. Hence in the figure
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the work function ¢ is calculated for the Au(111) surface:

¢ =hv—W =21.23—15.95 = 5.33¢V (2.15)

2.5.6 Photoluminescence spectroscopy (PL)

Most materials emit photons upon absorbance of photons (electromagnetic
radiation), thereby giving rise to phenomena called Photoluminescence (abbrevi-
ated as PL), and is initiated by photo-excitation (excitation by photons), hence
the prefix photo. Some other forms are of luminescence (light emission) include
Cathodoluminescence (electrons impacting on luminescent materials), electrolu-
minescence (due to electric fields and currents) and radioluminescence (due to
high energy particles), etc ....

In PL, the excitation process consists of the excitation of electrons to higher
energy states. The excited electrons undergo various relaxation processes and
some re-radiate the photons. The time periods between absorption and emission
may be very short, between femtoseconds and milliseconds.

PL is an important technique for measuring the purity and the crystalline
quality of semiconductors and for quantification of the amount of disorder present
in a system. In fact, defects and impurities often introduce electronic states in
the band gap associated with relative radiative transitions.

In a typical PL experiment, a semiconductor is excited with a light source
that provides photons with energy larger than band gap energy. When electrons
are excited high in the conduction band, the carrier temperature initially de-
creases quite fast via emission of optical phonons. This is a quite efficient due to
the comparatively large energy associated with optical phonons and their rather
flat dispersion, allowing for a wide range of scattering processes under conserva-
tion of energy and momentum. Once the carrier temperature decreases below the
value corresponding to the optical phonon energy, acoustic phonons dominate the

relaxation. Here cooling is less efficient due to their dispersion and small energies
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and the temperature decreases much lower beyond the first ten of picoseconds.
For our samples, PL was carried out with Spectra Physics B10 THG YAG

Laser Pulsed Laser with Continuous Wave (CW) 355 wavelength at 100 mW CW

power and at 20000 Hz repetition rate for 5 ns duration, and an integration time

of 2000 ms. Miss Karima Bouras helped with PL measurements.

2.5.7 Raman Spectroscopy

Raman Spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system [236]. It relies on inelastic
scattering, or Raman scattering, of a monochromatic light, usually from a laser
in the visible, near infrared or near ultraviolet range. The laser light interacts
with molecular vibrations, phonon band in a solid or other excitations in the
system, resulting in the energy of the laser photons being shifted up or down. The
resulting inelastically scattered photon which is "emitted" /"scattered" can be
either of higher (anti-Stokes) or lower (Stokes) energy than the incoming photon.
The difference in energy (or wavelength) of the scattered light from a material is

characteristic for a particular bond in its molecular structure (figure [2.13)).
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Figure 2.13: A) Raman and Rayleigh scattering of light, B) Energy diagrams. Note
that difference of thickness of lines for Rayleigh and Raman, respectively, indicates the
intensity of each scattering by which Rayleigh scattering is stronger/more intense in

comparison to Raman scattering which s weak.
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The shift in energy (or wavelength) gives information about the vibrational
modes in the system. Typically, a sample is illuminated with a laser beam.
Electromagnetic radiation from the illuminated spot is collected with a lens and
sent through a monochromator. Elastic scattered radiation at the wavelength
corresponding to the laser line (Rayleigh scattering) is filtered out, while the rest
of the collected light is dispersed onto a detector by filter.

Raman spectroscopy was performed using a Horiba Scientific Labram
Aramis Raman Spectrometer (JobinYvon technology) in order to study thick-
ness (number of sheets) and crystal quality of FLG materials from its D, G and
2D bands with the following conditions: laser wavelength of 532.15 nm, D2 filter
(1% power, ~ 1 mW) and spectrum were recorded in regions from 1250 to 1650
cm~ ! and from 2600 to 2800 cm™!, with an integration time of 100s for each
phase. The Raman and PL spectroscopies were performed on the FLG samples
deposited from ethanol suspension on silica (100 SiOg, 300 nm thick) substrate
by a Pasteur pipette. Miss Karima Bouras and Mr. Fitsum Aweke helped with

Raman measurements.

2.5.8 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis technique was employed to characterize most
types of materials including inorganic materials, metals, polymers and plastics,
ceramics, glasses, and composite materials used in various environmental, food,
pharmaceutical, and petrochemical applications. It measures weight (the mass
of a substance is monitored) changes in a material as a function of tempera-
ture ( usually between 25°C to maximum 1000°C) or time under a controlled
atmosphere (nitrogen, helium, air, other gas, or in vacuum) inside a furnace. Its
principal uses include measurement of a material’s thermal stability and compo-
sition. A TGA consists of a sample pan that is supported by a precision balance.

This pan resides in a furnace and is heated or cooled during the experiment. A
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sample purge gas controls the sample environment. This gas may be inert or a
reactive gas that flows over the sample and exits through an exhaust. Sample
weight can range from 1 mg to 150 mg. Sample weights of more than 25 mg
are preferred. Typically, weight change sensitivity of 0.01 mg or higher is used.
Samples can be analyzed in the form of powder (mostly) or small pieces. For our
samples TGA were carried out in a Q5000 apparatus (TA instrument) under air
flow (20 mL/min), up to 1000 °C with a heating rate of 120°C/min. Mr. Secou

Sall performed the TGA measurements.

2.5.9 Temperature-programmed desorption coupled with

mass spectrometry (TPD-MS)

In order to gain more insight about changes occurring during thermal treat-
ment in the FLG material, a TPD-MS analysis was performed on the pristine FLG
and thermally annealed FLG under Ar (FLG-Ar) materials up to 950 °C. The
experiments were performed in a custom-made experimental setup under vacuum
at a maximum pressure of 10~*Pa. Approximately 30 mg of graphene powder was
placed in a fused silica tube and heated from room temperature to 950°C with
a heating rate of 5°C/min. The mass spectrometer was calibrated using Ng, Ha,
H,O, CO, COy gas references [237]. From the TPD-MS analysis, the desorption
rate of each gas was determined, and the total amount of each gas released was
computed by time integration of the TPD-MS curves. TPD-Ms was performed
by Camelia Matei Ghimbeu

2.5.10 Profilometer

Profilometer is useful in the analyses of rough surfaces of films and materials.
It can provide information, such as Average Step height (ASH), Average Height
(AvgHt), arithmetic average roughness (R,) and Geometric Average Roughness

(R,). Most interesting are the R, and R, because they provide a simple value
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for roughnesses of surface of film/material. Roughness can also be determined

by other methods of surface study such as AFM and interferometry.

2.5.10.1 Arithmetic average roughness, Ra

Arithmetic average roughness, Ra, is the arithmetic average height of
roughness-component irregularities (peak heights and valleys) from the mean line
measured within the sample length, L (figure . The measurements are taken
as the fine point of the stylus on a profilometer crosses a length L on the surface

being measured and expressed by equation in nanometers or micrometers.

Ra:/O |Z (z)|dx (2.16)

Where L is the evaluation length and Z(x) is the profile height function.

2.5.10.2 Geometric Average Roughness, R,

Geometric Average Roughness, R,, also called root-mean-square (RMS) is
more sensitive to occasional high and low features, making it a valuable comple-
ment to R,. R, is the geometric average height of roughness-component irregu-

larities from the mean line measured within the sample length, I. and expressed

by equation [2.17]
L
Rq=1(1/L) / 7 (x)*dx)"/? (2.17)
0

The main difference in the two scales is that R, amplifies occasional high
or low readings, while R,, simply averages them. For a given surface, therefore,
the R, value will be higher than the R, value by a minimum 10%. Figure m
shows the difference between two measurements.

The roughness measurements (R, and R,) of our samples were measured by
a Veeco DEKTAK 150 profilometer with the following parameters: Stylus radius
12.5 pm; Stylus force of 1-2 mg and scan duration of 30-60s; measurement range

set to 6.5um with a variable scan length typically few 100s of pum.
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Figure 2.14: Surface roughness: Ra and Ryq.

2.5.11 Atomic Force Microscope (AFM)

The AFM is a technique used to characterize the surface morphology of rela-
tively flat surfaces at very high resolution and to extract quantitative information.
A sharp probe (tip) attached to a cantilever is brought into close proximity with
the sample to be analyzed. When the probe is brought into proximity of the sam-
ple surface, forces between the probe and the sample lead to a deflection of the
cantilever. During measurement, the probe moves relative to the sample (in our
case) in a raster pattern to perform the surface scan, and a quantity is measured

in a serial fashion at discrete locations (pixels) (figure 2.15A).

Usually, the deflection is then measured using a laser spot reflected from
the top surface of the cantilever and fed to a split photodetector, usually an
array of photodiodes (figure ) The roughness measurement can also be
performed by other methods, such as: optical interferometry, capacitive sensing,
and piezoresistive cantilevers. In order to adjust the probe-to-sample distance by
maintaining the constant force between them, a feedback mechanism is employed.
The constant force makes sure that the sample surface is not damaged by the

collision and minimizes the chances of breaking of the probe.

AFM can be made to work in either contact mode or non-contact mode
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Figure 2.15: A) Schematic of the cantilever-tip assembly used in an AFM, B)
Schematic of light source, cantilever, and photo detector reassembling the basic

components of the light-lever AFM detection system.

but a combination of both modes gives a good compromise, which is called the
tapping or semi-contact mode. When the cantilever approaches the sample, Van
der Waals Forces start acting upon it. Figure [2.16] shows the probe sample
interaction potential during different modes of AFM with the forces acting during

these modes.
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Figure 2.16: Probe-sample interaction potential.
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The tapping mode is usually chosen to take the advantage of contact mode
while avoiding the damage to the surface of sample by not continuously rubbing
against the surface of the sample. In tapping mode, the cantilever is vibrated
above the surface close to its resonance frequency to get the topographic informa-
tion. The probe touches and bounces off the surface of sample at short intervals
by a calculation method. The interaction with the surface causes the amplitude
of the oscillation to decrease and the topography image is reconstructed from the
feedback movement necessary to keep the amplitude constant. Although, AFM
provides detailed surface analysis, roughness profile and topographic images but
its scan area is relatively small (few tens of microns) and depth range is also
limited.

The AFM measurements presented in this manuscript were performed on
a NT-MDT stand alone SMENA AFM microscope using tapping mode with the
following conditions: HQ:NSC/8/NoAl tip having tip radius of 8 nm, tip height
of 15 pm, cone angle of 40°, force 2.8 N/m, frequency 0.5 Hz. The AFM was
calibrated on 520 nm to adapt to the morphology variation (rough morphology of
our samples can vary up to micrometers range) of the FLG film, for different scan
sizes of 10 x 10 pum and 50 x 50 pm, respectively in raster scan mode: Horizontal

(512 lines scan) with precision of < 2 nm.

2.5.12 Nuclear reaction analysis (NRA)

Material characterization can be performed by means of Nuclear Reaction
Analysis (NRA) to investigate quantitatively the content and the concentration
of the light elements with atomic number Z < 15 (carbon, nitrogen, oxygen,
fluorine, etc) in depth (up to few pm) of thin solid films [238]. This method
uses accelerated particles which initiate a nuclear reaction with specific target
atoms in the sample. The emitted radiation is characteristic for this reaction and

can be detected. From the intensity of the radiation one is able to determine
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the concentration of a particular atomic species which can be further used to
deduce the density of elements, knowing independently the thickness of the film.
Furthermore NRA is a highly sensitive tool with which concentrations of few 10
ppm can be verified.

When an incident ion beam a interacts with an atomic core A, it forms
a highly excited atomic core B, which is disintegrated or de-energized by the

emission of a charged particle b, (figure [2.17)).
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Figure 2.17: Principle of the Nuclear Reaction Analysis.

The detection of an element depends upon the possible existence of an
appropriate nuclear reaction and its corresponding cross section. The reaction is
usually written as A(a,b)B. Moreover, to produce these nuclear reactions, it is
necessary that the incident particles overcome the Coulomb barrier of the atomic
core. As their energy is generally less than 3 MeV, this method can only detect
light elements (atomic number, Z<15). The ion beam analysis was performed
using a 4MV Van De Graff accelerator facility. In our study we used a deuterium
(H) as an incident ion with an energy of 900 keV and a scattering angle of
150°. The experimental spectra were calibrated by using a SiO, sample [95]. A
150 mm? silicon surface barrier detectors was mounted at an angle of 150° to

the beam direction resulting in a total solid angle of € 60 mili-steradian (msr).
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An absorber of 11.8 um Mylar foil was attached above the detector to stop the
alpha particles generated by the 0(d, o) N reaction and the backscattered
deuteron particles. The experimental spectra were calibrated by using bare SiO,
(with a thickness of 200 nm) and SiC samples for oxygen and carbon using the
standard oxygen nuclear and carbon reactions [0 (d,ps) O], [O'¢ (d,p;) O]
and [C'? (d,p) C'|, respectively, using deuterium (*H) ions. The spectra were
then fitted with the SIMNRA software. Fitsum Aweke helped with AFM and

NRA measurements and analyses.
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3 Results: Few Layer Graphene

In this chapter, a brief introduction to FLG (FLG-Abl) material obtained
by mechanical ablation of pencil lead will be presented in section followed
by a summary of an article published in the Journal of Physical Chemistry C
in section [3.1.1] article which is fully displayed with the supporting information
in section Further additional charge transport results obtained by Hall

Effect and four point probes will be presented in sections|3.1.3| and 3.1.4} respec-

tively. Next, charge transport in the films obtained by mechanical ablation of
synthetic graphite will be presented in section Apart from charge transport,
some additional characterizations such as scanning electron microscopy micro-
graphs will be presented in sections and to show the morphology of
the films. The procedure for homogenization and crystallization of FLG-Abl by
p-waves-assisted oxidation in water is presented in section [3.3] The roughness
and thickness analysis by profiler, AFM and NRA techniques are presented in
the section [3.4) followed by the work-function analysis by UPS in the section
Percolation study for FLG-Abl is presented in section [3.6] In section the
characterization and charge transport in FLGs obtained by expanded graphite

will be presented. At the end, a summary of the chapter will be presented in

section [3.8]

3.1 Few Layer Graphene by Ablation of Pencil
Lead (FLG-ADI)

Synthesis of Few Layer Graphene (FLG) was already demonstrated (see
also figure [2.1] in section in chapter [2| details on method) by our group in
an earlier work (see SEM and TEM images in figure [1.6| for morphology) [40], ().

The principle involves the ablation the commercially available pencil leads (B-9
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and HB) against a rough glass disk, assisted by a continuous ultrasonication.
The ablation process is followed by an acid/base treatment to purify FLG flakes
obtained in the form of powder, from the inorganic binder (15 to 30 wt%) present
in pencil leads. The FLGs obtained from the B-9 pencil (with 15% binder) leads
were used in this work.

An automated system was established to produce FL.Gs on large scale. The
present method of mechanical ablation (exfoliation) of graphite based materials
is a low-cost, high yield, up to 60%, facile method but weakly selective to the
size and number of sheets within an individual flake. Flakes from mono layer to
8 layers and occasionally up to 20 can be obtained with this method. The size of
the graphene flakes was of the order of micrometers (0.5-3um) with sufficiently
high structural quality. These flakes produce a good dispersion in ethanol and
are compatible with the hot-spray deposition method (see section of chapter
. Due to the above synthesis advantages the FLGs obtained by this method
was next used for the FLG film formation in order to investigate charge transport

properties.

3.1.1 Summary of the article: Electrical Transport in"Few-
Layer Graphene" Film Prepared by the Hot-Spray
Technique: The Effect of Thermal Treatment

The results of the charge transport study of FLG-AbI films (charge trans-
port devices) supported on a quartz plate, prepared from randomly stacked few-
layer graphene (FLG), by Hall Effect (HE) measurements, were published in the
Journal of Physical Chemistry C. The film was prepared by a simple, cheap and
rapid hot-spray technique from a FLG suspension in ethanol. Some of the sam-
ples were further treated at 900 °C in Argon for 2h. Charge transport was studied
by the Hall Effect measurements. The study reveals that thermal treatment (an-

nealing) has a strong effect on the conductivity of the FLG film despite initial low
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oxygen /defects content. The later was demonstrated X-ray photoelectron (XPS),
Raman, temperature programmed desorption coupled mass spectroscopy (TPD-
MS), and photoluminescence (PL) spectroscopies. Results also indicate that the
amount of induced current also has an impact on the conductivity. The large
range of currents, from pA to mA was gradually induced. The initial sheet resis-
tance (Rs) for the as-prepared FLG sample is around 756 k2/0 for an induced
current intensity of 1uA which is reduced to 5 k2/0J at a current intensity of 1
mA. This could be either due to low sensitivity of material or measurement appa-
ratus at lower currents. The contact resistance of Cr/Au electrodes could be one
of the reasons as well. By contrast, the thermally-annealed samples show the con-
ductivity improvement and displays a very stable behavior throughout the range
of currents. Ry of 1 kQ2/0J or even less (0.7 kQ2/0J) are then obtained. Thanks
to the TPD-MS analyses we can state that as high improvement of conductivity
of FLG film is attributed mainly to the desorption of toluene (hydrocarbons)
from the FLG surface and not only to the oxygen decrease as generally stated
[47]. The O/C atomic ratio calculated from the total area of Ols and Cls XPS
peaks only slightly decreases from initially 0.05 to 0.04 after thermal annealing
at 900 °C in Ar for 2h. These oxygen groups are mostly attached at the sensi-
tive edges of individual graphene sheets (steps), vacancy or topological defects
in the basal plane. The carboxylic groups (OH-C=0) are mostly localized at
the edges, and act as stable defects [239]. Some other groups, such as the C-
OR group decrease, while the COOR increases after the thermal treatment. A
significant increase of the 7w-7* transition loss peak was also observed, suggest-
ing higher delocalization of electrons, which is in accordance with the lower full
width half minimum (FWHM) of C1s and the low C-OR contribution from basal
plane defects as well as increasing conductivity. In general, some hydrocarbon
species are also adsorbed on the surface of FLGs and can modify the electronic
states depending upon the interaction with graphene (physi- or chemisorbtion).

We have shown by TPD-MS analyses, that desorption of toluene requires high
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temperature (~ 450°C at 10~*Pa), which means that toluene has strong inter-
action with the surface of FLG sheets. This information can be useful for the
sensor applications. The toluene-graphene interactions are strong due to the m-m
stacking and possible charge transfer due the electron donor nature of toluene
occurs.

The Raman spectroscopy analyses after thermal treatment show a decrease
in the Ip /I ratio from 0.12 to 0.07. This is a good indication of an improvement
of quality and a decrease in defects in FLG.

Further study was carried out to investigate the effect of temperature on
conductivity. Two thermally-annealed FLG films were characterized by Hall Ef-
fect measurements as a function of temperature from 140 K to 350 K at a current
of 0.5 mA. An increase in conductivity was recorded with a decrease of around 20-
30% in the R, and p values with the increasing temperature. This shows that the
material has a negative-temperature coefficient assuming that this effect is not
due to the chemical desorption of impurities (since the samples were thermally-
treated at 900 °C) hence, most of the impurities have already desorbed and the
structure is improved). A negative temperature coefficient (NTC) refers to ma-
terials that experience a decrease in electrical resistance when their temperature
is raised. Thus, FLGs can find application in thermistor devices.

The thermistors are electrical devices that are used to measure electricity
and are often called temperature sensitive resistors. They are usually used to
monitor the temperature of certain devices for purposes of regulation. All re-
sistors vary with temperature, but thermistors are constructed of semiconductor
material with a resistivity that is especially sensitive to temperature. They are
used as inrush current limiters, temperature sensors, self-resetting overcurrent
protectors, and self-regulating heating elements. They differ from the resistance
temperature detectors (RTDs) which generally use pure metals as by contrast
with ceramic, polymer and semi-conducting materials that are used in the con-

struction of thermistors. The temperature response is also different; RTDs are
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useful over larger temperature ranges, while thermistors typically achieve a higher
precision within a limited temperature range, typically -90 °C to 130 °C (183-403
K), which are good for low-cost home application devices, [240].

The improvement of conductivity and the charge transport transition from
a nonohmic to an ohmic-like behavior for the annealed FLG films could result
from conductivity improvement both within individual flakes and at the contacts
between them. This in turn means that charge transport here is only restricted by
scattering on the topographical defects (like edges) within individual and at the
interface between two flakes. The overlapping between adjacent flakes is probably
responsible for the low resistance in the FLG film. The SEM analysis confirm this
overlapping. It allows to contact the sp? carbons from two FLG flakes, making an
efficient pathway for electrons that overcome edges defects or at least decreases
electron scattering. This contact is additionally strengthened by the annealing
treatment during which the surface adsorbents are removed, and stronger Van
der Waals interactions are formed between the overlapped parts of two flakes.
The junction characterizations require additional study (arrangement between
the flakes). The sheet resistance of the FLG film after annealing, obtained here
by Hall Effect measurements (0.76 ; 1 kQ/0J), is very close and even lower than
the one reported earlier for a single FLG fragment (1.6 k2 /[0). Although different

technique was used to measure the resistance [40)].

3.1.2 Article: Charge Transport in FLG Films Prepared
by Hot-spray Method: Effect of Thermal Annealing,

with Supporting Information
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ABSTRACT: We investigate charge transport of a randomly stacked few-layer graphene
(FLG) film supported on quartz plate, as-prepared and after annealing treatment. The film
is prepared by a simple, cheap and rapid hot spray technique from a FLG suspension, while
FLG was obtained in our previous report by high yield mechanical exfoliation of pencil lead.
According to Hall Effect measurements, the annealing process has strong impact on the
conductivity of the FLG film, despite its low oxygen/defect content as confirmed by X-ray
photoelectron spectroscopy (XPS), Raman, and photoluminescense spectroscopy. The
nonohmic behavior along with a sheet resistance (R) decreases from a few tens to a few
kilo-ohms is observed for the FLG film, whereas after thermal treatment, a constant R of
0.7 k€ is recorded. The improvement of conductivity in the FLG film is attributed mainly
to desorption of toluene from the FLG surface according to the TPD-MS analysis and not
only to the oxygen decrease as generally reported.

Bl INTRODUCTION only 10 /sq, whereas the conductivity decreases about 120
times when FLG is supported on nitride substrate.® Although
the authors pointed out that the improvement of conductivity is
mainly caused by a decrease of substrate scattering, they do not
exclude the impact of other factors such as impurities. The
lowest sheet resistance to our knowledge that was measured for
pristine suspended graphene was 0.028 kQ/sq, and for
supported graphene was 6.45 k.Q/sq.g_12 Many works have
been devoted to improvement of the conductivity of reduced
graphene oxide (RGO) by applying different chemical and/or
thermal reduction treatments, and the conductivity improve-
ments were typically assigned to the decrease of the oxygen/
defects ratio in GO. Punckt et al. have reported the change of
sheet resistance for the singular supported FLG flake with
different C/O ratios, measured by a two-probe technique."
The flake that contains 12% of oxygen shows a nonlinear
intrinsic I/V curve due to the lack of percolation between
domains of sp’ carbon and subsequent hopping mechanism of
charge. Semiconducting feature of this FLG also causes its

Since the discovery of graphene in 2004—a promising material
mainly due to its electrical properties—a lot of efforts have
been dedicated to its synthesis, characterization, and inves-
tigations of its properties.' Electrical properties of graphene
depend on many factors linked purely to material features like
crystallinity, number and type of functionalities and/or
impurities, number and size of the sheets, and interaction
with the support. The last factor is less important in the case of
few-layer graphene (FLG), where mostly the sheets directly
adhered to the support are affected. Two main approaches are
developed for the preparation of large area conductive graphene
films. The first one consists of its direct bottom-up synthesis
usually by chemical vapor deposition (CVD) method and
subsequent transfer of the films on appropriate substrates.>>
The second, which is the top-down approach, focuses on
synthesis of graphene flakes with the possibly of high
crystallinity, dimension, and low sheet number, followed by

the preparation of the films. The most common top-down ! : S
synthesis bases on the exfoliation of graphite and its Schottky contact with metallic pads. The FLG flake containing

intermediates such as expanded graphite and graphite oxide 4% of oxygen shows effective sheet resistance of 21 k€2/sq and
(GO) and reduction in the case of GO.** The sheet resistance an almost linear I/ V' curve, whereas the FLG flake with 0.6% of
(R) of FLG synthesized by CVD on Ni and measured on a
solid substrate is typically 250 Q/sq or higher (770—1000 Q/ Received: October 18, 2013

sq).>®” N. Rouhi et al. have reported that suspended FLG Revised:  December 13, 2013
synthesized also by CVD with an area of 1000 ym?* exhibits Published: December 20, 2013
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oxygen exhibits a nearly ohmic behavior with resistance of few
kilo-ohms. The lowest sheet resistance of 5 kQ/sq was
measured for FLG that contained only 0.3% of oxygen along
with ohmic behavior. The additional obstacles to overcome by
charges in the case of assembly of graphene (FLG) in films are
the grain boundaries at the contact between adjacent flakes,
whereas a different type and degree of stacking can be
considered, and different preparation method applied. In view
of optoelectronic applications, Pham et al. prepared a film by
hot spray technique by mixing graphene oxide (GO) with
hydrazine, which exhibits Ry of 2.2 KQ at 65% of
transmittance.'* Strengthened by temperature-dependent
measurements, an investigation of the electrical transport in
randomly stacked filtered FLG films shows the change from
semiconducting- to metallic-like behavior with increase of
graphene density."®

In this work we investigate the electrical transport of FLG
film prepared according to a top-down synthesis method by
using a cheap, rapid and simple approach. The FLG, prepared
in our previous work by mechanical ablation of a pencil lead, is
deposited on quartz substrate by hot spray technique, followed
or not by a thermal treatment (900 °C).**7 This technique
ensures additionally unlimited surface coating, which is
important for potential large-scale application. Due to
significant changes of the charge transport in the FLG film
measured by the Hall Effect technique together with minimal
decrease of the oxygen content after annealing at 900 °C, as
confirmed by XPS, a deeper analysis of chemical composition of
the FLG (oxygen, impurities) is performed using Temperature
Programmed Desorption analysis coupled with Mass Spec-
trometry (TPD-MS).

B EXPERIMENTAL METHODS

FLG Synthesis and Analysis. FLG was obtained by a
mechanical ablation of pencil lead assisted by ultrasonication,
and followed by acid/base purification as already reported by
our group.'” The final step of the synthesis consisted of
separation of the FLG from thick weakly ablated species by
their precipitation in toluene.

The average lateral size of graphene sheets (FLG), as
determined by TEM, is 2.5 pm, and the number of graphene
sheets varies typically from five to eight, while flakes with higher
number up to 15, as well as lower number (monolayers), are
observed.

Raman spectroscopy was performed using Horiba Scientific
Labram Aramis Raman Spectrometer (JobinYvon technolgy)
with the following conditions: laser wavelength of 532.15 nm,
D2 filter (1% power) and spectrum in regions from 1250 to
1650 and from 2600 to 2800 cm™!, with integration time of
100s for each phase.

Photoluminescence spectroscopy was carried out with
Spectra Physics B10 THG YAG Laser Pulsed Laser with CW
355 wavelength at 100 mW CW power at 20000 Hz RR for S
ns duration; with integration time of 2000 ms.

The Raman and PL spectroscopy were performed on the
FLG material deposited from ethanol suspension on silica with
(300 nm SiO,) wafer by a Pasteur pipet.

The XPS measurements were performed in an ultrahigh
vacuum (UHV) setup equipped with a VSW ClassWA
hemispherical electron analyzer with a multi-channeltron
detector. A monochromated AlKa X-ray source (1486.6 eV;
anode operating at 240 W) was used as incident radiation. The
base chamber pressure was 1 X 107" mbar. Survey and high-

resolution spectra were recorded in constant pass energy mode
(100 and 20 eV, respectively). Prior to individual elemental
scans, a survey scan was taken for all the samples to detect all of
the elements present. The CASA XPS program with a
Gaussian—Lorentzian mix function and Shirley background
subtraction was employed to deconvolute the XP spectra. The
% oxygen content was calculated by O 1s and C 1s core level
peaks, properly normalized to the photoemission cross section
and assuming a homogeneous distribution arrangement model.

Temperature-programmed desorption coupled with mass
spectrometry (TPD-MS) experiments were performed in a
custom-made experimental setup under vacuum at a maximum
pressure of 10~* Pa. Approximately 30 mg of graphene powder
was placed in a fused silica tube and heated from room
temperature to 950 °C with a heating rate of 5 °C/min. The
mass spectrometer was calibrated using N,, H,, H,0, CO,
CO,."® From the TPD-MS analysis, the desorption rate of each
gas was determined, and the total amount of each gas released
was computed by time integration of the TPD-MS curves.

FLG Film Formation and Analysis. FLG dispersion: A 15
mg of FLG powder was dispersed in 30 mL of ethanol by
ultrasonication with a tip sonicator (Bandelinsonoplus uw
2200) at 30% power for 15 min and in a low-power bath
sonicator (Elma sonic 102168022) for 60 min.

Hot spray-coating was carried out on a preheated quartz
plate (1 cm?) at 120 °C under ambient air, where the volume of
1 mL of FLG suspension was deposited using Airgun (Hi-line
Iwata). The quartz plate substrate was continuously heated
during FLG deposition at 120 °C. Air was used as the carrier
gas at an inlet pressure of 1.5 bar. The nozzle diameter of the
gun and its distance from the substrate was chosen for 0.22 mm
and 12 cm, respectively.

The morphology of the FLG films was examined by scanning
electron microscopy (SEM) on a JEOL 6700-FEG microscope.

Thermal annealing of the FLG film deposited on quartz
substrate was performed in Ar at 900 °C for 2 h.

Gold/chrome electrodes were deposited on the top of FLG
film by evaporation (Home-made evaporator with velocity of
3—7 A/s for Au and 1 A/s for Cr with vacuum of 4 X 1077
mbar). Before Au evaporation, a new configuration of masks for
Hall Effect measurements was designed for laser cutting, using a
program written with a Labview interface for a laser (YAG
epitherm610 quantronix model 114). The conditions for laser
specifications were intensity 30A, repetition rate 25kHz, 1064
nm wavelength, pulse 100 ns, laser focus spot on sample 100
um, cont. power 6 W, and cutting velocity of 100 ym/sec. The
masks were cut with 30A intensity and velocity of 60 mm/s.
Figure 1 shows a schema of electrode configuration and optical
image (inset) of FLG sample with Au electrodes. The
thicknesses of deposited chrome and gold electrodes on the

Figure 1. Schema and image (insets) for Au/Cr electrodes/FLG film
designed and prepared for Hall Effect measurements.

dx.doi.org/10.1021/jp4103433 | J. Phys. Chem. C 2014, 118, 873—-880



The Journal of Physical Chemistry C

XPS intensity (a.u.)

288 286 284
Binding Energy (eV)

FLG | FLG-Ar
FWHM 1 0.92
(Cls)
C-OR 9 7
c=0 35
(atomic%) ™ CooR 2.5 35
- * 1.5 3
o/C 0.05 | 004
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Figure 3. (A) Representative Raman spectra of FLG before (FLG) and after annealing (FLG-Arl, FLG-Ar2). (B) Photoluminescence spectra of

FLG before and after annealing.

top of graphene film were 2.5 and 30 nm, respectively, for each
sample.

Hall Effect measurements were performed in an ambient
environment at room temperature at the current range of 1 uA
to 1 mA and second as a function of temperature from —130
°C to around 80 °C (from 140 K to 350 K) at a current of 5 X
107™* A in N, atmosphere on the samples of 1 cm* with the
electrode configuration described above (Figure 1).

The sheet resistance R of FLG film was calculated from the
measured resistivity values according to the equation

R=p/t ()

,where t is the thickness of the sample (200 nm) and p is the
measured resistivity.

The thickness of the sample was measured by a Veeco
DEKTAK 150 profilometer.

A Microworld HMS Hall Effect measurement system was
used to measure p.

B RESULTS AND DISCUSSION

FLG material used in this work exhibits low oxygen content
according to XPS spectroscopy. The O/C ratio calculated from
the total area of O1s and Cls peaks slightly decreases from 0.05
to 0.04 after thermal annealing at 900 °C in Ar for 2h. Figure 2
presents the Cls peak for untreated and annealed FLG and the
percentage of specific functionalities found by Cls peak
deconvolution in the table.'” The low decrease of the overall
oxygen amount in the sample is probably due to the significant
presence of edges (steps) within the singular flakes. The HR-
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TEM analysis showed that the presence of punctual defects in
the graphene lattice (such as carbon vacancies) is weak;
however, the lateral size of sheets within the singular flakes
varies, exhibiting a high number of edges (steps).20 The edges
are the most oxygen-sensitive and stable graphene defects,
usually decorated with carboxylic groups, and, contrary to the
C—OR group, the COOR increases after the annealing process
(table, Figure 2B).

Despite the increase of the COOR group concentration after
the annealing process, a significant increase of the m—n*
transition loss peak is also observed, suggesting higher
delocalization of electrons, which is in accordance with the
lower fwhm of Cls and the low C—OR contribution from basal
plane defects.

Apart from XPS, Raman and photoluminescence spectros-
copy were performed on the FLG before and after annealing.
Figure 3A shows representatives Raman spectra obtained for
the FLG sample without annealing and for two samples after
the annealing process. Due to the low selectivity of the FLG
synthesis method toward the number of the graphene sheets, a
detailed investigation of the number sheets was abandoned.
Three peaks corresponding to the D (~1350 cm™), G (~1600
cm™") and 2D (~2700 cm™") vibrations, typical for graphene
containing materials, are observed in the spectra. The variable
number of sheets impedes an analysis of defects content in the
sample, as the defect content increases with the decrease of the
graphene sheets number.”! Nevertheless, the spectra exhibit
coherent tendency, and the Ip/I; ratio decreases for the
samples treated at high temperature, I/I; for the annealed

dx.doi.org/10.1021/jp4103433 | J. Phys. Chem. C 2014, 118, 873—-880
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samples are 0.12 and 0.07, while for the nontreated FLG it is
0.15. The peaks with higher defects content, corresponding to
the pristine FLG, are slightly shifted toward a higher
wavenumber compared to the FLG treated at high temperature.
The amplitude of this shift is around 10 cm™ for the G peak.
The presence of impurities results in doping of the graphene
sheets and may explain this shift.”> The 2D peak of FLG-Arl is
quasi symmetric (the intensity of D sub-peaks at lower
wavenumber is quasi equal to the high wavenumber D
subpeaks), which suggests the number of sheets being lower
than five and could explain the quite high I,/I compared to
the thicker FLG-Ar2 sample.”®

The representative photoluminescence spectra performed on
an untreated and annealed sample with laser excitation of 350
nm are presented in Figure 3B. The samples exhibit two main
emission peaks, i.e, in the near UV at around 380 nm and at
doubled wavelength luminescence in the IR range. The
luminescence spectra confirm low defect/oxygen content in
the FLG materials. The near UV region emission corresponds
to the well crystallized graphene as for reduced graphene oxide
(RGO), while the emission at around 600 nm is an effect of the
weakly crystallized graphene lattice as is reported in GO.**
Here the peak at 600 nm is pronounced only in the case of
FLG without annealing process, confirming distortion of the
carbon lattice, while the near UV-peak of FLG-Ar sample is

876

shifted toward lower wavelengths, confirming higher crystal-
lization of the sample after annealing.

In order to obtain FLG film, the FLG material was dispersed
in ethanol, and the obtained suspension was deposited on the
preheated (and continuously heated) quartz substrate by the
hot spray technique. The statistical SEM analysis shows that
with an increase of the deposited volume, an overlapping of the
FLG flakes increases, and a minimum volume is required to
cover a substrate or rather to ensure a pathway for electron
transport through the film. The minimum percolation required
to get conductive film was found for 3.5 mL on the support of 5
cm?. Tt was found in our previous studies that the thickness of
the sprayed FLG film corresponding to this volume exhibits
transparency of around 30—35%, which excludes the
application of the as-prepared film as a transparent electrode.”
The FLG suspension behaves like a colloid, and optimal
dispersion has to be ensured before its deposition. The SEM
images indeed show punctual useless aggregates that do not
contribute to the conductive path as well as empty spaces,
which make complete control of film homogeneity impossible.
Due to the random deposition of flakes, a series of films with
varied deposited volume (3.5—6.5 mL) was prepared twice, and
the resistance at each added milliliter was measured by a
multimeter for both series. The representative SEM image for a
deposition of 1 mL/ cm? of the FLG is presented in Figure 4A.
Figure 4B shows the measured conductance as a function of

dx.doi.org/10.1021/jp4103433 | J. Phys. Chem. C 2014, 118, 873—-880
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(heating up to 900 °C).

volume for both series. Despite random deposition, a
recurrence of the results was found: the slopes of increased
conductivity as a function of deposited FLG weight (volume)
for both series are almost same.

The evolution of conductance (Figure 4B) is very important
and highly sensitive in all ranges of added volume. Such
important evolution of conductance reveals a transport in the 3-
D system and hopping mechanism regime; however, a tendency
curve does not have the same slope for the entire volume range:
the lower slope at lower volume suggests that the hopping
mechanism is weakened toward metallic character."> The
crossover point of the tendency curve with two slopes
corresponds to the volume of ca. S mL. An FLG film
corresponding to this volume (thickness) was reproduced for
Hall Effect (HE) measurements on 1 cm? quartz substrate (1
mL). The resistivity (p) was measured for the as-prepared
sample and samples thermally treated at 900 °C in Ar (FLG-Ar,
both series). The measurements were taken for the current
range of 1 yA to 1 mA at 1 uA, 10 uA, 100 pA, 500 pA, and 1
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mA, and sheet resistance (R) was calculated using eq 2
(experimental parts). Figure SA presents the measured
resistivity (p), and calculated sheet resistance (R) values
obtained for the FLG film as a function of the applied current.
The obtained results show significant variation of p/R and its
high sensitivity toward injected current (especially at lower
current values) for the sample before annealing. The initial p of
the FLG sample is high (15 Q.cm) and decreases to 0.1 Q.cm
for the current of 1 mA. The calculated Ry consequently
decreases for this current range from 760 kQ to S kQ. It is
expected that the injection of higher currents causes more
electrons to drift through the network of sp® carbons and
induce desorption of physisorbed species. At higher current
range, the change of p(R) is less pronounced but still present,
as it can be seen in the inset of the Figure SA. Figure SB
presents calculated sheet resistance (R) for two FLG-Ar
samples in the same current range.

In the case of annealed samples, ohmic behavior is observed
for the above range of currents, as p remains almost stable with

dx.doi.org/10.1021/jp4103433 | J. Phys. Chem. C 2014, 118, 873—-880
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negligible variation from 1.5 X 1072 and 2.2 X 1072 Q-cm for 1
UA to 1.5 X 107 and 2.2 X 107> Q-cm for 1 mA for both
series. Consequently, the calculated sheet resistance shows very
low variation with average value of 760 €/[] and 1 kQ/[],
respectively.

In the second set of Hall Effect measurements the electrical
transport of the annealed FLG film (two series) was measured
as a function of temperature from 140 K to 350 K at a current
of 5 X 107* A. The sheet resistance calculated from the
resistivity as a function of temperature for both samples is
shown in Figure 6. The R/(p) decreases with the increase of
temperature with its final value reduced by 20—30% at 350 K,
showing a semiconductive character of the FLG film. A
difference in the sheet resistance values obtained for FLG-Ar
films by HE and temperature-dependent HE measurements at
rt. (300 K) can be related to the different experimental
environments, i.e., air and N,, respectively.

The improvement of conductivity and charge transport
transition from a nonohmic to the ohmic-like behavior for
annealed FLG films could result from conductivity improve-
ment in both: within individual flakes and at the contacts
between them.

It is expected that for higher oxygen content in an individual
FLG flake, i.e, more that 10%, the charge transport is
dominated by a hopping mechanism (to overcome the sp®
carbon region), whereas for O, content below 10%, a diffusive
motion of electrons is only limited by scattering at functional
groups and lattice defects."> Punckt et al. have shown that the
hopping mechanism results in nonohmic behavior, whereas
low-defect graphene exhibits linear behavior."® In our FLG
sample, the minimal decrease in the oxygen content, i.e., from
5% to 4% observed by XPS, hardly explains the change of
transport mechanism and the significant decrease of sheet
resistance of FLG after annealing.

To gain more insight about changes occurring during thermal
treatment in the FLG material, a TPD-MS analysis calibrated
for CO, CO,, H,0, and H, was performed on the FLG and
FLG-Ar materials up to 950 °C. According to the literature,
desorption of the CO and CO, species in a specific temperature
range is assigned to the specific groups, such as carboxylic acid
(CO,, 100—450 °C), anhydride (CO+CO,, 350—600 °C),
lactones (CO,, 600—800 °C°), phenol, and carbonyl (CO,
500—950 °C).***” The desorption curves obtained in this
work, presented in Figure 7A/B (left) and the total amount of
desorbed species presented in Figure 7A/B (right), show
decrease of oxygen content after thermal annealing of FLG.
The MS at low temperature range shows that the amount of
carboxylic groups is higher than the other functionalities in the
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annealed sample. It is not surprising that some reoxidation of
the annealed samples happens during removal from inert to
ambient conditions. This happens especially at the sensitive
edges of graphene where mostly carboxylic groups are
located.*® Desorption of water is related to physisorbed water
and also to water formed during reaction between two different
adjacent oxygen functionalities that can occur during analysis at
increased temperatures. Hydrogen desorption comes from
singas formation, by reaction between graphene and residual
water that exists in the set up at high temperature. It should be
mentioned that a certain amount of hydrogen desorbed from
the FLG at this temperature (~900 °C) could arise from C—H
bonds cleavage.

For the untreated sample (Figure 7A, left) an anomaly high
desorption was observed for all gases around 450 °C, which is
also accompanied by an excessive increase of the experimental
overall gas pressure compared to the calibrated pressure for the
pristine FLG (SI). The mass spectra indeed reveal the
additional m/z peaks at this temperature, which are not
corresponding to the calibrated species, ie., 2, 18, 28, 44. The
additional peaks at m/z: 20 (CH,), 30 (C,H,), 44 (C;H,), 58
(C4Hq), 72 (CsH,), ... where x = 2—4,y=2-5,2=3-7,q =
4-9, and u = 5—11 (SI) can be assigned to a desorption of
hydrocarbons and their intermediate form decomposition
during TPD analysis. The highest m/z of ca. 92 corresponds
to toluene. Toluene was used at the final step of the FLG
synthesis and it seems that, as strongly adsorbed on the
graphene surface, it was not completely removed by the final
drying process. The strong interaction of different molecules on
the surface of activated carbon was already demonstrated by
TPD-MS and it seems to depend strongly on the adsorbed
molecule and on the carbon surface chemistry.””*

Figure 8A,B shows MS signal intensity (not quantity) curves
of oxygen containing (CO, = CO, CO,) and hydrocarbons
(CyHZ) species at three different temperatures for FLG and
FLG-Ar according to the MS analysis. It is clear that even if the
oxygen containing groups are present at higher amount in the
untreated sample, the desorption rate of hydrocarbons is much
higher, especially around 450 °C, contrary to the annealed
sample. The desorption of hydrocarbons found here could
explain the increase in the 7—7z* transition loss peak and the
lower fwhm of the C 1s XPS peak after annealing, despite the
minor change in the oxygen content.

Negligible desorption of hydrocarbons, still present in the
case of the annealed sample, corresponds to the remaining
adsorbed light hydrocarbons and/or other aliphatic, non-
graphitized carbon species.

dx.doi.org/10.1021/jp4103433 | J. Phys. Chem. C 2014, 118, 873—-880



The Journal of Physical Chemistry C

The important adsorption of hydrocarbons still present at
temperatures as high as 450 °C indicates that not only the
presence of defects/oxygen has an impact on the FLG
conductivity, which changes significantly after annealing.
Indeed, our previous study has shown that FLG film prepared
under the same conditions as in this work, but annealed at
lower temperature, 400 °C, showed a sheet resistance of 80 kQ,
which is much higher than the one measured here for the
sample annealed at 900 °C, confirming that higher temperature
treatments is required to optimize charge transport in the FLG
film.*® The change of electrical transport in graphene materials
due to the adsorbed species is not surprising, as the adsorbents
can modify electronic states depending on the performed
bonds.>** Thermal stability of adsorbed toluene is worthy to
underline, as many synthesis procedures aiming to obtain
graphene materials are encouraged with the use of organic
solvents. On the other hand, the reported high temperature
treatments aim in general at most to decrease the oxygen
functionalities. The adsorbed on graphene surface hydro-
carbons observed in this work can simply be considered as
impurities. However, very high thermal stability of adsorbed
toluene can be useful information for sensor application. Only
recently, a chemisensitivity of graphene for toluene detection
was investigated, and two different approaches in terms of
“conductivity sensitivity” were proposed (of course the amount
of detected toluene should be as low as possible). The first one
is based on the electrondonor properties of toluene and
sensitive “perfect” carbon lattice, and the second one rests in
the presence of defects in the graphene lattice. According to the
second approach, linear defects or even additional disorder near
the edges of the well-ordered islands (closed contour defects)
introduced from the postsynthesis remained adsorbed species,
are found to be more effective than the punctual ones in the
electron hopping regime.'>'* According to this approach, the
presence of linear defects (edges/steps) within the singular
flakes in our FLG, and the presence of thermally stable
adsorbed toluene can cause a formation of “defect-like” islands,
which need to be overcome by electrons and which results in
the hopping mechanism.?® In the case of annealed FLG, where
there is a lack of hydrocarbons, a stable resistivity and ohmic
behavior is observed, suggesting that the hopping mechanism
hardly happens. This in turn means that charge transport here
is only restricted by scattering on the topographical defects
(edges) within individual and between two flakes. Regarding
transport between adjacent flakes, the overlapping is probably
responsible for the low resistance. A SEM analysis confirms the
overlapping of the FLG flakes (Figure 3A). Two possible ways
can be considered to separate two connected graphene flakes;
direct atomic bonding at their interface with discrete atomic
domain boundary or their overlapping, forming a bilayer
boundary region relying on the van der Waals forces.”" This
overlapping allows one to contact the sp” carbons from two
FLG flakes, making a pathway for electrons that overcome
edges defects or at least decreases electron scattering. This
contact is probably additionally strengthened by the annealing
treatment during which the surface adsorbents are removed and
stronger van der Waals interactions are formed between the
overlapped parts of two flakes (they depend on the staking
arrangements between the flakes; a turbostatic stacking cannot
be excluded and the experimental analysis and simulation of
such stacking are ongoing).

The sheet resistance of the FLG film after annealing,
obtained here by Hall Effect measurements (0.76 ; 1 kQ/sq), is
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very close to one reported earlier for a single FLG flake (1.6
kQ/sq), measured by the two-probe technique.'” The
comparable order of magnitude of sheet resistance for an
individual flake and FLG film suggests high contact between the
flakes in the film and low impact of grain boundaries on charge
transport in the annealed film, although the sample thickness
and the measurement technique are not comparable. The
“multistep” structure of graphene flake and low selectivity
toward the number of sheets in the FLG materials undermine
the possibility to obtain high transparency of the conductive
film by spray technique deposition; however, conductive
coating in a simple and rapid way can be achieved on unlimited
surfaces. The conductivity of the FLG film obtained in this
work, ~ 60 S/cm (1/ p), is comparable with the one published
for the film prepared by filtration on the alumina membrane
from the FLG obtained by chemical exfoliation from graphite
(65 S/cm), and higher than many films or free-standing paper
prepared from reduced graphene oxide or expanded graphite
materials.’

B CONCLUSIONS

In summary, we have shown that FLG film of overlapped FLG
flakes prepared by the hot-spray technique with random
deposition shows significant improvement of charge transport.
This is due to desorption of adsorbed hydrocarbon impurities
(toluene and its decomposition intermediates) accompanied by
low decrease of oxygen content, once annealed at 900 °C. A
desorption of toluene from the FLG surface requires a
temperature as high as 450 °C showing strong interaction of
this electron-donor species with graphene materials. This
information is important to take into account when graphene-
based chemisensors are designed. The semiconducting feature
of FLG film was observed by nonohmic behavior during Hall
Effect measurements, indicating a hopping electron transport
mechanism, whereas once the film is annealed, the semi-
conducting behavior approaches metallic-like. The lowest sheet
resistance of 760€2/[] was recorded for the annealed FLG film.
A divergence of measured values of RD/ p observed for different
samples is very low despite the random deposition of FLG
flakes by the spray-technique. In addition, we assume that the
use of a mobile air—gun system for a deposition of FLG could
improve homogeneity and continuity of the film, and
consequently, reproducibility of the measured electrical
characteristics.

B ASSOCIATED CONTENT

© Supporting Information

The SI contains the mass spectra obtained during TGA analysis
for FLG sample without and after annealing. In the case of FLG
without annealing, additional peaks detected during analysis
correspond to the hydrocarbons adsorbed on the graphene
surface. The second data are the overall pressure curves
observed during TGA-MS analysis of the FLG sample before
and after annealing. This information is available free of charge
via the Internet at http://pubs.acs.org.
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The SI includes the data dealing with highly adsorbed hydrocarbon species. The Fig.S1
presents the mass spectra obtained during TGA analysis at 450°C for FLG sample before
annealing (FLG-(450°C)) and after annealing (FLG-Ar (450°C)). The highest mass (m/z = 92)
corresponds to toluene, others to the intermediates from decomposition of toluene (m/z < 20
=> CHx; m/Z < 30 => CHy; m/Z < 44 => C3H,; m/Z < 58 => C4Hy; m/z < 72 => CsHu,
where x = 2-4; y = 2-5; z=3-7; q=4-9; u = 5-11; in the case of FLG before annealing. These
hydrocarbons peaks are almost absent in the case of annealed FLG material.

The colored peaks present on both spectra correspond to calibrated gases, respectively to the:
m/z = 2 => H, (black); m/z = 18 => H,0 (blue); m/z = 28 => CO (green); m/z = 44 => CO,,
(cyan) .

The fig. S2 presents the overall pressure curves recorded as a function of temperature during
TGA analysis (measured) versus calibrated ones, corresponding to the desorption of gases
from FLG (A) and annealed FLG-Ar (B). The experimental pressure is much more significant
than the calibrated one in the case of FLG sample, especially for the temperature range of
350-500°C, with the max. at c.a; 450°C.
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Fig. S1. Mass spectra recorded during TGA analysis at 450°C for FLG before and after

annealing (FLG-Ar).
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Fig. S2. The overall pressure curves recorded as a function of temperature during TGA

analysis (measured) versus calibrated ones, corresponding to the desorption of gases from
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3.1.3 FLG Charge Transport Device Mobility, Resistivity
and Carrier Concentration in FLG Film Studied by
Hall Effect

Additionally to the current and temperature dependence resistance investi-
gations, the sheet carrier concentration (n), mobility (1) and resistivity (p) were
studied, for 1 x 1 cm FLG-AbI devices, as-prepared and thermally-treated under
Ar at 900°C for 2h, by the Hall Effect measurement system at room temperature.
These parameters are extracted from the Hall Coefficient (Ry) as explained in
section of chapter [2l Table shows the sheet carrier concentration (n), resis-
tivity (p) and mobility (x). The measurements were recorded for different values
of the injected currents, starting with 1x107°A, and then by gradual increase for
1x1075%A, 1x107%A, 5x107*A and 1x1073A, respectively. For each injected cur-
rent value, the measurements were repeated three times and the average values
with 4 error as highest/lowest from mean values for sheet carrier concentration
and mobility are presented. The resistivity values remained stable after theremal
treatment.

The sheet carrier concentration (n) varies between 5.1x10' ¢cm™2 to -
3.1x10" ecm™2, respectively, between, 1x107%A and 1x1073A, for the FLG-Abl
as-prepared device, which represents approximately 3 orders of magnitude varia-
tion, and mixed charge carriers (n and p type) electrons and holes are observed
according to positive/negative value of carriers concentration (n). The mobility
1 shows mixed trend by increase and decrease with the increasing current inten-

L at an initial

sity for the as-prepared device. It increases from 2.0 cm?V.7l.s™
current of 1x107%A, to 3.5 cm?V.71.s7! at current value of 1x107*A, and next
exhibits a decrease to 4.0 x107! em?.V~1.s7! at the final current of 1x1073A.
This indicates that with more electrons injected, more carriers are forced to par-

ticipate in the conduction until a point where scattering effects overcome the

liberation of "extra" charge carriers. A small gradual decrease in the resistivity p
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Table 3.1: HE measurements results: the carrier concentration n, resistivity p and

mobility p for A) the FLG-Abl as-prepared device and B) for the FLG-Abl-900° C-Ar

device at room temperature.

A) FLG-ADI (as-prepared)

I(a)

1.00.10%
1.00.10%
1.00.10%
5.00.10%
1.00.10%

Carriers (n)
(cm?)

5.1.104+6-7
-4.6.1012£2-7
-4.9.103£1-3
5.1.10%+1-2
-3.1.10%°£1-5

B) FLG-AbI-900°C Ar

I(A)

1.00.10%
1.00.10%
1.00.10%
5.00.10%
1.00.10%

Carriers (n)
(cm?)

3.6.101+0.4-1
-3.5.10+0.5-1
5.7.101°+0.5-1

Mobility (1)
(cmiv-l s—l)

2.0.10%+1-1.5
2.8.10%+0.4-0.8
3.5.10%+0.1-0.7
1.5.10%+0.4-0.5
4.0.10%+0.2-0.3

Mobility ()
(C[[l:V_ls_l)

2.3.10%+0.3-0.7
2.2.10%+0.2-0.6
1.4.10%+0.2

6.5.10°+0.1-0.2 1.3.10%+0.1

6.5.101°+0.1

1.3.10%+0

Resistivity (p)
(2.cm)

1.5.10%
7.6.10%
7.6.10%
1.7.10%
1.0.10°%

Resistivity
(p) (2.cm)
1.5.10%
1.5.10%
1.5.10%
1.5.10%
1.5.10%

(higher conductivity) is observed for the as-prepared device from 1.5x10°" Q.cm

to 1.0x107% Q.cm when the current is increased. By looking at the & error, the

carrier concentration and mobility respectively, show stability (less variation) as

function of increase in current.

While for the thermally-treated device, sheet carrier concentration (n) varies

between 3.6x10™ ¢cm~2 and 6.5x10' ¢cm~2, showing an order of magnitude vari-

ation dominated mostly by p type carriers (in contrast to the as-prepared sample

where mixed type carriers are observed), and indicating a less pronounced effect

of injection of more charges by current increase.The concentration type can be

affected by many factors including uncontrolled doping by exposure to air at-
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mosphere, but preliminary to the presence of defects and hetero-atoms at initial
FLG. According to previous investigations of sheet resistance and TPD-MS and
XPS analyses, we can state that these impurities are mainly oxygen and hydro-
carbon (toluene) species, which influence the electronic state of FLG. The n-type
doping is due to the presence of toluene, which has electron donor properties and
strongly interacts with graphene. After annealing, the FLG film shows mostly
p-type transport which is related to desorption of toluene. Also the presence of
Ny environment can have effect on the type of carriers observed. It is believed
that intrinsic FLG is a mixed-carrier material [2I]. The resistivity values re-
main relatively constant for the thermally-treated device around 1.5x1072 Q.cm
throughout the range of current values, indicating the effect of thermal treat-

ment. It is a good indication of a stable and high conductivity (as presented in

the previous sections [3.1.1] and [3.1.2)). The mobility also decreases from an ini-

tial 2.3 x10'em2.V=1s7! at 1x107°A to 1.3 x10 cm®2.V~1s7! at 1x107A, but

afterwards it stays relatively constant. The exact reason for this large decrease
in mobility is unclear but the mixed contributions from the scattering effects
(phonons, Coulomb, long and short range impurity for example) could have af-
fected it [241]. Although, it is reported that long range scattering in low mobility
and short range scattering in high mobility graphene samples (obtained by me-
chanical cleavage method) are observed [I17] but in our case, inhomogeneous
connections between the flakes, which we call "multi-step" configuration could
be one of the reasons for low mobility, however, this needs further investigation.
The mobility is at least two orders of magnitude lower when compared to the
generally reported values (for single-, bi- and few layer graphene films from epi-
taxy and CVD methods) which are in the range of 2 x 10%- 2 x 10* cm?V.71.s7!
[48, 10T], T30]. This can be related to the multi-structure of few layer graphene,
where steps/plane ratio is higher than in the flakes with similar lateral sheet size.

Mobility u is an important parameter for understanding device performance

and underlying semiconductor physics of the materials. [241]. Extrinsic scattering
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factors, many of them are originated from the surface morphology, chemistry,
structural and electronic properties of the widely used SiO, substrate, also limit
the mobility. Graphene devices fabricated on silicon dioxide substrate have shown
field-effect mobilities ranging from 10 to 200 ¢m?/V.s [117]. The mobility for

FLG film is lower (or comparable) to the best values of organic semiconductors

(appendix

3.1.4 FLG Charge Transport Device Studied by Four-Point
Probes (FPPs): Sheet Resistance

In the previous section, charge transport was studied by Hall Effect (HE) for
samples of the size of 1 cm?. Larger samples of the size two cm? are also prepared
to investigate charge transport by four-point probes (FPPs). Further, rough-
ness/thickness and work-function measurements are performed as well, which
will be presented further in this chapter.

The FLG films were prepared in the same manner as before. Indeed in the
bottom contact was covered by graphene film and required penetration of four
probes into the film in order to establish a contact. The four point probes allow
the local charge transport measurement on a device and then rationalizing the
results by taking into account the geometrical dimensions of the sample/film.
This is in contrast to the HE measurement, which gives average global resistivity
of the sample by measuring the sample by the contacts placed on its perime-
ter/corners. Cr/Au electrodes were deposited on the top or on the bottom for
charge transport studies. The top electrodes configuration was retained due to
practical reasons (figure 2.6). The measurement can be performed with Cr/Au
electrodes or without and the sample size is not as an issue as it is for HE (a 1
cm? with strict geometry and other conditions). Electrodes are used to establish
a better ohmic contact between the FLG film and to protect the device (FLG

film) from being degraded or etched away by the excessive induced currents or



132 CHAPTER 3. RESULTS: FEW LAYER GRAPHENE

by the penetration of pointed probes, respectively. Otherwise, this measurement
can be performed on any number of locations on the device. The main advantage
of FPPs is to avoid the contribution from the contacts that inevitably adds up
to the R4 of the sample in the two-probe system.

Current-voltage (I-V) measurements were performed with two sets of elec-
trodes placed on the FLG film (figure by inducing different values (range) of
current into current probes (extreme probes) and measuring the potential drop
across middle probes with the help of a voltmeter. Value of obtained V was
divided by the amount of induced current each time and then multiplied by a
geometrical correction factor, in order to get the R, (extracted from the slope of
the linear V(I) curve of device, as explained in . The figure shows
the V(I) curve for the evaluation of sheet resistance in the FLG-Abl (deposited
volume: 4 ml of FLG /ethanol on 2 ¢cm? quartz substrates) charge transport de-
vice before and after a thermal annealing at 900 °C under argon for two hours.
Note the measurement points V(I) are arbitrarily joined, only to show the trend
in the evaluation of R,. Additionally, to the [-V measurements, the transparency
of the FLG film was performed using UV-Vis spectroscopy. Figure shows
the transmittance spectra of the related FLG-Abl film and the optical photo of
the FLG film bearing the electrodes deposited on top.

The Ry is high for the as-prepared device and it decreases after thermal
annealing step, the related transmittance is low, 30-40%. The V(I) curves in-
dicate a marked difference between the as-prepared and the thermally-annealed
values of sheet resistances in the same sample, which is in accordance with HE
measurements. This is again attributed to the desorption first of toluene (hy-
drocarbons) and next oxygen groups, and other impurities and possible defects
migration/elimination due to annealing at high temperatures. The R, decreases
significantly from 85 kQ2/0J to 15 k2 /0J with thermal annealing under Ar at 900
°C for 2 hours. However, R, values are different from the ones measured by HE,

ie. 15 kQ/Ovs. 750 /0 for the FLG-ADbI (thermally-treated). This can be due
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Figure 3.1: V(I) characteristics of FLG-Abl charge transport device, as-prepared and
after thermal annealing A), Transmittance spectrum B). Inset: optical image of the

device.

to different geometry, environment (air for FPP and Ny for HE) and local mea-
surement. The V(I) curves for the as-prepared and thermally-annealed devices,
show also an important change in the transport, starting from a current value of
10~* A for both devices, showing a different slope towards more linear behavior
at this current. Figure[3.2|shows the V-I curves plotted in a log-log scale to better
visualize the behavior of the FLG-ADbI charge transport devices, as-prepared and
after thermal annealing (t.a.) at 900 °C under Argon. This random behavior is
more pronounced for the as-prepared device between 107¢ and 10~*A. The R,
decreases from 3.74 MQ /(] at an initial current of 1075A to around 79 kQ2/0J at
10~*A. During this regime, the charge transport is unpredictable and resembles
to the hopping transport in a disordered materials. This can also be related to
the minimum amount of current needed to establish a well-connected path for
the flow of charge carriers through randomly deposited flakes of graphene which
are not smooth and host large amount of adsorbed impurities. At low currents,
charge carriers have difficulty to reach the other end of device, hence the absence

of conducting channels in the device could be one of the reason for such high
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Figure 3.2: Log-log scale V(1) characteristics of FLG-Abl charge transport device,
as-prepared and after thermal annealing (as figure .

and non-ohmic measured resistance. Some of the current is also consumed by the
voltmeter itself in practical measurements and its sensitivity could also be the
reason of this behavior at low currents. Above 107*A, the R, starts to shift to-
wards an ohmic regime up to 10 ~3A with charge transport dominated by a drift
mechanism. However, R, fluctuates between 77 and 87 k2 /OJ for current values
between 10™* and 1072A in this example (a variation of 10 kQ or 12%). This
small variation in conducting behavior is understandably normal for most of con-
ducting materials for FLG as some of the oxygen groups are still attached to the
sensitive edges of the FLG sheets due to measurement performed in air as well as
other factors such as packing density, disorder, impurities and environment apart
from scattering [242].

For the thermally-annealed device, the R, at the starting current of 1076A is
still high (167 kQ2/0J), but approximately 55% lower than that of the as-prepared
device at same current, highlighting the effect of thermal treatment. High starting

R, is not surprising for thermally-treated devices at low current value (1076A),
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possibly due to the lack of a well-connected path for conduction or the measure-
ment artifact related to the noise of the measurement apparatus and adsorbed
impurities from environment. The R, is lowered to 15.1 k2 /00 with a variation
of 0.3 kQ or 2% at values within 107*A-1073A is detected. This shows a stable
ohmic behavior as compared to the as-prepared device due to a better ordering
of structure and to the removal of adsorbants during thermal treatment. The
structure is improved to make better contact among the flakes and individual
sheets, the evolution indicates a shift towards strong ohmic behavior starting at
the current of 107* A.

To further understand why the V(I) slope always changes at 10™* A, mea-
surements were repeated by going from low currents to high currents (from
10x107%A to 20x107*A) and coming back in reverse (from high-to-low currents)

on several devices several times to check a hysteresis effect (figure [3.3]A).

A FLG-AbIAmML | 100 B FLG-Abl4mL
20 | | =Low-to-highferror bar 0 -=-Low-to-highferror bar
—o- High-todow -o— High-todow
15} S
S— ,!
E %10
el
= >
51 © T/ I
-1
0 ' -5 ' -4 ' -4 ' -4 -6 —— .5 -4
50x10° 1,0x10" 1,5x10" 2,0x10 10 10 10
Current (A) Log Current (A)

Figure 3.3: V(I) curves for low-to-high and high-to low currents to see hysteresis.

The two curves show that the measured voltage as function of injected
current does not change much. The error bar is inserted to show this variation
between low-to-high current injection and coming back in the reverse order. Less
than 1% (up to 0.065 %) change is observed in the measured voltage for the high-

to-low current injection measurements. This change is negligible and cannot be
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qualified as a hysteresis effect. Figure [3.3B displays the same curves plotted in
a log-log scale to verify the ohmic behavior of devices. As it can be seen from
the figure, at the current value 107°A, the device starts to show a clear ohmic
behavior.

The results show that at low current values of few pA (1076 to 107°A), the
devices resistance shows high fluctuations (figure ) Beyond 100 pA, (107*A),
the device shows less fluctuations and a stable linear behavior is observed until
1073A.

Further investigation reveals that the initial strong variation in measured R,
in FLG devices is not related to material itself but it is due to the measurement
setup of four probes. The four probes equipment exhibits a problem in measuring
low currents. This was then verified with a two-probes technique (see figure

for measurement set-up).

Figure 3.4: Measurement of resistance of FLG film by two-probes technique.

The voltage of the samples (FLG-Abl 4mL) was measured for induced cur-
rent range with both techniques and the corresponding graphs are shown in figure
ﬂ The two-probe technique measures the resistance between two points/elec-

trodes (see section [2.5.1.1)in chapter [2)).

As it is clear from these graphs, the curve of four-point probes (FPPs)
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Figure 3.5: Comparison of two-probes and four probes techniques by log-log scale of
V(I) curves on left. The log-log plot is magnified between 10~*A and 1073 A on the

right.

changes the slope at 107*A and keeps this behavior for higher currents. This is
highlighted by magnifying the part of curve between 107%A and 1073A for both
measurements. With two probes, the curves display same slopes since the start
until the end in contrast to the FPPs. In the case of four electrodes measurements
the curves seem to converge at low currents instead of remaining parallel as shown
in the magnified part between 107*A and 1072A which is due to due to significant
loss of current in contact resistance in four point probes until 107*A.

Figure [3.6] shows the morphology of charge transport device studied by
Scanning Electron Microscope (SEM). The random deposition of the FLG flakes
can be observed. We can observe random stacking and piling of flakes with empty
spaces between flakes that hamper the percolation, while the excessive stacked
amount of flakes is observed in the conduction path which does not necessarily
contribute to further conduction. This can explain the high R, in the FLG device
and low transmittance of FLG film.

Despite very low transparency of the FLG films, which excludes the poten-
tial application in TCEs, the Conductivity of Transparency (og) which is used
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Figure 3.6: SEM images showing the morphology of the charge transport device.

as a figure of merit (see section in chapter |1) was calculated for FLG films.
Conductivity of Transparency was calculated by taking the average of R, and
transmittance for three measurements. Table shows the calculated (og) of
representative FLG-Abl devices, along with the 4+ error from the mean value of
R and transmittance at 550 nm, while similar data are provided for two commer-
cially available ITO films [6] for comparison purpose. The heterogeneous random
deposition in the films results in local variations of resistance and transparency,
that is why measurements are repeated several times for Rs; and transmittance
at different locations. Comparing these results with that obtained by HE mea-
surements, there is significant difference in the sheet resistance between around
15kQ/0O0 (with FPPs) and around 1 kQ /0O (with Hall Effect). This can be due
to differences in geometry of the FLG film/device and contacts. Note that the
Ry is given for the two methods of charge transport used in this study, i.e. the
Four-point probes (FPPs) and the Hall Effect (HE).

The highest value of oy is obtained for the 1 cm x 1 ¢cm sample studied
by the Hall Effect, with very low transmittance, which makes it impossible to
consider this result for transparent conductor applications. However, conductive
electrodes and coatings are well within reach. Comparing the o, values with
the commercial ITO, it is evident that this type of FLG films are 2-3 orders of

magnitude inferior, even after thermal annealing treatment. The low performance
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Table 3.2: Conductivity of transparency (04) of FLG-Abl charge transport devices
with Rs given for the FPP and HE in comparison to commercially available ITO

electrodes.
. R (avg) T,,, | Conductivity of transparency
Sample/Device

(kQ/0) | (%) (04t),(S/cm)
FLG-Abl-As-prep.(4mL) (FPP) 85 £7 | 31 +4 7
FLG-AbI-900 °C-Ar (4mL) FPP 15 £1 31+4 41
FLG-Abl-900 °C-Ar (2mL) (HE) | 1403 | 29 +2 801
ITO Sigma-Aldrich 4.3x10%/

0.01/0.1 | 85/77
Catalog Nos. 576360/639281 2.7x10*

of the FLG film is linked directly to high percolation threshold, which is an effect
of random deposition plus inhomogeneous and low lateral sizes (and multi-step
morphology) of the flakes, and the variable number of the sheets (thickness)

within individual flakes.

3.2 Charge Transport in FLG by Mechanical Ex-
foliation of Synthetic Graphite (HOPG)

FLGs ablated from a pencil lead undergo several filtration and purification
treatments in rather harsh conditions, which are necessary to purify the FLGs
from binder. To avoid these treatments, Highly Ordered Pyrolytic Graphite
(HOPG) was used to synthesize FLG. Other advantage of HOPG material is
linked with parallel arrangement of graphene sheets compared to pencil lead
during mechanical exfoliation as will be described later.

The FLG was prepared by the same principle of mechanical ablation as for
the pencil lead as explained earlier in chapter [2] under section The discs
of HOPG was continuously ablated against a rough glass disc with a controlled

flow of ethanol to detach the FLGs from the disk surface. The FLGs in ethanol
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were collected in a beaker and kept for 24h for a decantation step. After 24h,
around 75% of the liquid (ethanol+FLG) was taken in a separate flask in order to
get thinner FLG after the settling of the thicker agglomerates of FLG /graphite.
Thus, these FLGs are called FLG-HOPG24h. The concentration of FLG was
determined to be ~ 0.1 mg/mL.

Charge transport devices were fabricated in the similar way as explained
for FLG-ADbI (pencil lead) in The measurements were repeated three times
at different locations on the devices by FPPs. Figure [3.7] shows the representa-
tive V(I) characteristics and transmittance for FLG-HOPG24h, as-prepared and

thermally annealed at 900 °C under Ar, devices.

—=—FLG-HOPG24h (30 mL) 0 ——FLG-HOP G24h (30 mL)
—+—FLG-HOPG24h (30 mL)300 °CAr B -------- FLG-HOPG24h (30 mL) 900 °C-Ar

75| 73.5% 1 [T

Voltage (V)

Transmittance (%)

: X . . L 50 . . . . .
00 2ot 40x0” g mein? 00 10x07 400 500 600 700 g00 900

Current (A) Wavelength (nm)

Figure 3.7: A) V(I) characteristics of FLG-HOPG24h charge transport devices,

as-prepared and thermally annealed at 900 °C under Ar, B) transmittance.

The V(I) plot always shows a linear variation allowing to calculate a sheet
resistance Ry as defined by equation [2.1]in section of chapter 2 The sheet
resistance of as-prepared device of ~ 236 k2/0O (with an average Ry of ~ 305
+115 k2/0) is calculated at the transparency of 62 £5%. Ry decreases by one
order of magnitude with a thermal treatment at 900 °C under Ar for two hours, to
~ 22k /00 (average of ~ 23 £11 kQ/0J) for an average transmittance of 73 £ 6%.

Again, the thermal treatment induces the improvement in charge transport as
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expected. The transmittance is linked to the volume of FL.G deposition, however,
a variation of around 18% in the transparency is observed for the same deposition
volume of 30 mL for as-prepared (T,,, 61%) and thermally-annealed devices (T,
~ 73%) obtained at 550 nm.

Based upon these results, conductivity of transparency, o, is calculated
(see the table 3.3 for FLG-HOPG24h devices) by taking into account the average

Rs, and T % (at 550 nm) with + error bars from mean value.

Table 3.3: Conductivity of transparency of FLG-HOPG24h charge transport devices.

. Ris(avg) Tag | Conductivity of transparency
Sample/Device
(kQ2/0) (%) (04t),(S/cm)
FLG-HOPG24h (30mL) 305 £115 | 61 £5 ~H
FLG-HOPG24h (30mL)-900°C-Ar | 23 £11 | 736 61
FLG-HOPG24h (40mL) 167 £50 | 36 +4 ~5H

When comparing to the results obtained for FLG-Abl (pencil lead) in pre-
vious section (table , the conductivity of transparency of FLG-HOPG devices
is in the same range for as-prepared samples. However, after thermal annealing
step at 900°C under Ar for 2h, the value of oy has increased up to ~ 61 S/cm
compared to ~ 41 S/cm, showing an increase of 40%. For almost same order of
Rs, a higher transmittance is achieved with FLG-HOPG devices. The improve-
ment in the o, is linked with the improved transmittance which has increased
from 31 (for FLG-Abl) to 73% ( 80% higher for the HOPG devices). We can
expect that the HE measurements could lead to a much higher o4, as lower R
should be observed.

The + variation for R, and transmittance between two different samples of
FLG-HOPG films is linked to inconsistency in the concentration of FLG-HOPG
material in ethanol which was estimated to be around 0.1 mg/mL. Due the diffi-
culty in maintaining the exact concentration of FLG-HOPG24h after the decanta-

tion step, it is possible that there are small variations of concentration which can
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result in variation of deposited volume (and hence the Ry), transmittance, film
thickness and morphology coupled with inconsistencies inherent to the hot-spray
method.

Further, a detailed study of the shape, thickness, quality and size of FLG-
HOPG24h can bring more information to understand these variations. A drying
of the FLG to normalize the concentration is avoided to minimize the stacking
of the flakes. The additional factor which could influence the transparency is
a decantation process for 24h, which allows to extract the flakes with higher
surface /volume ratio.

A possibility to obtain the conductive film with a transparency higher than
70 % for the FLG-HOPG as compared to the 30% in the case of FLG-Abl confirms
different morphology of the flakes (larger size of the flakes), as the percolation
threshold was decreased. The flakes from ablation of pencil lead have also multi-
step structures (the lateral size of sheets within the individual flakes are variable).
This was characterized by 3D-TEM [243]. We suppose that this morphology is
caused by random directional arrangement of the graphitic parts in the lead
during mechanical exfoliation, as it is presented in figure [3.8]

This means that the exfoliated graphitic layers on glass surface are difficult
to form connection between two flakes. In the case of HOPG disc all graphitic
identities are mostly arranged in the planar, horizontal to the ablation surface
direction.

It is clear that the o, of this type of FLG is even 2-3 orders of magnitude
less than that of the commercial ITO and even after thermal annealing treatment
desirable results are not achieved, although HE measurements could provide bet-
ter HOPG film performance. Figure [3.9| shows the SEM micrographs of several
FLG-HOPG-24h devices.

These SEM images recorded in the top-view show that FLG film consists
of overlapping flakes forming layers of graphene and few layer graphene sheets

with arbitrary shapes and random in-plane orientation. Some of the flakes can
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Figure 3.8: The difference and variation of lateral size of sheets within FLGs
depending upon the raw materials used. A) FLG-Abl from pencil lead, [239] B)
FLG-HOPG from HOPG.

Figure 3.9: SEM micrographs showing morphology of FLG-HOPG24h transport

devices.
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be seen to have vertical orientation especially as the edges, seen as bright white
areas on SEM images [244]. Although R, can be improved by to some extent by
compressing or polishing methods, which might result in better contact/perco-
lation among flakes and hence better charge transport characteristics. However
it is not easily practicable without etching away or damaging the surface of film
as it can easily be etched with only small applied force. On the other hand this
curvature of the flakes towards the ”z” direction (opposed to the punctual stack-
ing) or vertical aligned morphology can be an advantage for charge transport in
electrodes for dye-sensitized solar cells and storage (lithium ion battery) devices
and also can be applied to graphene-based thermal interfacial materials for better
thermal management in different electronics devices [39, 245, 246].

Apart from different morphology of the FL.G flakes from pencil and HOPG,
the important impact on the R;/T performance could arise from different con-
centrations of both materials during the preparation of the films. For this reason

three series of FLG sheets are possible as visible in figure [3.8]

3.3 Homogenization and Crystallization of Few
Layer Graphene by p-waves-assisted Oxida-

tion in Water

FLG obtained by ablation of pencil lead could be improved in terms of the
morphology by two steps: First, u-waves-assisted oxidation in water, and second
oxidation at ~ 650°C.

The first step leads to the double structure, i.e. highly graphitic sheets
(due to the action of p-waves) and carbon nanoballs, which represent 40% of
total weight (mass) according to the TGA analyses. The nanoballs are formed
from hydrocarbons (toluene) adsorbed on FLG surface (figure [3.10A) and from
exfoliation of small sheets of graphene from FLG. The latter probably happens at
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Figure 3.10: TEM micrograph of initial FLG with hydrocarbons layer adsorbed on
the sheets (flashes lines), A) TEM micrograph of FLG after p-waves assisted
treatment in water (FLG-Hy0), displaying the highly crystallized FLG sheets, B).
TGA (derivatives) profiles of initial FLG (FLG), FLG after u-waves treatment in
water (FLG-Hy0) and FLG after p-waves treatment in water and additional oxidation
at 650°C (FLG-Hy0+650° Coz), C) and FLG and FLG after p-waves treatment in
water (FLG-H>0) D.

the steps and nanocracks, which decreases the "multi-step" nature of FLG-Abl.
Since the nanoballs burn at a temperature significantly lower than graphitic FLG
(60%), the temperature at ~ 650°C can be next applied for selective removal of
the balls (figure [3.10B). This results in shift of combustion temperature, and
"pure" FLG sheets with high graphitic degree can be achieved (figure —
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D). This is published article, "Activation of few layer graphene by uw-assisted
oxidation in water via formation of nanoballs- support for Pt nanoparticles" in

Journal of Colloid and Interface Science, 2015) [247].

3.4 Roughness and Thickness Determination

The roughness and thickness were studied for different FLG samples from
FLG-Abl and FLG-HOPG24h by the Dektak profilometer, AFM and NRA tech-

niques which are presented in the following sections.

3.4.1 Surface Profile for Roughness by Profilometer

Roughness of FLG films from FLG-Abl sample (0.5 mg/mlL concentration,
4 mL deposited volume, R, 85 k€2/[J and transmittance 31%) was performed for
scan length of 400 ym using Vecco Dektak 150 profilometer and a representative
profile image is shown in figure [3.11] Two cylinder bars show the reference and
measurement bars in the profile. The narrow green bar is for reference surface at

zero and the wider red bar shows the measurement bar with reference to zero.

The roughness can be expressed in several ways but the Arithmetic average
deviation from the mean (Ra) and the Root Mean Square of the average roughness
(Rq) also called RMS are the two functions that are commonly used. In other
words, the Ra is average distance from the mean line whereas, the Rq is the
geometric mean of the average roughness Ra, so the later is always higher than
the former by 10%, at least. The profile shows that the average roughnesses are
around 107 nm by Ra and 130 nm by Rq (RMS), respectively, but several peaks
up to 600 nm can be observed. Rq being the geometric mean of Ra is 10% higher
than Ra, at least.
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Figure 3.11: Surface profile for average roughness values for a FLG-AbIl device.

3.4.2 Surface Profile for Roughness by AFM

To further understand the roughness, the AFM (NT-MDT Stand Alone
SMENA Scanning probe Microscope) analyses were performed, working in tap-
ping mode. The AFM profile images and histograms for FLG-Abl devices are
given in figure [3.12]

For a relatively flat area without notable feature, the average roughness of
FLG films as indicated by Ra and Rq (RMS) are 96 and 118 nm, respectively,
(figure ) which verify the previously obtained results by Dektak profile (Ra
107, Rq 130 nm) with only small variations noting the variation of the scan
size in both measurements (Dektak 400 pm distance vs AFM 10 pm x 10 pm).
The AFM images correspond well to the SEM images obtained for these films,
the presence of thicker points, which are consisted of FLG flakes agglomerates.

Figures 3.12B and C provide the 3D image and histogram fitted by Gaussian
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Figure 3.12: A) AFM topography profile image of FLG-Abl device, B) 3D image of
the profile, C) Histogram profile fitted by Gaussian curve, D) AFM image at a
different location with a big micrometric flake, E) 3D image of profile with large flake
F), 2D image of the inset showing smoother area in the profile, G) Histogram profile

fitted by Gaussian curve of image in D.

curve, respectively, of the same profile. Note that the step size for height was
increased to 20 nm from its original size of 1 nm to get clear evaluation of the
roughness by histogram profile. The Gaussian fit, however absolves the special

features or random distribution. However, as noted earlier in the case of the
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Dektak profile, very thick flakes/fragments can reach height up to 800 nm as
illustrated by the Dektak profile as well by the AFM images. Some fragments
can be even accidentally thicker and this can be seen in figure for a scan
at different location on the same sample, where a thick fragment is seen in light
orange/white color. This image shows that the highest peak can attain up to 1.6
pm height (for the same sample at a different location). The Ra and Rq values
are also affected (although not significantly) and increased to 171 and 264 nm,
respectively. Figure [3.12[E shows the scan of a small homogeneous region of 4x4
pm= 16 pm? from the same profile and reveals that there are many areas below
200 nm as indicated by major dark orange color. Figures|3.12F and G show the
3D profile and the histogram fitted by a Gaussian curve, respectively, of the same
scan with the thick flake including the highest peak at around 1.6 ym and smaller
peaks at around 0.8 ym. The histogram in shows a small peak between 50
and 300 nm (height) corresponding to population of smaller peaks in this region
(corresponding roughly to the maximum of figure [3.12C) which are overshadowed
by the peaks at higher amplitudes.

The interaction of tip with the FLG film under study has not shown any
evidence of modification in the roughness or the topography of the films due to
repeated scans on the same location under same conditions.

For the FLG-HOPG24h (~ 0.1 mg/mL concentration, 40 mL deposited
volume, Ry 167 k2/0 and and transmittance 36%) sample, larger scans were
performed (50x50 ym = 2500 um?) near the edge and at the center of the device,
for approximately same deposited volume as FLG-Abl. Figure [3.13] shows the
AFM images and histograms of FLG-HOPG24h device.

The results indicate that the roughness average values increase to Ra =
159 nm and Rq = 240 nm, respectively, for such device (figure [3.13A), compared
to Ra=96 and Rq=118, respectively for FLG-Abl device. It further increases at
the center of the device to Ra = 250 of nm and RMS = 344 nm (figure [3.13D),
respectively, due to the higher probability of deposition by spray on the center
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Figure 3.13: A-B) AFM topography profile image of FLG-HOPG24h device al edge
and related 3D image, C) Histogram of the profile fitted using Gaussian curve, D-E)
AFM topography profile image at center of the device and related 3D image, F)

Histogram of the profile fitted using Gaussian curve.

of device, for being directly under the flow of nozzle. Respective 3D images
and histogram profiles for scan at the edge and at the center are shown in figure
B.I3B-C and B.I3E-F, respectively. The height step size for these histograms were
increased to 40 and 61 nm, respectively (which was originally set to 1 nm) for large

data points. These results indicate the heterogeneous morphology /topography of
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films which not only impedes the charge transport among the flakes but addresses
a challenge to obtain uniform films with homogeneous properties for electronics
applications as well. If compared to the FLG-Abl, however, the highest points for
FLG-HOPG24h are thinner (see AFM images and 3D profiles), which indicates
that they are mostly the flakes, which lift vertically from the surface. In the
case of FLG-AbI the thick points are mostly stacked in ”2” direction flakes. The
morphology of FLG-HOPG film seems to be more advantageous for the further

application where the charges need to be transported to upper layer.

3.4.3 Thickness by NRA

The Nuclear Reaction Analysis permits to obtain the true atomic density
(up to few hundreds of nm deep including the voids) of films by estimating the
quantity of elements using their nuclear reactions. Knowing the surface and
volume densities of the material, we can estimate the thickness of the material.
Reversely, knowing the thickness of the film, we can calculate the volume density
of the material. The conversion from channel (arbitrary number slots which are
converted to corresponding energy values) to energy is made by using the standard
oxygen nuclear reactions [O'® (d,py) O7] and [0 (d,p;) O'"] and carbon nuclear
reaction using deuterium (*H) ions [C'? (d,p) C'| on a calibrated SiO, sample,
with a thickness of 200 nm. Since the resolution of NRA is up to few pum, we have
the depth profile through the FLG film and on the SiO, substrate that is why
we have the two oxygen peaks for two reactions ). The conversion gives us
the energy (E) in keV as the function of the Channel (C) is calculated to be E =
7.04 x C-85.00.

From SIMNRA software (simulation for NRA spectra) spectrum the FLG
film is evaluated to contains 6.25 x10'7 atoms/cm? (carbon concentration) which
we can call cross-sectional surface density of film (pss). The profile is shown in

figure [3.14
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Figure 3.14: NRA profile simulated and experimental for the FLG-HOPG24h-40mL

device.

To deduce the thickness of FLG film, we need to know the density of the
film. In a first time, assuming that the density of FLG corresponds to the density
of bulk graphite material, we can calculate:

Volume density of graphite (gram/cm?), p,, = 2.25 g/cm?

Avogadro number, Na = 6.023x10%* atoms,/mol

Molar weight of carbon M = 12 g/mol

Using this information, the atomic density of graphite (atoms/cm?®), p,, can be

calculated by:

vg X N 2.25 x 6.023 x 10%
Pag = p 9;\(/[ ¢ _ X 5 i = 11.25 x 10*?atoms/cm? (3.1)

The surface density of FLG film (pss) is obtained by NRA measurement, hence,
the thickness of FLG film T can be calculated dividing the surface density of
FLG film (psf) by the atomic density of graphite (pa)-

_ psg 625 x 10"
" pag  11.25 x 1022

Thickness(Ty1) = 56nm (3.2)

This corresponds to an equivalent thickness of graphite of ~ 56 nm. The
thickness is however, lower than the thickness Tfo of 130 nm obtained by the
Dektak method. In figure [3.15)) the average height of the film is computed from
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the zero level. The substrate is obtained by removing the FL.G by a sharp line

scratch with a needle.
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Figure 3.15: Thickness of FLG film obtained by the Dektak profilometer by

calculating the average height of the film.

This confirms that the film volume is not completely filled due to the oc-
currences of voids. From the two different thicknesses obtained by two methods
(by dektak and NRA), we can estimate the percentage of voids considering the
later thickness values obtained by the Dektak profilometer.

Tpy— Ty 130 — 56

Voids(%) = T 130

= 57% (3.3)

So what is measured by NRA and profilometry is the true density of FLG

film in which individual graphene sheets are not perfectly aligned horizontally
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and flat over each other, as is also confirmed from SEM and AFM images. Using
the value of thickness (Tf;), the new volume density of FLG film (p,s) can be

obtained from atomic density of the cross-section film (p,s) by:

 pep 6.25x10'7

_ 22 -3
Paf = T 130X 107 4.807 x 10““atoms x cm (3.4)
Subsequently,
Cpep XM ASOTx 102 x 12 .
Pog = SN T T oomx10B 0.96grams/cm (3.5)

The obtained volumic (p,r) and atomic (p,s) densities in the film are little lower
than the half of the volumic (p,,) and atomic (p,,) densities of graphite, re-
spectively which seems to be unrealistically lower. The causes of error can be
the thickness value obtained by Dektak profilometry which calculates an average
height of peaks on the surface of the film by scanning with the tip. But it cannot
scan below the peaks on the outer surface so the voids that are between and
below these peaks are not accounted for by the scanning tip. The reason for this
high void content also lies in the fact that the graphene sheets are not of same
size and thickness, and with spray deposition, the additional stacking of FLGs in
the z direction contributes to increase these voids. The figure describes the
arrangement of FL.G sheets in graphite, showing the voids formed in the film by
stacking of FLG fragments of different lateral sizes and thicknesses, and inability

of tip-based profilometer to account for these voids by averaging the peaks only.

3.5 Determination of Work Function

For (opto)-electronic applications, one of the most important material char-
acteristic is the work function (WF) of the material (in solid form), denoted by
®. XPS working in the UPS mode was used to determine the WF. The UPS
spectra of FLG ablated from pencil lead (and FLG-B9 obtained by sharpener)
and FLG-HOPG showing the valence band spectra are given in the figure [3.17]
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Figure 3.16: A) A possible schematic description of FLG flakes arranged in the film
assuming additional stacking in the z direction, B) surface profile of FLG film.

The binding energies of the electrons are given in the increasing mode starting
from the Hel line (21.23 eV).

The values of WF of the materials in powder form were determined by
subtracting the difference of the UPS secondary electron cutoff (cutoff) and Fermi
edge (system calibrated for Vy=0, see section in chapter [2) Er from the
excitation energy of the source Hel (21.23 eV).

®(eV) = Hel — (Cutof f — Ep) = 21.23 — (Cutof f — 0) (3.6)

These results indicate that the obtained work-functions of FLG-AbI (3.6 and
4.0 eV respectively) materials are lower than those required for TCE (as anode
electrode) applications. However, they seem to be suitable to replace low work
function counter electrodes materials (like Ag, Al ... as cathode electrodes),
which require a work-function between 4.0-4.3 eV. For FLG-HOPG the work-
function can be suitable for anode electrode although it is slightly lower than
that of ITO (4.7 eV).

Work function of FLG B-9 (pencil lead) is difficult to ascertain as the spec-
tra displays a large error in the absence of clear inflexion which can be related

to inhomogeneous morphology, due to the presence of inorganic binder. It is
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Figure 3.17: UPS work functions of FLG materials.

determined to be very low (3.6 V), also due to the fact that pencil leads con-
tain minerals (kaolin clay) as inorganic binder (15 wt % kaolin) to maintain the
macroscopic form of pencil [40]. FLG-ADI also has a lower work-function than
the generally reported value (between 4.2-4.3 eV). This is due to the introduction
of oxygen or other functionalities such as CHs, OH, carbonyl during the purifi-
cation steps and adsorbed hydrocarbons [12]. Generally speaking, XPS and UPS
are surface-sensitive technique and work function can be affected by many fac-
tors including surface morphology /smoothness/roughness, thickness, orientation
of material, surface impurity and doping, .... For thicker FLGs, the work-function
approaches that of bulk graphite (4.6 eV) [49]. This order of work-function was

here determined for HOPG material. It is known however, that the work-function
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of graphene can be tuned by doping. For example, the alkali metal carbonates
can n-dope graphene and lower its work-function down to 3.4 ¢V [248]. During
the production of graphene and rGO, and subsequent purification steps, several
functional groups can be attached to the edges of the material. They can in-
fluence the work-function by increasing/decreasing it, depending upon the type
(p or n) of such groups. This is reported that the presence of carbonyl groups
(-OH) (electron acceptor) can increase the work-function of graphene, whereas
the addition of methyl (-CHj3) or carbonyl groups which are electron donating

functionalities to the surface can decreases the WF [25].

In conclusion to this part, the above results of conductivity of transparency
of FLG-Abl and HOPG devices prepared with different volumes of spray deposi-
tion are low. After thermal treatment, the R, decreases by one order of magnitude
at maximum but remains at least two orders of magnitude higher than the one
required for TCE applications. Although the transmittance has been improved
for FLG-HOPG up to 73% which is encouraging. The R, is highly affected by
adsorbed impurities as well as by the random stacking of FL.Gs. The preferential
stacking in z direction as well as leaving empty spaces between flakes were ana-
lyzed by microscopic techniques. The low work-functions (4.0-4.3 e€V) obtained
for some of our samples can be useful candidates for counter or conductive elec-
trodes in OSCs and other electronic applications, respectively. The materials
with the higher work-functions can be employed as TCEs provided that the Ry
and transmittance are in the desired range. To further improve the Ry, our FLG
materials have to be improved. It seems also that HOPG provides better FLG
flakes to form the film by spray technique and percolation is also easier to obtain
than FLG-AbI due to the more homogeneous morphology of the flakes. The mor-
phology where vertical lifting of flakes occurs, can be an advantage for electronics

applications including OSCs and other electronic devices.
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3.6 Percolation in FLG-Abl

Several samples were prepared with different concentrations to obtain the
minimum amount required to attain the percolation for FLG-Abl. The R, (mea-
sured by FPPs) is presented for FLG-Abl material as function of concentration

in table 3.18 For each concentration, the R, decreases with increase of FLG

Weight/Amount (mg)

1 L5 2 25 3 35

FLG-ADbI (0.5 mg/mL)

R (g (as-prep) (KQ/O) 360 280 174 36 12 7
After t.a. 430°C/Ar 300 80 20 26 7 3
FLG-Abl(0.25mg/mL)

R (avg (as-prep) (KQ/TI) - 644 236 100 31 16
After t.a. 450°C/Ar 142 281 29 21 13 12
FLG-ADbl(0.1 mg/mL)

R (g (as-prep) (KQ/O) 933 800 78 37 32 16
After t.a. 430°C/Ar 1960 234 34 11 10 35

Figure 3.18: Percolation table for FLG-AbL

amount. The average Ry values suggest that an amount of 1 mg and 1.5 mg is
sufficient to cover the surface of 2 cm x 2 ¢m for FLG-Abl and FLG-HOPG24h,
respectively. Due to randomness of the spray deposition, effect of different con-
centrations could not be judged so easily and there is no strict correlation between
different concentrations especially, for low amounts of FLG (1-2 mg). For higher
amounts, the R, seems to decrease systematically with decrease of concentra-
tion. Random deposition makes that significant increase of conduction pathways
(multiple channels) occurs for different amounts of FLG for each concentration.
At higher amounts, for example 2 mg onwards a decreasing tenancy in the Ry is

observed as function of concentration.
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3.7 FLG by Microwave-assisted Liquid Phase Ex-
foliation (LPE) of Expanded Graphite in
Toluene (FLG-uw)

This section presents the preparation of FLG obtained by Microwave-
assisted Liquid Phase Exfoliation (LPE) of Expanded Graphite in Toluene, fol-
lowed by presentation and discussion of the representative results comprising

TEM, XPS, Raman and charge transport analyses.

3.7.1 Preparation and Characterizations of FLG-u-w

Due to the hindrances in obtaining the highly conductive, transparent and
uniform films by FLG-Abl and FLG-HOPG materials, another route was envis-
aged to prepare FLGs by u-waves-assisted exfoliation of an expanded graphite
(EG) in toluene. It was expected that the final FLG product will have higher
lateral size of sheets as well as higher conductivity due to the use of pu-waves
irradiation. Witnessing an important interaction with FLG-Abl as observed in
earlier results [249], toluene was chosen as suspension medium, first to induce the
potential intercalation between graphite sheets during dispersion (ultrasonication
step), second to stabilize the already exfoliated FLG sheets in suspension, and
third due to the low u-waves absorbance. Figure |3.19| shows the SEM images of
expanded graphite. The exfoliation of expanded graphite (EG) was performed by
submission of an expanded graphite suspension in toluene with a concentration
of 2 mg/mL to p-waves irradiation at 600W power for 10 minutes, followed by a
cooling step (see section in chapter for experimental details). Prior to the
u-waves experiments, EG was sonicated in toluene in a closed vessel and stirred
for 24h, which aimed to help intercalation of toluene. The resultant product after
p-waves treatment consisted of settled down EG and a toluene supernatant. The

latter contained exfoliated (extracted) few layer graphene flakes (FLGs), which
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Figure 3.19: SEM micrographs of the expanded graphite A) after sonication B).

were next separated with a yield of ~ 20 %. The yield (percentage of exfoliation)
was obtained by calculating the percentage of FLG separated to the settled down
EG (EGsettiea) from the initial EG (EGipnivia), as follows:

EGinitial - EGsettled
EGim’tial

Yielde fotiation (%) = 100% (3.7)

The determined here yield is quite high due to the stirring step under pres-
sure for 24h helping intercalation of toluene, (in the absence of of the stirring
step, the yield of FLG was only ~ 7%). In the present experiment, the exfo-
liation process is additionally favored by a difference in the p-waves absorption
between EG and toluene, and then a rapid rise of temperatures. Contrary to
toluene which displays a low dielectric constant (ep=2.38 at room temperature),
carbon materials are known to be good absorbers of p-waves [250]. In this re-
gard, we apply short temperature ramp with a high p-waves power, in order to
rapidly reach a demanded high temperature in the reaction media. This high
temperature of the medium can be reached rapidly only by high power p-waves
absorption of EG. The figures [3.20A-B plot the curves of temperature-time de-
pendency for EG-toluene, graphite plates-toluene suspensions and toluene alone,
respectively, which are registered during 10 min experiments with varied condi-
tions of temperature and power.

The curve in figure [3.20)A clearly shows that since toluene cannot be effec-

tively heated by u-waves, the significant absorption of u-waves by EG, results



3.7. FLG BY MICROWAVE-ASSISTED LIQUID PHASE EXFOLIATION
(LPE) OF EXPANDED GRAPHITE IN TOLUENE (FLG-pW) 161

A o Tal o Tal N
&
w14 & E&-Tal ‘,‘“ 8 Graphite-Toll "
Wt 4 EGTol ik
& &
4 -
at 204 .
‘A ‘A
o 120 " = e
[ e = "
£ M e ‘A‘ PPLLL
E ) g “ mmlﬂm
L o4 & - . wt?
B 4 g PO o
T A‘ 3 it m'ﬁmm ool
- " (=i} . #zen ap0o
A o
. hQ:n gpooo
40 & 9 o
& oooolO noo oODO0 9
sdopoooned 33—@3
T T T T T T
] 200 400 500 ] 0 400 &0
Timne [sac, irterv2izac] Tirme [sec, intery. 13s]

Figure 3.20: A and B. Temperature-time profiles obtained for toluene, EG-toluene
and graphite-toluene medium under u-waves irradiation with two different conditions

of p-wave experiment.

in very fast energy transfer and heating of toluene, and the solution in the reac-
tors reaches a final temperature of 160 °C. This rapid rise of temperature allows
the EG separation (exfoliation or extraction), which is probably favorable due to
the strong electron donor-acceptor interactions of toluene and graphene by w7
stacking. Such donor-acceptor interactions can be a driving force for both, initial
intercalation of toluene between graphene sheets (especially at the cracks) and
final dispersion of the flakes in toluene. The last effect (dispersion) will decrease
additionally a possible collapsing of exfoliated sheets during the cooling step
[251]. A desorption of toluene from the graphene surface required indeed high
energy (T= 450 °C at 10~*Pa) [249]. For comparison, lower final temperature of
toluene and lower heating rate are observed for graphite platelets (figure ),
which is probably related to differences in dielectric permittivity, depending on
the sample/size of both materials [252]. A TEM analysis reveals that the number
of sheets within singular flakes does not exceed 10 with an average number of 7.
Figure |3.21] shows representative low, medium and high resolution TEM images

of the FLG flakes as well as a Cls XPS spectrum.
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Figure 8.21: TEM micrographs A-C) and XPS Cl1s peak of FLG D).

The quite low full width at half-maximum (FWHMs) of C1s peak, measured

' carbon. The progressive broadness of

at 1.1V, indicates a high degree of "sp?'
the Cls peak towards higher binding energy is linked to the proper asymmetry
of sp? C peak, as well as to some sp® C linked to oxygen groups (-OH). The
tail extend corresponds to gradually increased electro-negativity group (-COH,
-COOH) and a small shake-up line of aromatic carbon compounds can be evident
at 291 eV (m-7* inter band transition). The percentage of oxygen calculated from
C1s and Ols peak areas is 5%.

The Raman spectra performed on few different FLG flakes confirm the ex-
istence of flakes with varied thicknesses. These flakes are fortunately from highly
oriented graphite, therefore the 2D band is sensitive to the material interaction
between graphene sheets. Thus, the modification of the 2D peak shape, which
consists of four components (asserted by visual examination 2D1B, 2D1A, 2D2A,

2D2B, fit not shown) allow to state that the FLG contains three to five graphene
layers (figure |3.22)) [44]. Here, broadening towards lower wavenumbers 2D peak
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(increase of the relative intensity of the 2D1 component resulting in 2D splitting)
indicates the presence of 3-5 layers containing flakes (figure ) or more than
five. The figures —D show also the I, Ip and Ip /I mappings, respectively,
which were performed within singular flakes presented on figure (insert).
The Raman mappings clearly show low (and homogeneous) concentration of de-
fects in the FLG planes, while the highest concentration of defects occur at the

edges, when comparing the I and the Ip mappings.
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Figure 3.22: A) Representative Raman spectra on FLG flakes. B-D) Ig, Ip and
Ip /I Raman intensity cartographies obtained (calculated for Ip/Ig) from area of the

flake presented at the insert of the image in A.

3.7.2 Charge transport in FLG-MW

The FLG flakes exhibit large lateral size from few and up to tens of microns.
Such large surface allows to perform conductivity measurements on varied and

significant distance within a singular flakes. Such distance-dependent electron
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transport measurements reflect the degree of continuity or homogeneity of the
sample. The electrical measurements were performed by the two-point probes
(2PPs) technique. The FLG was dispersed in ethanol and deposited on an inter-
digitated FET-like device between two gold electrodes with gaps of 2.5, 5 and 10
pum, respectively (see section of chapter [2| for device configuration). Deposited
flakes were annealed at 200 °C for two hours under Ar prior to the electrical
measurements. An examples of flakes deposited between gold electrodes for sub-

sequent measurements is presented in figure [3.23A.

A) Device Structure B) 2.5 um
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Figure 3.23: A) Representative images of measured FLG flakes between two
electrodes in a FET-like device, B-D) The I(V) curves obtained for few FLG flakes
with varied electrodes distance at B) 2.5, C) 5 and D) 10 pm, respectively.

The flakes are deposited randomly and the measurements were carried out
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by two probes technique (see the figure [3.23B-D, respectively). I(V) curves- mea-
sured for several flakes for each distance along with corresponding resistance R
values are plotted in figure [3.23B-D. All I(V) curves reveal linear, ohmic behav-
ior. This indicates no (or negligible) scattering of charges, due to the low defect
content within the flakes, which is in agreement with the Raman analysis (weak
intensity of the D band). The average resistance (Rg,,) values obtained are 158

+15, 238 £70 and 365 +£100 ) at the measured "device distance" of 2.5, 5 and
10 pm, respectively (figure ).
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Figure 3.24: The Ry, device, FLG flakes count for each device width/distance of
2.5, 5 and 10 pm, respectively A) table enlisting the Rqyg device,and Ryiake for each
device width/distance along with the flakes count B).

Each device contains variable number of flakes which were determined by
HR optical microscopy. This average number of flakes decreases from ~ 10 for
2.5 um, to ~ 7 for 5 pum and to ~ 4 for 10 pum, which is related to the higher
probability of deposited flakes number and making connections with electrodes
within lower gap (figure[3.24A). The linear increase of the resistance with the gap
increase is due to the number of the flakes, which are measured for each electrode
distance. The average resistance for each "flake" is determined by multiplying

the obtained average R of each device (distance) with corresponding number
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(average) of flakes. These average resistances also include the contribution of
inevitable contact resistance and are affected by the substrate scattering.

The calculated values of flake resistance Ryjpe are 1.58, 1.67 and 1.46 k(2
respectively for 2.5, 5 and 10 pm (figure ) The minimum calculated values
according to singular flakes are in the range of 500-700 €.

The agreement of the average resistance (Rg,,) values obtained for each
electrodes distance is in agreement with the Raman cartographies revealing ho-
mogeneity of the structure and absence of significant defects in FL.G flakes even
at the higher distance, 10 um. The conductivity o for "quasi square" flakes, in

Siemens S can be calculated from resistivity p:

(3.8)

=Rxd (3.9)

Where R is resistance, A, 1., W and d are cross sectional area, length, width, and

thickness of samples (flakes), respectively. For a square sample W=L. Combining

equations [3.8 and

1
o=-

= xd (3.10)

Flake resistivity (for a flake containing estimated 7 graphene sheets) is calculated
by multiplying the obtained flake resistance (Rfjap.= 1.6 k€2) with thickness of
flake (d). The thickness is obtained by multiplying the number of sheets in a
flake (n-1, since the number of interlayer distances is always 1 less than the total
number of sheets in a flake) with the interlayer distance (d=0.34 nm) between

two graphene sheets in the following way:

! ! 0.3 x 10° =3 x 10°S/
o = = = . = m
1.6 x 103 x 6 x 0.34 x 10-9 3.3 x 10~

(3.11)



3.8. CONCLUSION 167

For the "square" flake with 7 sheets and a resistance of 1.6 k{2, the thickness:
(7-1) x 0.34 x 1079, and the conductivity according to equation is ~ 3 X
10° S/m, while for the flakes with 5009, it reaches almost 10° S/m (9.8 x10°
S/m). Such high conductivities are comparable with the conductivity (2.27x10°
S/m, or 2.5x10% S/m) parallel to the sheets (horizontal) (o;r), measured for
graphite monocrystal or HOPG [144]. The electric property of the FLG is not
only comparable with that of CVD-grown materials but also superior to the most

of common exfoliation originated graphenes.

3.8 Conclusion

In summary, we have studied different FLLG materials obtained by mechan-
ical exfoliation and p-waves-assisted liquid exfoliation of pencil lead, HOPG, and
EG, respectively. FLG by ablation of pencil lead involves several filtration steps
but is a high yield, facile and scalable method. The flakes are not larger than
2-3 pm. Charge transport was studied by Hall Effect, two and four-point probes
(FPPs) for the devices prepared from these materials. Further, we have shown
that the sample prepared by the hot-spray technique leads to overlapped FLG
flakes with random deposition. It shows significant improvement of charge trans-
port after thermal treatment. This is due to desorption of adsorbed hydrocarbon
impurities (toluene and its decomposition intermediates) accompanied by low de-
crease of oxygen content, once annealed at 900 °C. A desorption of toluene from
the FLG surface requires a temperature as high as 450 °C under a pressure of
10~* Pa, showing strong interaction of this electron-donor species with graphene
materials. This information is important to take into account when graphene-
based chemisensors are designed. A diffusive electron transport mechanism along
with the negative temperature coefficient feature of FLG film was observed dur-
ing Hall Effect measurements which can be useful for potential applications in

thermistor devices. The lowest sheet resistance of 760 /00 was recorded for the
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annealed FLG film. These results of conductivity make these materials suitable
for conductive coatings and electrodes and their low work-function is suitable
for cathode electrode for OSCs. The main problem is the random deposition by
spray and low percolation between the flakes due to the multi-step structure in
FLG from pencil lead (FLG-Abl) and inhomogeneous and low size of the flakes.
The roughness of both the FLG-Abl and FLG-HOPG films resulting from the
useless agglomerates formed during suspension dispersion and spray are major
obstacle to get smooth films with homogeneous surface and repeatable properties.
However, significant improvement in the transmittance was achieved in the case
of FLG-HOPG24 devices. FLG-Abl flakes were improved by p-waves treatment
in water oxidation at 650 °C.

In the end, the FLG was obtained by liquid exfoliation of EG assisted
by p-waves irradiations. It was observed that few layer graphene flakes with
large flake size and high electrical conductivity can be obtained by this method.
Significant absorption of p-waves by EG/FLG allows to reach low defects high
range homogeneous conductive materials. Very low sheet resistance together
with the large lateral size of FLG flakes, up to tens of microns, are comparable to
those of high quality graphenes synthesized by CVD method, while considerable
sheets’ size is of high interest to reach easy percolation in the further formed films.
However, despite the advantages of large lateral size flakes and better electronic
properties, FLLG from microwave had problems of low yield, forming aggregates
in suspension and being difficult to operate in the standard spray-system for film
formation (due to the small diameter spray nozzle). To decrease the number

of sheets within individual FLG flakes and increase a percolation in films, the

rGO-FLG and CNT-FLG hybrids, respectively are further investigated.
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4 Results: Reduced Graphene Oxide
(rGO) and rGO/FLG Composite

This chapter starts with description of preparation of rGO and rGO/FLG
composite materials and the charge transport devices in the section 4.1 Charac-
terizations for these devices are presented in section starting with the charge
transport studies in subsection [1.2.1] followed by the morphology and rough-
ness profiles and work-function determination in subsequent subsections and
respectively. Percolation study for the rGO and rGO/FLG is presented in
section Last, the conclusion is presented in section [4.4]

4.1 Preparation of rGO and rGO/FLG Composite

Materials/Charge Transport Devices

Due to the problems with FLG materials discussed in the chapter |3 simul-
taneous reduction and exfoliation of Graphene Oxide (GO), and Graphene Oxide
(GO) and Expanded Graphite (EG) composite have been attempted by the Liquid
Phase method with the assistance of py-waves in a reducing media, e.g. ethylene
glycol, (described in the section in chapter . Very fast heating rate and
conductivity of FLG flakes are obtained from exfoliation under p-waves (repair-
ing of the crystal lattice) and motivated to use the py-waves in order to prepare
rGO and rGO/FLG composite by reduction/exfoliation process under p-waves
[253], [225]. Since carbon materials are generally good absorbers of microwaves,
the combination of the thin-sized large GO and the large lateral sized EG makes
a good possibility to obtain thinner and larger sheets which can easily cover the
large lateral area on the glass plates/substrates during hot-spray method and

provide better percolation [250]. Ethylene glycol is a known reducing agent and
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is used as a solvent, which has reductive properties to avoid oxygenation during
p-waves heating, and additionally, can reduce the GO. Both materials resulted
in good yield of 50-70% after exfoliation /reduction in the microwave. Later, dis-
persions were prepared by adding ethanol to the ethylene glycol suspension to
lower the boiling point. Ethanol was added at an amount twice the volume of
ethylene glycol. This changes the concentration of rGO and rGO/FLG to 0.25
mg/mL and 0.33 mg/mL in ethylene glycol /ethanol, respectively. This was done
in order to facilitate the spray on hot plate so that the liquid can evaporate
relatively rapidly during the deposition of rGO on glass/quartz substrates. The
rGO and rGO/FLG from both GO and GO/EG, respectively, in ethylene glycol
were used to grow thin films on glass/quartz substrates with various deposition
quantities using spray-coating method (as explained in section . Several de-
vices were prepared to measure the charge transport in the reduced graphene
oxide films. Two types of devices were prepared based on the type of obtained
materials: the reduced graphene oxide (rGO) and the reduced graphene oxide
and few layer graphene composite (rGO/FLG), respectively. Due to the good
ohmic contact and conductive samples/FLG films, the necessity to evaporate
Cr/Au electrodes for four-point probes was not kept. So the measurements by
FPPs were carried out by landing four probes directly on the rGO-puwaves and
rGO/EG-uwaves films. Repetitive measurements confirmed the good ohmic con-
tact between probes and rGO films for charge transport study. The advantage
of this omission is that the effects of scattering and contact tunneling can be

avoided.



4.2. CHARACTERIZATIONS 171

4.2 Characterizations

4.2.1 Charge Transport in rGO and rGO/FLG

The charge transport was studied as function of the induced current by
Four-point probes (FPPs) as explained in section 2.5 Representative results of
charge transport of reduced graphene oxide devices are shown by V(I) curves in

figure The results are shown for as-prepared and thermally-annealed devices
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Figure 4.1: Representative V(1) curves of rGO and rGO/FLG charge transport
devices by four-point probes. A) as-prepared, B) thermally annealed at 900 °C under
Ar/Hy for 2h.

under Hy/Ar for two hours at 900 °C, respectively. The Ar gas was used during
the ramp for the thermal annealing and Hy was used for 2h at 900 °C. During
the cooling step it was switched back to Ar. The charge transport measurements
reveal that the sheet resistance is large, up to few hundreds of kQ2/0: 251 kQ /0O
and 255 kQ/0O for the rGO and the rGO/FLG devices, respectively. This is
comparable with our FLG-HOPG device with R, of 236 k2/0J, but is larger than
FLG-Abl device with R, of 85 k2/0J, all of them being un-treated devices. High
initial Rs can be also linked to the presence of ethylene glycol (which evaporates

at very high temperature), high oxygen content, structural defects among others.
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The obtained transmittances are 62% and 73 % for the rGO and rGO/FLG
devices, respectively (figure [£.2).

90 . - T . - GO dmL)
——rGO/FLG {5mL)

Transmittance (% )

50 .

400 500 G600 700 800 900
Wavelength {nm)

Figure 4.2: Representative transmittance spectra of the rGO and the rGO/FLG

devices.

The higher transmittance is probably due to the incomplete reduction of
the rGO by u-waves-assisted reduction (non-reduced GO is transparent) as fully
reduced GO will change color to become more darker. The reason is that, because
rGO is not completely reduced after p-waves treatment, is more transparent than
rGO/FLG, where FLG is of much lower transparency, (non reduced GO is totally
transparent). Note that the R, and the transmittance were recorded at least two
or three times on different locations of the same device, and the representative V-1
curves and transmittance spectra plotted here are either average or median values
(close to the average/representative value, because it is not possible to generate
curves for average R or transmittance). Further, the real average values of both
quantities (with 4 error) are given in the table 4.1 and are used in the calculation
of conductivity of transparency.

Apart from the desorption of unwanted species, there is also a strong possi-
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Table 4.1: Conductivity of transparency (c4), of the rGO and the rGO/FLG devices.

Sample/Device Ry (ave) Tove Conductivity of
kQ/Sq (%6) Transparency (o)
(S/cm)

rGQo (4mL) 250+£20 73+10 £

rGO (4mL) 900°C Ar/H, 1445 73110 160
rGO/FLG (5mL) 259420 6242 6

rGO/FLG (5mL) 900°C Ar/H, 19412 6212 77
rGO/FLG (8mL) 900°C Ar/H, 412 4012 190

bility of further partial thermal reduction of rGO during the thermal treatment
in the inert environment which has increased the number of conductive islands
with sp? electrons and contributed to a better charge transport. The R, is shown
to be lowered by one to two orders of magnitude up to few tens of kQ/] or
few kQ/00. The figure displays the R, around 12 kQ/0 for both the rGO
(average R, — 1445 k2/0) and the rGO/FLG (average Ry — 194+12 kQ/00) de-
vices, respectively. Further improvement in the R, (mobility) could have been
impaired by electron-phonon and short range scattering (intrinsic defects, e.g.
carbon vacancies) and low number of non-conducting islands with sp? C remain-
ing even after thermal treatment [254], 255]. These values are comparable with Ry
of 22 kQ/0 and 15 kQ/O obtained for the thermally-annealed FLG-HOPG and
FLG-ADbl devices, respectively. Further, these values are comparable to one of
the best reported for CVD-rGO (a two-step thermal reduction and CVD-repair)
single layer rGO films which showed an R, of 14 kQ2/0J by two-probe measure-
ment (transparency not mentioned) [254]. The lowest Ry of 4 k2/0J was obtained
for the rGO/FLG (8mL)-900°C Ar/H, device (with low transmittance=40%).

The conductivity of transparency (o4) of these as-prepared devices is 11
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(S/em) and around 6 (S/cm) for the rGO and the rGO/FLG devices, respectively
which is comparable to the as-prepared FLG-Abl (7) and FLG-HOPG (~ 5) de-
vices. After thermal treatment however, a significant improvement up to around
160 (S/cm) and around 77 (S/cm) is observed for the rGO and the rGO/FLG
devices, respectively. The highest o, of 190 (S/cm) however, is achieved for the
rGO/FLG (8mL)-900°C Ar/H, device. This is almost 500% of the oy obtained
for thermally-treated FLG-Abl (~ 41 S/cm) and more than 300% higher than
obtained for FLG-HOPG (~ 61 S/cm) devices, respectively. However, it falls far
from the desired values if we compare with standard I'TO by at least two orders of
magnitude, even after high temperature thermal treatments under inert environ-
ment. Thanks to the large lateral size of the rGO sheets (high 2D aspect ratio)
it was possible to make a self-standing paper by filtration of the suspension. The
R, of the rGO suspended paper (films) was measured by the Four-point probes
(FPPs) by injecting a current of 4.45x107%A for the as-prepared and thermally-
annealed paper. The measurement was repeated on two or three different loca-
tions. The average R, along with the optical image of the paper are displayed in

the table . The suspended rGO paper films (opaque) display an average R, of

Table 4.2: Ry of the rGO (films) suspended paper. Insert showing the optical image.

Sample

rGO Suspended Paper

rGO Suspended Paper S00°C-H,

~ 127 k2/0O for the as-prepared samples. The relatively high R of suspended
rGO paper, comparable to the R, obtained for other spray-coated films is the
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result of room temperature filtration of GO (preparation of GO paper) and then
liquid amount of ethanol/ethylene glycol remaining in the graphene. This lower
R for rGO suspended film is still lower than other rGO charge transport devices
due to the fact that there is no possible effect of substrate scattering as the case
might be with films supported on glass/quartz (SiOq) substrate [256]. The R, of
rGO paper cannot however, be compared directly with sprayed rGO films, since
the thickness of rGO paper is incomparably higher than that of the rGO film.
The average Ry is further reduced to around 30 ©/0 (four orders of magni-
tude lower) after the thermal treatment at 800°C under Hy for 2h, which nearly
approaches the Ry for conductors/metals. Very low R, after annealing treat-
ment shows the high conductivity of the rGO due to a high packing density in
suspended paper films and testifys the high reduction power brought by the pu-
waves-assisted reduction/exfoliation [257] coupled with thermal annealing treat-

1 calculated by

ment to the material. The conductivity of paper is 333 S.cm™
obtaining the thickness of paper (~ 1000 nm) by profiler. This conductivity is
higher than most of the values reported for reduced GO in different environments,
which range from few to 100 S.cm™! and lower than the higher values of 727 and
~ 10% S.cm™! [94]. The R, of charge transport devices does not attain this much

higher values primarily due to lower density and thickness and other effects such

as substrate scattering.

4.2.2 Morphology and Roughness

Figure [4.3A-B shows the SEM micro-graphs of the rGO/FLG film after

exfoliation and deposition on SiO, substrate by hot-spray method.

The SEM analysis reveals that the rGO/FLG films exhibit higher homo-
geneity than FLG-ADbI films but roughness remains still high. This was further
confirmed by the AFM topographic profiles of the device surface (figure .

The profiles were obtained near the edge and the center of the sample in
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Figure 4.3: SEM micrographs of the rGO/FLG charge transport device.

order to check the homogeneity throughout all the surfaces. The Ra and RMS
values are respectively, 35 and 64 nm. While near the edge, these values are
slightly lower, down to R, of 28 and RMS of 49 nm, respectively. The other
difference is that the highest peaks (up to 1000 nm) for the profile near the
center can be a little bit higher than that near the edge (around 800 nm). This

is a potential problem with such spray-deposited films.

Next, a layer of PEDOT:PSS of around 100 nm was deposited over
rGO/FLG to smoothen the surface. The optimization of deposition could im-
prove the flatness of the film by decreasing of rGO/FLG concentration and the
use of larger diameter nozzle of spray. Also the more effective separation of flakes

with different thicknesses would be additional and important advantage.

Although a global roughness (RMS) of 50 to 60 nm is around twice lower
than in the case of FLG-Abl, and can be covered by making a PEDOT:PSS layer
thicker than usual, there is no immediate and practicable solution to few random
peaks reaching up to 800-1000 nm height. The surface profile after the deposition
of PEDOT:PSS film (figure reveals that the roughness has readily decreased
by lowering the R, and RMS values to 10 and 18 nm, respectively. This shows
the film is largely smoother than before and do not display reaching heights of
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Figure 4.4: AFM roughness analyses of rGO/FLG microwave device.

several hundreds of nanometers very frequently. This is a considerable improve-
ment but the few random peaks of high roughness are still present in the profile.
The 3D profile confirms this by indicating that the number/frequency of small
as well large peaks has decreased considerably. Further, the SEM micrographs
(figure display that there are some random delocalized aggregates formed

on the surface which cause variations from few hundreds of nm to micrometers.
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Figure 4.5: AFM roughness analyses of PEDOT:PSS/rGO/FLG microwave device.
These aggregates were already present on the rGO/FLG film and a coating by

PEDOT:PSS has taken the shape of these aggregates by covering them. This is

a major problem to remove these aggregates to get the smoother film surface.

Figure 4.6: SEM of PEDOT:PSS/rGO/FLG microwave device.

4.2.3 Work-function Determination

The work-function of the rGO/FLG is determined by UPS by subtracting
the energy difference between secondary electrons at cutoff and the Fermi edge
from that of the Hel (figure and equation [2.15)).

The obtained work-function (WF) according to the equation of the
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Figure 4.7: Graph showing the work-functions of rGO/FLG in different conditions.

rGO/FLG is 4.6 ¢V (figure without any thermal treatment, close to that
of ITO. After the ex-situ thermal treatment under Hy at 900°C, when the UPS
was performed again, the work-function remains stable to 4.6 eV. However, after
an in-situ treatment (600°C under Hy) in the UPS chamber, there was a no-
ticeable change in the work function which reduced to 3.8 eV. This is probably
due to the desorption of oxygen groups and other un-intentional doping species
(ions etc) from the surface of the material because the work-function of rGO
is strongly dependent up on its thickness and the concentration of oxygen and
other impurities [50], as it was discussed in the chapter [3] Since in this case the
thermal treatment was performed in-situ and the sample was not removed from
the vacuum chamber so there was no possibility for oxygen groups and other
impurities present in the ambient environment to be re-adsorbed on the surface

of the material contrary to the ex-situ annealed sample. A divergence in WF
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for in-situ and ex-situ rGO/FLG could also rise from different temperatures an-
nealing modes and related temperature-dependant desorption of the ad-species,
it suggests also, that the acceptor type groups (such as -OH) were removed from
GO during in-situ annealing. The divergence in WF of "ex-situ” and "in-situ”
annealed samples shows that it is important to know proper properties and "real
property” of graphene used for electronic devices, depending on the device prepa-
ration conditions. To further assess the reduction capacity of the p-wave-assisted
liquid exfoliation and reduction, the XPS spectra were performed. Thus, figure
shows different C1s-XPS spectra of GO, rGO after microwave irradiation and

the same after thermal reduction at 900°C under Hs.

. GO
. |--- rGOuW
— rGO-W, 900°C-H,
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s----i. 0-C=0
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282 284 286 288 290 292
Binding Energy (eV)

Figure 4.8: XPS Cls spectra of GO, rGO-pw and rGO-pw-900° C after thermal

treatment under Hy.

Note that XPS were performed for the rGO-uw (and not the rGO/FLG)
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in order to simplify the interpretation of XPS results. Graphene oxide includes
bonding of carbon with various functional groups having oxygen like hydroxyl (-
OH), keto (C=0), carboxyl (-COOH) or epoxy groups [225]. These species have
a clear fingerprint in the Cls region for the sample before u-waves experiment.
After thermal treatment (900°C under H,), the main peak for rGO-pu-waves-
900°C-H, is recorded at 285.1 eV which is attributed to graphitic structure of sp?
C. This peak is blue-shifted (from usual 284.6 eV for C=C) hence all other peaks
relating to structural defects in the C lattice and C atoms attached to different
function oxygen groups are shifted by ~ 0.5 eV. The peaks at 287.2 eV, 288.5 eV
and 289.6 eV, respectively are attributed to C-O (or C-OH), double bond C to
O (C=0) and COOH [04, 258|. The last peak at 292 eV is attributed to m-7*
transitions [259]. However the oxygen peaks are considerably reduced after mi-
crowave irradiation and further after the thermal treatment. This demonstrates
the impact of u-waves on GO reduction by sp?-sp? carbon recombination. This
explains why the work-function of rGO decreases after the in-situ thermal treat-
ment. Note that the XPS peaks are shifted due to different conductivities of
the samples related to different oxygen groups quantities. The percentage of O
was calculated from the areas of Cls and Ols peaks. The initial percentage of
oxygen content is 43 % which changes after each step of reduction to 26 % after

pu-waves irradiation and further to 8% after the thermal treatment, respectively

(table [4.3)).

Table 4.3: Percentage of Oxygen in GO, rGO-p-waves and rGO-u-waves-900° C-H,.

Sample | GO | GO-uwaves | GO-puwaves-900°C-H,
0% 43 | 24 8

Also, it is important to note that some % of oxygen and high R, in rGO
after the p-waves step originates from the ethylene glycol adsorption, which has

very high boiling temperature (c.a. 190°C) and was not completely removed
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during the annealing process.

4.3 Percolation threshold in rGO and rGO/FLG

The minimum amount required to attain the percolation for the rGO and
rGO/FLG is given for corresponding R, (measured by FPPs) values obtained in
table for two different concentrations. The average R, values suggest that a

Table 4.4: Percolation table for rGO and rGO/FLG materials.

rGO-p-wave (0.25 mg/mL)
Weight/Amount (mg) 1 1.5
Rs:arg) l:IiQ:}

LA

As-prep. 251 200

Aftert.a 900°C 14 3
rGO/FLG-p-wave (0.33 mg/mL)

Weight/Amount (mg) 1.6 2.6
Rs(a.rg] (KQ:)

As-prep. 255 173

Afterta 900°C 19 4

FLG-Ab1(0.25 mg/mL)

]

Weight/Amount (mg) 1.5
Rs:arg) l:IiQ:}

As-prep. 644 236

Afterta 900°C 281 89

weight of 1 mg and 1.6 mg, respectively for rGO and rGO/FLG is sufficient to
cover the surface of 2 cm x 2 cm. These minimum percolation threshold value
for rGO/FLG is comparable with that of FLG-Abl, while lower amount (1 mg)
of rGO is sufficient to get conductive network, which is in agreement with high

and homogeneous lateral size of rGO sheets.
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4.4 Conclusion

Simultaneous reduction and exfoliation of graphene oxide and graphene ox-
ide/expanded graphite, by microwave irradiation provides a viable alternative
to FLG-Abl. The p-waves-Ethylene-glycol-mediated-reduction is a high yield
method with low-cost starting materials. The obtained rGO has moderate elec-
trical properties but can be further improved by the thermal reduction treatment
in an inert environment. For the charge transport devices, after thermal treat-
ment, slightly improved results were obtained for the rGO and the rGO/FLG
devices, respectively, as compared to the FLGs obtained by ablation (FLG-Abl)
of pencil leads and synthetic graphite (FLG-HOPG). While the obtained sheet
resistance fluctuated as compared to the values obtained by FLG-ADbI, the trans-
mittance was better (60-80%) than that of FLG-AbI (31%) and comparable with
that obtained for FLG-HOPG. The fluctuations in the results give however a poor
measurements predictability to obtain similar results from several rGO devices.
Roughness is still one of the major challenge due the nature of material, being
sheets and piled-up flakes, and due to the imperfections of the spray-deposition
method. Additional stacking in the z direction and improper orientation of flakes
make it difficult to grow perfectly uniform and homogeneous films on glass/quartz
substrates. Taking into account very low improvement of Rs and transmittance
of rGO and rGO/FLG compare to FLG-HOPG and advantages of FLG-HOPG
synthesis, it seems that FLG-HOPG should be more appropriate for further in-

vestigation, provided that the roughness problem is addressed.
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5 Results: Carbon Nanotubes/Few Layer
Graphene Hybrids

This chapter starts with the description of preparations of CNTs/FLG hy-
brid devices/films in the section followed by their characterizations in the
section p.2] The characterizations of CN'Ts/rGO devices are presented in the sec-
tions followed by the work-function determination of the CNTs in the section
[b.4] and the conclusion to this chapter in the section [5.5]

According to the results shown in the previous chapters, FL.Gs have lower
conductivity of transparency than the requisite for TCE applications. One of the
problems with the FLG samples is the inhomogeneous conducting path to pro-
vide continuous percolation among the flakes. Percolation threshold is high in the
randomly deposited FLGs, especially for the flakes with low lateral size and inho-
mogeneous number of sheets within the individual flakes. So that higher amount
of flakes are required to make a pathway for electron transport, which decreases
the transparency and many of "extra" flakes which are deposited also in "z"
direction are out of the conductive paths, strongly decreasing transparency. Fur-
ther, a single sheet of graphene absorbs approximately 2.3% of the incident light,
(which is earlier defined by the fine structure constant « of graphene (ar=2.3%
a fraction of white light) [I83]) and each subsequent sheet contributing to the
absorption, a rough maximal estimation shows that the transmission of 62% and
73% as shown in the chapter [4] corresponds to ~ 17 and 12 graphene sheets for
the the rGO/FLG and the rGO films, respectively. However, inhomogeneous
distribution of the flakes and film thicknesses with voids indicate that average
number of flakes and film thickness cannot be easily estimated.

A lower percolation threshold is difficult to achieve with random-sized flakes
but the transmittance can be improved by reducing the number of sheets de-

posited. However, decreasing the number of sheets has an inverse effect on the
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percolation and hence the conductivity. Thus, conductivity will decrease (hence
R will increase) with lower thickness of graphene sheets/film.

Due to these reasons, the hybrids of FLG and rGO with Multi-wall Carbon
Nano Tubes (MWCNTSs) were envisaged to improve the conductivity of trans-
parency considering the advantage of a high-aspect ratio of carbon nanotubes
and their ability to form conductive mesh. This will be developed in this chap-
ter. The advantage of using carbon nanotubes is that they provide a good per-
colation network with random deposition on substrates and the empty spaces
between nanotubes can allow the light to pass without absorbing much of it as
this was discussed for hybrids structures with carbon nanotubes and metal grid-
s/mesh structures in the introduction (sections and further details in the
appendix . Since CN'Ts alone, especially SWN'Ts were largely investigated,
the use of MWNTs and their hybrids with FLG is still scarce.

5.1 Preparations of CNTs/FLG Hybrid Film-

s/Devices

In view of thin film preparation, to avoid potential roughness and redun-
dant thickness, nanotubes with low external diameter of 9.5 nm were chosen
(nanoscale). The average length of individual tubes is 1.5 pum which makes the
aspect ratio relatively high, ~ 160. Nanotubes were dispersed in five different
solvents. Out of these, dispersions were good with only three of them, i.e. Ace-
tonitrile (ACN), Chloroform (Chl) and Isopropanol (IPA). The other two being
ethanol and dimethylformamide (DMF), could not provide good dispersion of
CNTs. The CNTs/FLG-HOPG24h hybrid films were prepared by starting with
CNTs deposition on the glass/quartz, followed by FLG-HOPG on top. CNTs
alone devices were also prepared to understand the contribution of CNTs to

charge transport and transmittance. The conditions of concentrations (wt%) of
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CNTs and FLG-HOPG in solvents and deposited volumes in the preparation of
devices are given in table [5.1]

Table 5.1: Summary of the prepared CNTs/FLG-HOPG24h devices

Concentration of suspensions (mg/mL) Vol. deposited
Sample/Device Name
CNTs FLG-HOPG24h CNTs/FLGHOPG24h (mg/mL)
CNTs Acetonitrile/HOPG24h | 0.025 Acetonitrile ~ 0.1 Ethanol 3/3
CNTs Chloroform/HOPG24h | 0.025 Chloroform ~ 0.1 Ethanol 3/3
CNTs Isopropanol/HOPG24h | 0.025 Isopropanol ~ 0.1 Ethanol 3/3
CNTs Isopropanol 0.025 Isopropanol - 6

5.2 Characterizations of CNTs/FLG-HOPG de-

vices

5.2.1 Charge transport in CNTs/FLG-HOPG Hybrids

The representative results of charge transport devices showing V(I) and
transmittance spectra are shown in the figures [5.2] and [5.1] respectively, for
CNTs/HOPG devices.

Since R, and transmittance are recorded at three different locations on each
sample, so average values are presented in the table along with the conduc-
tivity of transparency, o,. For the as-prepared CNTs/HOPG hybrid devices, the
average R; is between 5 and 12 k2/[], with the lowest average R, values ob-
tained for the CNTs ACN/HOPG (~ 5 kQ/[0) and CNTs Chll /HOPG24h (~ 6
kQ/0) devices, respectively. The difference between the three samples are due
to different dispersion in solvents and/or due to the different solvents remain-
ing adsorbants. These results suggest that there is a considerable improvement
from previous CNTs-free devices (FLG-HOPG24h with R,=236 kQ /O for T=62-
73%). These R, values were not possible to obtain for FLG-HOPG (alone) devices

without thermal treatment. Even after the thermal treatment at 900 °C in Ar,
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Figure 5.1: Representative V(I) curves for the CNT/HOPG2h hybrid charge

transport devices.
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the Rs for FLG-HOPG24h devices was ~ 23 k€ /[0, which is at least four times
higher than R;=>5 k2/0J obtained with the CNTs/FLG-HOPG24h hybrid devices
without any thermal treatment. At the same time, the obtained transmittance
is comparable, i.e. 62% for CNTs dispersed in acetonitrile. The transparency
is higher for the CNTs dispersed in isopropanol and chloroform, which are ap-
proximately 73% and 72%, respectively, which is also comparable with the best
obtained results (73%) for FLG-HOPG24h devices with superior conductivity.
Thus for the same transparency, better R, were obtained. The CNTs chlorofor-
m/HOPG sample was prepared again to see the effect of thermal treatment. The
as-prepared device (CNT Chl2/HOPG) displays the average R 9.5 kQ/OJ (the
same order to the previously obtained, 6 k2/0J), with slightly higher transmit-
tance of ~ 76 % (than the previously obtained 72%). However, after thermal
treatment at 500 ° under He for 5h, the R, lowered to ~ 3.5 kQ/[J, which is
almost three times lower than the as-prepared device. These results are better
than the reported R, 420 kQ /O (at T=73%) for the graphene-CNT hybrid film
[260].

CNTs alone (CNT IPA) device displayed an initial average Ry around 24
kQ /O for the as-prepared device. This is lower than any un-treated FLG (FLG-
Abl=85 kQ/00) devices studied so far but is around four times (or one order of
magnitude higher) than the R, obtained for CNTs/FLG-HOPG (5 k2 /00) devices.
The obtained average transmittance ~ 87% was never achieved before. This
confirms the contribution of CNTs netwrok to the percolation and transmittance
in the hybrid films on one hand and also highlights the contribution of FLG in
terms of Rs. Due to CNTs-FLG combination, R, of 5 k2 /] with a transmittance
of 72% can be achieved.

After thermal treatment, the R, of CN'Ts alone after thermal treatment at
900 °C decreases from 24 to around 10 kQ2/0J; however it is higher than the R, (3.5
kQ2/0) obtained for the CNTs/FLG-HOPG24h device after thermal-treatment
(500 °C under He for 8h) despite higher annealing temperature. This behav-
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ior is expected as carbon lattice tends to improve with thermal treatment by
improving the crystalline structure and by removing the in-plane defects and ad-
sorbed impurities. The effect of temperature confirms that the structure of CNTs
is also improved, however in less important manner compared to FLG alone or
CNTs-FLG hybrid. However, the crystal structure of both materials must have
benefited from the heat treatment, as this is the case with most carbon materials,
the FLG alone (FLG-HOPG) must have benefited more from the treatment due
to the open topology of graphene, and higher number of the sensitive edges. The
table for conductivity of transparency, taking into account the average R
and T % (at 550 nm) summarizes and compares these results with some of the
best obtained previous results for FL.G which are reproduced here for the sake of

comparison.

Table 5.2: Conductivity of transparency og of CNT/HOPG devices in comparison
with the best obtained results for FLG-Abl, FLG-HOPG, rGO and rGO/FLG devices,

respectively.
Sample,/Device R (avg) Tuy | Conductivity of Transparency
(kQ/0) | (%) (0,2) (S/cm)
CNT ACN/HOPG 5 +1 62 £8 302
CNT Chll/HOPG 6 +£2 72 +3 413
CNT IPA/HOPG 1046 | 71 £2 205
CNT Chl2/HOPG 9.5 3 76 +4 261
CNT/HOPG 500°C He 8h 3.5£2 | 76 £4 713
CNTs 24 +£10 | 87 £8 203
CNTs 900°C H, 10 £3 | 87 £8 470
FLG-HOPG24h-900°C-Ar 23 £11 | 73 +6 61
rGO/FLG(8mL) 900° Ar/H2 | 4 42 | 40 £2 190
rGO(4mL) 900°C Ar/H2 1445 | 73 £10 160

There is a considerable improvement in the o, of CNTs/HOPG hybrid
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devices following the improvement in the R, and transparency. The oy of
CNTs/HOPG devices varies from 205 (S/cm) to 413 (S/cm) without thermal
treatment, which is actually twice higher than the previously obtained for the
FLG-Abl, FLG-HOPG24h and rGO (on 2 cmXx 2 c¢m substrate) devices, even
after thermal treatment. The best o, obtained for the rGO and rGO/FLG de-
vices was 160 S/cm and 190 S/cm, respectively, with transmittance of 70 % and
40 %, for thermally-annealed /reduced (at 900 ° under Ar/H, environments) on 2
cmx 2 cm substrates, while 801 S/cm was recorded for the FLG-ADbl device after
thermal treatment (900 °C under Ar) on 1 emx 1 cm device (by HE measure-
ment). These results are still two orders of magnitude lower than that required
for applications in the TCEs. In the case of CNTs hybrid, agglomeration in the
dispersion or during spray could result in bundles of the CNTs on the planar
surface which could serve as local insulation islands or even charge trap sites.
Substrate scattering is also a common factor that can affect the charge transport
in carbon materials. Ry results obtained in our studies indicate that the charge
transport could have been affected by few factors, such as, agglomerates of CN'Ts,
mis-aligned or disordered nanotubes and possibly random distribution of semi-
conducting and metallic tubes in the films as well as the scattering effects due
to SiO, substrates and impurities. However, the results obtained here are en-
couraging with random deposition of multi-walled nanotubes and are better than
the already reported ones, which are as high as 250 (T=80%) and 440 (T=95%)
kQ /O [124]. This should also be underlined that most of the studied CNTs in
the literature are SWN'Ts, which have incomparable and controllable electronic

properties but are also incomparably more expensive than MWN'Ts.
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5.2.2 Morphology and Roughness Profiles of CNTs/FLG-
HOPG Hybrids

Morphology was studied by SEM and representative micrographs are shown

in figure [5.3| for CN'Ts isopropanol/HOPG devices.

Figure 5.3: Morphology of CNT/HOPG24h hybrid charge transport devices.

From the SEM micrographs, it is clear that the surface is fully covered
and conducting pathways are established between FLG flakes and CN'Ts. Some
FLG flakes even penetrate through the open spaces among the CN'T network,
making superior contact/connection in the hybrid film. The contact between the
7 electrons in FLG and CN'Ts provides the conduction schema for the device.
However, it is worthy to note that not all the FLG flakes are flat-lying over the
underlying CNTs film and some of them are curved. The curvatures make flakes
stand tangent to the underlying film and to each other, thereby making it difficult
to obtain a flat and homogeneous film (while such stand up in z direction could
have a positive effect for the conduction to upper layer in OSCs provided that
FLG layer is fully covered to avoid shorts). This could affect the conductivity
of the film in particular directions. The Figure shows morphology of the
CNT device. From the SEM micrographs, the well-connected network can be
seen which is an important aspect of these type of materials in order to provide

conducting pathways for current flow.
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The AFM topographic profile for the CNTs/FLG-HOPG hybrid device is
shown in the figure [5.5] There are several flakes of FLG-HOPG which display

micro-metric height. The average roughness values are R,=84 nm and RMS=136

nm, respectively. These values are, however much lower than FLG-HOPG alone

despite double materials, which suggests that roughness has improved along with

R, and T.
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Figure 5.4: Morphology of the CNT alone device.
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Figure 5.5: A) AFM topography profile of the CNTs/HOPG device B) 3D image and

C) histograms fitted with Gaussian curve.
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5.3 Charge transport in CNTs/rGO

The CNT hybrid was also studied in coupling with the rGO material. 900
°C, under Ar/H, for 2h. The concentrations were kept unchanged as 0.25 mg/mL
and 0.025 mg/mL, respectively, for rtGO and CNTs. Isopropanol was preferred
for further dispersions of CNTs over the other two solvents (chloroform and ace-
tonitrile) due to lower toxicity and second, there was no direct proof that the
choice of solvent had a decisive effect on the obtained R, results. The charge
transport are shown by the illustrative V-I curves for the CNTs/rGO films for
the as-prepared and thermally annealed in the figure and transparency (the
individual transmittance values can be can be up to 5% higher or lower than the

result shown) in the figure |5.6B, respectively.
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Figure 5.6: A) Representative I-V curves for the as-prepared and thermally-annealed
CNTs/rGO devices, and B) transmittance for the CNTs/rGO B).

As shown by these graphs, and from the average R, values gathered in
the table , the sheet resistance for the as-prepared CNTs/rGO (Rs ~ 55 £5
kQ/0O0) device is lower the one obtained before for the rGO alone, with slightly
lower transmittance (67% vs. ~ 73%, see table[5.3). Similar difference is observed
after thermal treatment as well.

After the thermal treatment, there is a significant decrease in the average
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sheet resistance (~ 5 £2 k2/0O). This points out the significant improvement, of
structure of the composite materials and the desorption of impurities from the
film due to the thermal reduction by Hy. The R, after thermal treatment is also

lower compared to the rGO after thermal treatment (~ 14 £5 kQ/0J)

Table 5.3: Conductivity of transparency, g for the as-prepared and thermally-treated
CNTs/rGO hybrid devices in comparison to the rGO, and CNT/HOPG devices.

. Ravg) T,y | Conductivity of Transparency
Sample/Device
k2/0) | (%) (o) (S/cm)

CNTs/rGO (4+2 mL) 55 +5 | 67 +3 31
CNTs/rGO (4+2 mL) 900 °C H2 | 5 +2 67 +3 350
rGO (4mL) 250 +£20 | 73 £10 9

rGO(4mL) 900°C Ar/H2 14 45 | 73 £10 160
CNT Chll/HOPG 6 +2 72 £3 413
CNT Chl2/HOPG 500° He 3.5 £2 76 +4 713

It can be argued that, the CN'Ts have significant role in improving the sheet
resistance and transparency of the hybrid films when they are un-treated. Once
they are treated under a high temperature, CN'Ts have a less pronounced role in
the improvement of sheet resistance in the hybrid films of composite materials as
it was explained in the case of CNTs/FLG-HOPG hybrid.

Conductivity of transparency, o, quoted to 31 S/cm for the CNTs/rGO
(table is also improved compared to the rGO alone and this improvement
remains considerable for the annealed sample, i.e. 350 S/cm for the CNTs/rGO
vs. 160 S/cm for the rGO.

However, this also indicates that even after thermal treatment, we can not
achieve a Ry around few k2 /[ or lower without compromising the transmittance
significantly by depositing more volume of these materials. This is evident for
the rGO/FLG (8 mL) 900 °C Ar/H, device which displays a high o, of 190 S/cm
with an average R, of 4 kQ/0 but with a low transmittance of 40%. This oy
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is midway to that obtained for the CNTs/rGO and the CNTs/rGO/FLG after
thermal treatment (900 °C Hy) devices, but with transmittance on the lower side.

Further, with CNTs/FLG-HOPG hybrid devices, which displayed oy be-
tween 205 S/cm and 417 S/cm for the untreated devices, there is no close com-
parison between the o, of the as-prepared CNTs/rGO devices because they were
very low. Only the oy of the thermally-treated CNTs/rGO (350 S/cm) comes
closer to that of the as-prepared CNTs/HOPG devices. The reason for this can
be attributed to the better contribution of conductivity of FLG-HOPG as com-
pared to that of rGO in the hybrid films. This clearly underlines, that even if
rGO alone yields better results than FLG-HOPG, it is less performing in the
hybrid form with CNTs. Although, one should be mindful to see the concen-
tration and deposition amount for both graphenes in the hybrid. But overall it
means that the conductivity of FLG-HOPG is higher than GO, but due to the
higher thickness of the flake and their lower size, the transparency and figure
of merit o, (R;/transparency) ratio are much lower for the FLG-HOPG flakes
alone. The residual oxygen groups, such as carbonyl and hydroxyl groups linked
to the sp? C atoms which are still remaining after the reduction act as defects
and non-conductive islands which hamper the conductivity in the rGO.

These hybrid CNTs/rGO devices were thermally-treated in the same way
as the rGO and rGO/FLG devices. However, rather than keeping the same gas
during the whole process of thermal treatment, a combination of two gases was
used by switching between Ar and Hy. During the ramp to 900 °C, Ar was
used as inert gas, and during the plateau, it was switched on with Hy for two
hours for its ability to thermally-reduce the rGO. Then it was switched back to
Ar during the cooling step. The decrease of sheet resistance after this treatment
suggests that thermal treatment under Ar and H, gases has not only improved the
structure of the hybrid materials but also further reduced the partially-reduced
(by microwave irradiation) GO. Although it is difficult to compare results due

to difficulty of matching experimental preparations and measurement conditions,
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our results suggest that the Ry values obtained are better than R, of 151 (T>90%)
and 114 kQ/0O (T=~ 90%) which were reported for the hydrazine treated and
thermally-annealed and rGO/MWNTs hybrid [261], |262].

5.3.1 Morphology and Roughness of CNTs/rGO Hybrids

Morphology is shown by SEM micrographs in the figure [5.7]

Figure 5.7: SEM images showing the morphology of CNT/rGO device.

We can clearly see anisotropic long 1D nanotubes structures as well as FLG
flakes. They are randomly distributed and disoriented along the sample surface.
Micrographs indicate that the surface is mostly covered by the CNTs/rGO but
there are micrometeric flakes at a few places which can add up to the roughness
of the devices’ surface due to random deposition of flakes by spray method. The
orientation and packing of the FLG/rGO flakes and their inter-connection also
has important role to play in the conductivity of the films and randomness of
these parameters can be one of the mechanisms which hinders the establishment
of several parallel paths in the film containing the rGO flakes. AFM topography
profiles of the CNTs/rGO device is shown in the figure . The topography
images gives the average roughness R, and R, (RMS) equal to 29 nm and 50
nm, respectively, for the CNTs/rGO device near the center of the film. Whereas,
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Figure 5.8: A) AFM topography profile of the CNTs/rGO device near the center, B)
3D image, C) histogram profile fitted with Gaussian curve, D) AFM topography profile
of the CNTs/rGO device near the edge, E) 3D image, F) histogram profile fitted with

Gaussian curve.

near the edge profile gives slightly higher R, and RMS averages up 40 nm and 78
nm, respectively indicating the surface at the edge is slightly more rough, which
is contrary to general observations until now with other samples. This is a quite
interesting difference, as such a behavior can be linked partially to the first drying
(hot plate), which provides rapid attraction between the CNTs due to van der
Waals which can increase local density, also at the edges. The histogram fitted
with Gaussian curve reveals that most peaks are well below 150 nm (around 110-
120 nm) with punctual random peaks reaching the heights up to 1000 nm and
1200 nm (also visible from the 3D profiles), for the near center and near edge

profiles, respectively.
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5.4 Work-function of CNTs

The work-function of the CNTs is shown in the figure It can be noted

| ——CNTs (4.5 eV)]

Cutoff

Fermi energy
edge

UFPS intensity {a.u.})

-20 -15 -10 5 1]
Binding Energy (eV)

Figure 5.9: Work-function of CNTs.

that shoulder in the secondary cut-off region shows a double cut-off in this UPS
measurement. The exact origin of this shoulder is not well-understood but we
assume that if the secondary electron cut-off which is used to determine the work
function is double, it reflects two different local surface potentials, which is an
indicator for surface inhomogeneity. In this case the larger and more pronounced
secondary electron cut-off is taken as the true value to calculate the work-function.

A work-function of 4.5 eV for the CNTs is then derived which is little lower
than than the generally reported values for multi-walled nanotubes in the liter-
ature which are between 4.6-4.9 eV [263], [264]. This could be possible because

the work-function is slightly lower at the tips of nanotubes [I§].
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5.5 Conclusion

The CNTs network in the hybrid films serves two purposes: it helps to lower
the percolation threshold in the films which allows to increase the transparency
for the given R, order. Due to its networked structure, better results, in terms
of Ry and transmittance, were obtained by making the hybrid films of CNTs
with FLG-HOPG and rGO. The effect of the thermal treatment improves the
structure and helps to remove the adsorbed species (mostly oxygen-containing
hydroxyl and carbonyl groups) from the surface of FLG and rGO. The rGO
has possibly a larger content of such impurities which results in lower Ry as
compared to that obtained by the FLG-HOPG24h. CNTs network has better
connection and transparency than the FLG materials used in this work. This
is demonstrated by R, and transmittance results, however addition of FLG is
beneficial for the R, and the best results are obtained for hybrid, especially for
the CNTs/FLG-HOPG. The rGO films obtained by this method can be used
for various application in electronics, dye sensitized solar cells, Li-ion batteries,
supercapacitors, and sensors as well as conductive coatings [260].

However, the imperfections of the hot-spray method make it difficult to get
highly flat and homogeneous films of these carbon materials. The dispersions of
these materials are although good during the preparations but while the material
is being deposited through the spray needle of 0.2-3 mm diameter, there is a
possibility of formation of useless agglomerates which not only make the films
rough but also affect the conductivity and transparency, with the former being

the worst affected.
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6 Results: Organic Solar Cells based on
Carbon TCEs

Despite important drawbacks, which include high roughness of the films and
relatively low conductivity /transparency to ITO, the tentative test as transparent
electrode in organic solar cells (OSCs) to compare with ITO anode was performed
with the prepared films of different carbon materials [here referred to as carbon-
based transparent conductor electrodes (CTCEs)].

The organic solar cells are fabricated as per the procedure explained in the

section . The figure illustrates the structure and energy band diagram of
the fabricated OSCs with ITO and CTCEs anode electrodes.

-1=t=  PEDOTPSS
2=t P3HT

Energy (eV)

Figure 6.1: A) The structure and B) the energy band diagram showing the HUMO
and LUMO levels of active layer materials along with illustrative work-functions of

electrodes of the fabricated OSCs devices with ITO or CTCFEs anode electrodes

Preliminary representative results are shown in figure [6.2].
The results indicate, that the device with the ITO electrode shows a nor-

mal diode-like behavior with a power conversion efficiency of 2.04%. However, the



201

- Dark 1,0 A
—— lllumination —— rCGNDTe’FJ’LGGD \
—— =rG0-
—*— CHNT=/HOPG-1
0.5 —+— CNT=iTGO-2
= — —r— CNT=/HOP G-2
< g
E £
g — P | 5
S o I | E
b =]
M_
1,0 L ITO device [carbon-based devices
Voltage (V) Voltage (V)

Figure 6.2: V-I curves of ITO-based A), and Carbon-based Organic Solar Cells

under illumination B).

devices fabricated with carbon-based electrodes do not exhibit such a diode-like
behavior, as they all resemble a resistor-like devices. We believe, this is at first
because of the high roughness issues of carbon-based electrodes. The complete
structure of an OSC is only around 200 nm thick, whereas, the carbon-based
electrodes can have randomly-distributed peaks of several hundreds up to one
thousand of nanometers. These peaks can penetrate through the PEDOT:PSS
(50-70 nm thick) and the active layer consisting P3HT:PCgBM blend (90-120
nm) and contact the top Al electrode. This makes a short circuit which is suffi-
cient to destroy the solar cell. The active surface area for the solar cells is 0.12
cm? (1200 pm?) which is quite large in a square sample with each side of 2 cm.
This area can have at least several peaks going above 200 nm.

This can be explained by looking upon performing contact resistance mea-
surements (also called series resistance and denoted as Rs and expressed in ) of
an OSC (see figure [1.17)).

The Rs is usually estimated from the current-voltage J-V curve slope at
large forward voltage where the current flow is no longer limited by the internal

carrier recombination but by the potential drop at Rs.
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For our devices, the R, for the ITO reference cell is calculated to be around
100 ) whereas for the cells fabricated using carbon-based electrodes prepared by
the hot-spray method, this Ry is presumably very high, from several to tens of k2.
The series resistance of these OSC devices was compared with the sheet resistance
of the transparent conducting electrodes prepared in the similar conditions for

comparison purpose, as shown in the table [6.1]

Table 6.1: Comparison of the sheet and series resistances of ITO and carbon-based

transparent electrodes (CTCEs) in OSC devices.

OSC device/Anode
electrode type Ri(series) (KQ) | R(sneery (kQ/0) | Tang (%)

11O 0.1 0.03 34
rGO/FLG . ] »
CNTs/rGO-1 13 9 ”
CNTs/HOPG-1 16 16 -
CNTs/rGO-2 17 0 "
CNTs/HOPG-2 19 15 e

The series resistance of I'TO-based devices is only 100 €2 whereas, for the
devices with CTCEs, this can be 7-18 k{2. This primarily indicates that the
contact resistance between carbon-based electrodes and PEDOT:PSS (and the
active layer as well) is so large that no photo-current could be observed through
active layer at the counter metal electrode. The other reason is that the peaks
from the high roughness of these carbon-based transparent conducting electrodes
probably penetrate through the whole device and created many shorts (short-
circuits) between the electrode and the rest of device reaching up to the counter

electrode. Thus, the device behaves as a resistor and not as a normal p-n junction

diode.
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It can be argued that what we measure in terms of series resistance (Rj)
in the carbon-based devices is actually the sheet resistance of these electrodes
themselves. In general case, the sheet resistance is a two-dimensional resistance
of a thin film on a planar surface, and expressed as a resistance per square.
Whereas the series resistance here is the resistance which includes the contact
resistance (hence the sheet resistance) of the carbon-based transparent electrode
on the planar surface plus the contact resistance between all the subsequent layers
in the device in vertical direction (PEDOT:PSS/P3HT:Pg,BM/Al). The figure
6.3A shows the physical description of the device (the arrows pointing out the
nature of resistance of device) and the figure the equivalent circuit showing

the contribution of different resistances in the device.
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R: (FLe-pEDOT) R; (pepoT-8H)) R; (Bri-ai)
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PEDOT:PSS
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Figure 6.3: Representation of the sheet resistance and series resistance in our OSC

device.

The highest peaks observed by AFM in the CTCEs are not covered com-
pletely by the PEDOT:PSS and subsequent active layer, and directly connect to
the Al electrode. Hence, for the OSC devices with CTCES Rgeries & Rigpeer (table
due to the high roughness. The results show that the sheet resistance values
are comparable to those obtained for the series resistance for the carbon-based
OSC devices. The transmittance of CTCEs is between 60-80% but we assume
it has no role in the OSC devices due to high sheet resistance and roughness of

these electrodes.
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6.1 Conclusion

Various FLG, rGO materials and their hybrids with the CNTs have been
tested as transparent conductive electrodes prepared by the hot-spray method
in the fabrication of the Organic Solar Cells. The high roughness and sheet
resistance of electrodes are the potential problems along with low work functions
of these materials which did not allow the OSC device to be realized with normal
diode characteristics. However, some of these carbon materials could be used
as counter electrodes due to their favorable work-function and for conductive

coatings.
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7 Concluding Discussion and Perspectives

The general conclusions are pointed out in this chapter; starting with the
concluding discussion in the section and some perspectives work that should

be carried out to improve this work are discussed in the [7.2]

7.1 Concluding Discussion

Transparent Conductor Electrodes (TCEs) are important components in
the fabrication of solar cells of all types. The Indium Tin Oxide (ITO) and other
variations of oxides provide TCEs, but the high cost of indium, their low availabil-
ity pose a threat to continue the research and commercialization of solar cells, and
any other devices requiring transparent electrodes. Alternate materials includ-
ing polymers, silver nanowires, and carbon-based materials including graphene,
few layer graphene, reduced graphene oxide and CNTs are under intensive inves-
tigation to required synthesis properties-efficiency relationship. The additional
robustness of most of these materials makes them also potentially interesting for
counter electrodes applications.

We studied the carbon nanomaterials starting from their synthesis, by film
formation and its properties to integration in OPV. Not only synthesis meth-
ods were developed and optimized but thin film deposition and their properties
were improved as well. In summary, we have studied different FL.G materials
obtained by mechanical exfoliation /ablation of pencil lead or HOPG, and by u-
waves-assisted liquid phase exfoliation of EG and GO; and their hybrids with
CNTs. Top-down exfoliation method such as ablation of pencil lead is scalable,
high yield, facile and cheap method but up to now it involves several purification
and filtration steps. This method was further optimized using synthetic graphite
(Highly Ordered Pyrolytic Graphite, HOPG) to get relatively more homogeneous

few layer graphene (FLG) sheets and avoid harsh purification conditions as well
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as decrease economic/environmental issues. A rather new method was devel-
oped in which simultaneous exfoliation and reduction was achieved by microwave-
irradiation-assisted liquid phase exfoliation (LPE) to get relatively higher quality,
thin and homogeneous lateral size FL.G and reduced graphene oxide (rGO) mate-
rials from cheap starting materials expanded graphite and graphene oxide. This
is of high interest to get high quality graphene sheets with large aspect ratio for
subsequent applications.

Materials were characterized by Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Raman and Photoluminescence (PL)
spectroscopies, TGA analysis to study the structural quality including defects and
thickness and lateral size of FLG materials and their films. Photoelectron Spec-
troscopies (PES) techniques such as X-Ray Photoelectron Spectroscopy (XPS)
and Ultra-violet Photoelectron Spectroscopy (UPS) were employed to study the
chemical composition, binding energies, and work functions of these materials.
The obtained work functions of these materials are between 4.0 eV and 4.5 eV,
which are slightly lower than that of ITO (4.7 eV). Some of these materials can
be used as conductive counter electrodes in the organic solar cells. These are
solution-processable materials and can replace metal based counter electrodes
(e.g. Al, Ag and Ca, ...) which are often deposited by costly evaporation methods.
A temperature-programmed desorption couples with mass spectroscopy (TPD-
MS) under vacuum at a maximum pressure of 10~ Pa, were performed to under-
stand the changes that occur during a thermal treatment to the FLG material.
The TPD-MS results showed that some hydrocarbon species can be adsorbed
strongly on the surface of FLGs and modify the electron states (depending upon
the performed bonds) and can affect the quality of the material by behaving as
defect islands. The stability of toluene up to high temperature such as 450°C
which remains from the synthesis is surprisingly noteworthy in our results. This
can affect the charge transport of the FLG material. This was a new evidence

brought before, to the generally focused as the only oxygen content dependent
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charge transport at higher temperature.

The thin films of the FLG and rGO materials including their hybrid films
with carbon nanotubes (CNTs) were prepared by a low-cost, easily scalable hot-
spray method which can be used to cover potentially unlimited surface as opposed
to the limited surface growth of graphene by bottom-up chemical vapor deposition
(CVD) method. This method is relatively more compatible for film growth due
to nature of FLLG material being flakes in comparison to the spray coating or
drop-casting methods. The films are made up of overlapping FLG flakes and
exhibit a random deposition of flakes. They apparently provide a connection
among the flakes and pathways for the charge transport. In fact, a minimum
percolation threshold is to be achieved in order to conduction to take place.
The obtained results of charge transport of these films included in this thesis
are more often at this percolation threshold. However, this cannot be obtained
without adding significant number of boundaries/edges among the FLG flakes
which might increase the number of hops that the electrons have to make while
traveling through the FLG films. The high aspect ratio of FLGs obtained by
ablation of synthetic graphite or exfoliation of expanded graphite by microwave-
assisted liquid exfoliation methods, respectively, helps to lower the percolation
threshold. However, larger lateral size of FLG sheets and low yield obtained
by microwave-assisted liquid exfoliation require further optimization of synthesis
method and a spray-gun with a large nozzle, respectively.

We studied the (opto) electronic properties of spray-coated transparent con-
ductor films/electrodes obtained by different methods and their hybrids with
CNTs as well. The electrical transport was studied by the two-point probes
(2PP) and four-point probes (FPP), respectively, for measuring the resistance of
singular FLG flakes and sheet resistance (Rs) of FLG films. A new configura-
tion of mask for the Hall Effect devices was designed using a Lab View program
and cutting laser to measure resistivity (p), carrier mobility (u), type (electron

or hole) and concentration (n) in FLG film by Hall Effect measurements sys-
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tem. Further, we have shown that the overlapped FLG flakes prepared by the
hot-spray technique display a significant improvement of charge transport af-
ter thermal treatment as measured by the FPP. Transmittance was studied by
Ultra-Violet Visible Spectrophotometry (UV-Vis).

The Rs decreased from around 85 kQ/0J to around 15 kQ/0J after a 900
°C Ar treatment for the FLG films prepared from FLGs obtained by mechanical
ablation /exfoliation of pencil leads. This behavior is common for all the materials
studied, including FLG-HOPG, rGO and their hybrids with carbon nanotubes.

This is due to desorption of adsorbed hydrocarbon impurities (toluene and
its decomposition intermediates), accompanied by a low decrease of oxygen con-
tent, once annealed at 900°C. As explained above, a desorption of toluene from
the FLG surface (for FLG-AbI) requires a temperature as high as 450 °C under a
pressure of 10~* Pa, showing strong interaction of this electron-donor species with
graphene materials. This information can be useful while making graphene based
chemisensors. Charge transport was also studied as function of temperature. The
results display a decrease in sheet resistance with increasing temperature of FLG
film (toluene-free already) and suggest that FLGs have a positive temperature
coefficient (PTC) which could be important information for designing the ther-
mistor devices. These results were published in the Journal of Physical Chemistry
C. Further, the figure of merit of transparent conductor electrodes (conductivity
of transparency) increases from 7 S/cm to 41 S/cm after this thermal treatment.
The lowest sheet resistance of 760Q2/] was recorded for the annealed FLG film.
The diffusive ambipolar charge transport (both n- and p-type charge carriers)
with low Rs and good mobility values were observed during Hall Effect measure-
ments. These results of conductivity make these materials suitable for conductive
coatings and electrodes. Keeping the hot-spray method constant, various materi-
als were studied methods to find out the suitability of cheap and scalable synthesis
methods.

Improved transmittance was observed for FLG-HOPG24h films as compared
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to that obtained for FLG-Abl due to larger lateral size of flakes, however, the R,
was on the higher side making the conductivity of transparency comparable for
both materials/films with slight increase for the later up to 61% after thermal
treatment. Both materials require a high temperature thermal treatment to get
better electrical transport in terms of R;. The advantage with synthetic graphite
is to avoid the harsh purification and filtration steps used in FLG-Abl synthesis
as well as the larger size of flakes.

Since the R, and transparency of these films varies depending upon the
local variation of film thickness, the measurement was taken in several points and
average values were extracted. This highlights that the percolation threshold has
direct relation with the transparency, which needs further investigation to find out
a quantitative relationship between transparency, percolation and conductivity
or R,.

The roughness of the FLG-Abl and FLG-HOPG films resulting from the
useless agglomerates formed during suspension dispersion and spray are major
obstacle to get the smooth film with homogeneous surface and repeatable prop-
erties. Although this problem was of lower intensity in the case of films prepared
from the p-waves-assisted rGO and rGO/FLG but still quite rough films were
obtained. Apart from colloidal behavior of the suspension and related aggregates
formation, the hot-spray method has few limitations to get homogeneous and
repeatable films due to manual and fixed nature of the system. In addition, we
assume that the use of a mobile air-gun system for a deposition of FL.G could
improve homogeneity and continuity of the film, and consequently, reproducibil-
ity of the measured electrical characteristics. A nano-polishing tool/mechanism
or application of stress/compression by the application of force can improve the
packing density of underlying film by reducing the volume and make better con-
tact between sheets and flakes coupled with reduction in the roughness. If the
volume of material is reduced (by the application of force downwards on the

sample to compress the material) while keeping the mass constant, the density
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will increase. A higher density will improve the contact between sheets and
flakes, and will significantly reduce the number of edges/boundaries which must
be overcome by electrons while hopping to the adjacent flakes. The optimization
of film formations can be still done by modification of suspensions concentrations
and their dispersions. Concerning the initial materials, the FLG-Abl flakes can
be smoothened by the "purification" from small graphitic units and hydrocar-
bon via p-waves-assisted water treatment. This process is included in published
manuscript in the Journal of Colloids and Interface Science.

Larger size FLG flakes with high electrical conductivity were obtained by
the means of rapid exfoliation (extraction) of expanded graphite in toluene with
the assistance of u-waves irradiations of EG. The interaction of FL.G with toluene
was used to advantage the extraction of FLG flakes due to its ability to pene-
trate through the flakes’ nano-cracking as observed in the case of FLG-ADbl. The
difference between absorption of microwaves by the two materials also helps in
exfoliation of FL.G by rapid heating of expanded graphite. Significant absorption
of u-waves by EG/FLG allows to reach the low defects, high range homogeneous
conductive material. Very low sheet resistance together with the large lateral size
of FLG flakes, up to ten of microns or higher, are comparable to those of high
quality graphenes synthesized by CVD method, while considerable sheets’ size is
of high interest to reach percolation in the subsequent films formation in easier
way.

However, despite the advantages of large lateral size flakes and better elec-
tronic properties, FLG from microwave had problems of low yield, forming ag-
gregates in suspension and being unsuitable for film formation (due to the small
diameter spray nozzle). Therefore, further study could not be carried out at the
moment.

Microwaves-and-ethylene-glycol-assisted liquid phase exfoliation/reduction
of graphene oxide and graphene oxide/expanded graphite, respectively, provides a

viable alternative to rGO and rGO/FLG by low-cost and high yield method which
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can be used to form transparent films by hot-spray method. Such obtained FLG
flakes have large lateral size and are synthesized with yield sufficient for further
investigations. Although, the initially obtained rGO and rGO/FLG films have
moderate electrical properties with higher transmittance up to 73%, they can be
further improved by the thermal annealing/reduction treatment in the inert en-
vironment. For the charge transport devices, higher Ry and transmittance were
recorded compared to the FLGs obtained by ablation of pencil leads (FLG-Abl)
or synthetic graphite (FLG-HOPG24h). The obtained sheet resistance fluctuated
above and below the values obtained by FLG-Abl while the transparency was bet-
ter than that of FLG-Abl and comparable to that obtained for FLG-HOPG. Due
to the compensation effect of transparency-resistance values, the conductivity of
transparency is also comparable.

To further improve the opto-electronic properties, the hybrids of FLG and
rGO with CNTs were envisaged for investigations due to the advantage of nan-
otubes’ high-aspect ratio and ability of nanotubes to form conductive mesh.

Due to its entangled structure, the CNTs in the hybrid films form network,
which helps to increase the conductivity by lowering the percolation threshold
which in turn helps to improve the transparency. The obtained R4 and transmit-
tance were superior in hybrid films of CNTs with FLG-HOPG24h and rGO to
those obtained with only FLG or rGO films. The effect of the thermal treatment
improves the structure and helps to remove the adsorbed species (mostly oxygen-
containing hydroxyl and carbonyl groups) notably from the surface of FLG and
rGO. The rGO has possibly more of such impurities, which is evident from the
results of lower R, as compared to that obtained by the FLG-HOPG24h. CNTs
network alone has better connection and transparency than the FLG materials
used in this work, however the R, of CN'Ts alone does not improve on the same
scale as the FLG and rGO obtained by annealing probably due to high crys-
tallinity and purity. The highest values of conductivity of transparency were

achieved for FLLG-Abl and its hybrid with CN'Ts. The minimum resistance were
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measured for FLG-Abl and CNTs alone, while maximum transparency for hybrid,
FLG-HOPG 24h (selection of largest flake by 24h of decantation) and rGO films.
The homogeneous thickness of the prepared films remains the major challenge
as punctual preferential stacking in the z direction and random orientation of
flakes make it difficult to form the perfectly uniform and homogeneous films on
glass/quartz substrates. The roughness profile measurements were performed us-
ing tip-based Dektak profilometer and Atomic Force Microscopy (AFM). Nuclear
reaction Analysis (NRA) was used for the first time to estimate the voids in
FLG films by knowing the concentration of carbon in film and independently the
thickness. The thickness variations obtained by profilometer and NRA measure-
ments.calculations highlighted the possibility of occurrences of voids in the films
and confirmed the preferential stacking of FLG flakes in the z direction. The
estimated percentage of voids in films was calculated by taking into account the
variations of thickness values (this approach is worthy of further investigations).

Despite the fact that the obtained results for the studied materials are
still insufficient for ideal transparent electrodes, the tentative tests of fabrication
of Organic Solar Cells with various FLG, rGO, CNTs hybrids materials were
performed. The high roughness of the films is the main problem, which did not

allow the OSC device to be realized with normal diode characteristics.

7.2 Perspectives

7.2.1 Materials

The use of flakes which are smoothed, with lowered sheets number and
high crystallization degree ( for example, p-waves water purification) could help
to get more homogenous film. The inhomogeneous size of FLG flakes obtained
by ablation of pencil lead and crystal quality can be improved by this methods.

Thus higher transparency, conductivity and flatness can be possible in FL.G films.
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The concentration and dispersion degree of the carbon nanomaterials should be

optimized prior to the films formation.

7.2.2 Automated Mobile Air-gun for Hot-spray

An automated mobile air-gun with controlled speed can greatly improve the
homogeneity of the films by improving the probability of deposited volume on
the local surface. This will not only improve the roughness profile but also the

local variations in terms of R, and transmittance.

7.2.3 Polishing/Etching to Smoothen the Surface of Films

A polishing/etching mechanism can help to reduce the roughness and

smooth the surface of films.

7.2.4 Polymer as Smoothing Agent

A layer of transparent conductor polymer such as PEDOT: PSS can be
used to cover the roughness and smooth the surface of FLG films as it was
demonstrated in rGO film in the chapter 4. This needs further optimization.
Another transparent conductor polymer such as Norland Optical Adhesive (NOA)
63 can be used to embed the films, which not only covers the surface of films but
also acts as a protective layer and is ultraviolet (UV) curable as well. This was

demonstrated for covering the high roughness of Ag nanowires film [265].

7.2.5 Volume-thickness Study

Due to the heterogeneous nature of the films and local variations, it is
difficult to precisely determine the relationship between the deposition volume
and thickness. A separate study can be carried out to establish this relationship

which would add value to the suitability of hot-spray method for further use.
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7.2.6 Optimization of FLG Obtained by Exfoliation of Ex-
panded Graphite in Toluene via Microwave Irradia-

tion and Use of Large Diameter Spray-nozzle

To improve the yield from expanded graphite, the method can be opti-
mized by playing with different parameters such as concentration ratio between
expanded graphite and toluene, controlling the temperature, ramp, and pressure
during the microwave irradiation and initial sonication/stirring process. Since
the FLG sheets have large lateral size up to 10 um, a spray gun with larger noz-
zle diameter and lower concentration of sprayed suspension should help to avoid

the agglomeration of FLGs during the spray deposition.

7.2.7 FLG as Counter Electrode for OSCs

Since the work-function of the some of the materials studied in this thesis
is lower and between 4.0 and 4.5 eV they are also suitable for counter electrode
to replace the metal electrodes such as Al and Ag. These metal electrodes are
often deposited by costly vacuum evaporation methods and are sensitive to envi-
ronmental effects. A carbon-based counter electrode can be a better and cheaper

choice.

7.2.8 rGO as Buffer Layer

The rGO obtained by microwave-assisted exfoliation/reduction can be used
to replace the buffer layers such as PEDOT:PSS which is a hole transporting

layer in OSCs as it is thin, solution-processable and of appropriate conductivity.
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8 Appendix

8.1 ITO and Related TCOs

ITO consists of 90/10 atomic ratio of indium (III) oxide (InyOs) and tin
(IV) oxide (SnOs). Several other metal oxide combinations as Indium (InyOs),
Tin (SnO,) and Zinc (ZnO); Gallium doped Zinc Oxide (GZO) and Fluorine
doped Tin Oxide (FTO), have been used as TCEs during last several decades.
TCOs have been under investigation since 1930s. The experiments by Corning
laboratories team working on metal oxide insulators lead accidentally to trans-
parent conductor electrodes in 1930s (US Patent 2118795, filed Sept. 21, 1931)
[266]. Later, an other patent was deposited by them with some advancements ex-
plaining the mixture of Indium and Tin in 1940s (US Patent 2564707) [267]. The
observation of strong midnight blue color of the mixture encouraged the scientists
at Corning to spend more effort into it|2]. Later, with the advent of transistor,
integrated circuits and fabrication technologies and techniques, the demand for
the devices with transparent electrodes came in to the limelight. Over the next
few decades, thin and thick films of several metal oxides were grown by various
physical and chemical methods. Film preparation techniques have grown over to
be mature since the first studies of TCO deposition. Chemical Vapor Deposition
(CVD), magnetron stuttering, pulsed laser deposition (PLD) and spray pyrolysis,
are the common deposition techniques at the forefront of the growth of thin trans-
parent and conducting films [4]. Thus, these developments accelerate the race
to find optimum performance of transparent conductors. Soon, TCEs become
the commercially available on the market. The TCE market is ever-increasing
by 10-20 % since two decades. Figure shows some of the most common film

coating/deposition methods used today [268].

Figure [8.2] shows the basic principles of ITO film coating via physical vapor
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Figure 8.1: Main coating generation methods (Courtesy TDK Corporation) [268).

deposition (PVD) technique by sputtering the ions of ITO target on the flexible
Polyethylene terephthalate (sometimes written poly(ethylene terephthalate and
commonly abbreviated PET) substrate. PVD is a technique that employs an
inert gas (e.g. Argon) which is charged and behaves as plasma inside the vacuum
chamber. The ions of plasma are excited by high voltage which collide onto the
surface of target (ITO in this case) with high kinetic energy. This causes the
particles from target to eject and travel towards the substrate. The substrate
usually is down, so the particles fall down and settle on the substrate forming a

thin film. This action is called sputtering of particles.

Among other criteria, the Work function of TCO plays an important role to
harness the charge in the organic solar cells. The work function is defined as the
minimum energy required to remove an electron from the conduction band to the
vacuum [4]. Thus, a suitable work function is important for collecting the charge
at the interface of active layer and electrode in OSCs. Table [8.1] shows work
function of few TCOs examples. Although most TCOs employed in the fabrica-
tion of solar cells are typically n-type semiconductors [3], p-type TCOs have been
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Figure 8.2: Basic principles of ITO layer coating through sputtering method.
(Courtesy TDK Corporation) [268].

Table 8.1: Work functions of some transparent conductors [4).

Work Functions of Some Transparent Conductors.

Work Function Electron Concentration
Material (eV) (cm™3)
ZnO:F 4.2 2 X 10%
ZnO 45 7 X 10"
In,O5:Sn 4.8 >10%
Sn0,:F 49 4 X 10%
ZnSn0, 5.3 6 x 10"

reported as well [269]. Due to Indium paucity, rising demand of ITO in emerging
applications and potential challenges make the ITO dominance questionable [2].
ITO is liable to cracks and brittleness at low cycles of bending/strain due to its

ceramic character and unsuitability as a ductile material. A small strain of up to
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3 % can seriously deteriorate the conductivity of ITO [270]. Repeated cyclic test-
ing can severely degrade I'TO by introducing micro cracks, propagating into the
device employing ITO and eventually contribute to decreasing the device perfor-
mance by the means of degradation of conductivity. Further, the environmental
effects as salts, acids, humidity present in the device operating environment can
affect the lifetime of ITO as TCO or device employing it. Due to these reasons,
damage in the form of cracks of the film during manufacturing, handling, and
device fabrication significantly leads to loss of expensive material and decreases
the yield before the device approaches to the market. Even after the ITO film
has reached the facility for device fabrication without damage, a risk of material
damage during fabrication of organic solar cells or other devices can not be ex-
cluded. Due to its relatively higher index of refraction (n~ 2.0), patterning on
to lower index substrates and materials, leads to another potential problem of
redundant reflection which can be solved by the use of anti-reflective coatings but
not without increasing the fraction of the cost. However, for rigid devices, ITO
is still the most viable option in the absence of alternatives at industrial stage.
Most other TCOs still have to come up to the technological readiness.

The greatest challenge of ITO is associated with its preparation cost and film
deposition of Indium and tin materials. Indium comprises approximately 75 %
(compared to only 25% of tin) of the total mass of ITO electrode for LCD (which
accounts for 83 % of Indium usage) touch screens, flat panel displays, semiconduc-
tors and OSCs [2, 271]. An massive 3/4 of total global consumption of Indium is
consumed by ITO alone [272]. Indium is a rare metal (ranking 615 in abundance
in the Earth’s crust - about three times more abundant than silver or mercury),
which comes largely as a byproduct of zinc ores’ processing in China, Peru, and
Australia (in decreasing order of quantity produced) [273]274]. Alternate sources
of Indium come from mining of tin, copper, lead, and precious metals. Common
deposition technique for ITO is sputtering process which itself is inefficient with

yield of 3-30 % (Indium reaching the substrate/film). About 70 % of ITO resides
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in the spent ITO target and other parts of sputtering system [272]. Due to scarcity
of Indium and fluctuation in the prices of Indium, ITO recycling is gaining more
importance. However, the cost of recycling is influenced by the price of primary
Indium. Further improvements in the processing technology and methods for
recovery of Indium will help offset the Indium scarcity and price fluctuations but
this Indium recovery and reclamation is still insufficient to achieve optimum and
efficient recovery of good quality Indium [272], [275]. As deposition of ITO films
is usually done by slow and costly vacuum-based techniques,and supply of indium
which is prone to mining and geo-political issues, the prices have been unstable
for Indium and ITO. The magnitude of price swings for indium during the last
decade is important to note. The cost of indium increased ~ 5 times during last
one and half decade (Source: Alex Freundlich of the University of Houston citing
data from the U.S. Geological Survey) [2].

ITO manufacturers are concentrating also to resolve strain-induced propa-
gatable micro-cracks issue in the ITO film [270]. It was reported that mechanical
properties of I'TO film may be improved by laminating it to an other PET sub-
strate via optically clear adhesive [276] or by altering the ratio of Indium to tin.
However, increasing the wt % of tin or reducing the wt % of Indium can affect
the electro-optical properties of film [2]. It was demonstrated that band gap
of the film increases with increasing the wt % of In, from 3.2 eV for the ratio
50:50 to 3.7 eV for In/Sn ratio of 80:20 for a film prepared by spray pyrolysis
method, with >90 % transparency and best conductivity. The conductivity and
transparency decrease with increase of Sn wt % [277]. Various film growth/de-
position techniques such as spray pyrolysis, DC and RF magnetron sputtering,
[278], molecular beam epitaxy (MBE), [279], electron beam evaporation (EBE)
[280], chemical vapor deposition (CVD) [281] screen printing [282], pulsed laser
deposition [283] and sol-gel spin-coated techniques [51] and dip coated through
sol-gel [284] have been reported in order to reduce the cost and increase the yield

of material being used. When ITO films are prepared by solvent-based process
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they necessitate thermal annealing to improve the conductivity and transparency
of the films by removing the traces of solvents, impurities and improving the struc-
tural quality of films [2]. ITO nanoparticles dispersed in solvent and deposited
by gravure printing process exhibit a sheet resistance of 500 2/0 after low tem-
perature irradiation and thermal annealing steps [285]. I'TO nanowires film with
R close to 3k €2 in device having transparency of 85 per cent was reported also
[286]. Apart from nanomaterials, minimizing or excluding the amount/content
of In in TCOs is under study. Low In content examples are ZnO-In,O3, InyO3-
Sn0s, and Zn-In-Sn-O. Aluminum and Gallium doped Zinc Oxide (AZO, and
GZO), and Fluorine doped tin oxide (FTO) have been used as TCOs without In-
dium. Although, these materials have cost benefit but they lag in opto-electronic
properties. Electrical conductivity of thin films of AZO, GZO (less than 100
nm), fluctuates when exposed to air environment with high relative humidity,
thus making thinner than 100 nm films unsuitable for humid environments [287].
However,due to the low cost of film preparation and suitable properties, fluorine
doped SnO; and aluminum doped ZnO (AZO) are among the most widely used
TCOs for thin film solar cells [288].

8.2 Other Candidates for TCEs

As GTCEs continue to provide alternative to TCEs, and the advancement
in nano-materials assembly and control is pushing for several other alternatives.
Conducting polymers, metal nanowires and printable metal grids have been stud-
ied for this purpose. Here, we will cover their material properties and suitability
to function as TCEs in current/future optoelectronics especially OSCs. Con-
ducting polymers have become a mature material which are used for various
functions in organic solar cells, as active layer (P3HT:PCBM) and as buffer lay-
ers (PEDOT:PSS). A lows-cost, solution-processable polymer mixture poly(3,4-
ethylenedioxythiophene) /poly (styrenesulfonate) (PEDOT:PSS) is investigated
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due to its flexibility, light weight, and compatibility with solution-based deposi-
tion techniques such as gravure printing, slot die coating, knife-over-edge, coating,
slide coating, and spray coating [289),[290], [291]. The cost of PEDOT is much
lower (two orders of magnitude lower) than that of ITO and the metal-base elec-
trodes [12], [292]. The mixture of PEDOT:PSS have conductivity inferior to that
of ITO, hence it is either doped or used in conjunction with metal grids [293],
silver nanowires [294], and other additives [295]. PEDOT:PSS, one of the crucial
layers which performs several key functions, such as, buffer layer placed between
the cathode and the active layer. Its primary work is to serve as a hole trans-
porter and electron blocking layer. Additionally, it also smooths out the ITO
surface, acts as impermeable to oxygen and as cathode material thereby protect-
ing active layer from oxidation and generation of unwanted trap sites [182]. Due
to very good conductivity and relative transparency, it is also applied as elec-
trode in organic solar cells. The first good replacement of ITO was demonstrated
with an easily processable low-cost, spin coated transparent contacts based on
high conductivity formulations of PEDOT:PSS anode in conventional OSC. The
authors claimed that, up to 3 % efficiencies were possible to achieve with this
method. This highlighted that PEDOT:PSS can be a very low-cost alternate
to vacuum-deposited ITO [290]. A solar cell with spray-deposited PEDOT:PSS
as cathode/top electrode was demonstrated in an attempt to replace the ther-
mally evaporated metal electrode in an inverted PSHT:PCBM structure. The
PEDOT:PSS layer showed R of 900 Q/square and device achieved a PCE of 2.0
% [296].

In a recent study, it was pointed out that a multiple solvent ink contain-
ing Ethylen Glycol (EG) can contribute to enhance optoelectronic properties
of PEDOT:PSS followed by post-deposition annealing of ink over PEDOT:PSS
electrode. Sheet resistance of 24-259 /00 with transparency of 71-95 % can be
achieved and efficiency of 3.2 % was reported on a flexible device which showed

better electrical /mechanical stability in comparison to ITO device [297]. We can
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conclude from these reports that there is ongoing progress underway to capi-
talise the advantages of materials development, deposition methods, character-
ization and optimization of the electrical, optical and mechanical properties of

PEDOT:PSS electrodes.

Metalic structures in the form of thin metal films, patterened metal grids
and metal nanowires can be used as transparent conductor electrodes when their
average thickness is sufficiently thin. Metals are most conductive materials due
to high free-electron density but are not very transparent. Since metals can be
made to grow thin films, to maximise the transparency, they can function as
transparent electrodes while maintaining good electrical conductivity. Thin films
of 10 nm or less have been demonstrated with sufficient optical transmittance
[298], [299]. These metal films can be deposited by DC sputtering method in
ultrahigh vacuum in Argon environment. Various metals can be used to grow
thin films, such as, chromium, nickel, copper and silver. Chromium and Nickel
are relatively less expensive than ITO and compatible with fabrication process
and organic materials.

An innovative way to improve the transmission of thin metal films is to grow
them in patterened grid structures whereby, leaving free space on the substrate
to harness the light transmission. Hundred percent light can pass through these
empty spaces in the grid where as, electrical contact is served by solid metal lines
of grid. This approach requires careful design of grid dimensions; spacing and
width of grid lines to get optimum sheet resistance and transmittance for the
electrode [2], [300], [301], [302], [303], [304], [305]. Organic solar cells were fabri-
cated by 40 nm thick, wire-grid patterned Au, Cu, and Ag electrodes prepared
by nanoimprint Lithography as anode materials to compare with ITO electrode
[302]. The authors demonstrated comparable performance using metal grid elec-
trodes with transparency of around and over 80% and sheet resistance between

23 and 28 Q /0. Figure shows transmittance and device characteristics for
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the nanoimprinted metal electrodes alongwith ITO.
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Figure 8.3: (a) UV-Vis transmittance of nanoimprinted metal electrodes Ag, Cu, Au

and ITO, inset shows the SEM image of an as-fabricated metal electrode on glass (b)

Current density versus voltage characteristics of organic solar cells (OSCs) fabricated

using different electrodes, nanopatterned Au, Cu,and Ag as well as conventional ITO

electrodes (Intensity: AM1.5G 100 mW.cml — 2) [302]

As it is evident from the J-V characteristics, the efficiency is almost the

same for metal electrodes as for ITO. Table summarises the performance of

each electrode.

Table 8.2: Device characteristics of solar cells fabricated using nanopatterned Au,

Cu, and Ag and conventional ITO electrodes (Intensity: AM1.5G 100 mW.cm=?2 [302].

Transparent Electrode Jsc [mMA-cm™ Voc [V] FF %] Efficiency [%)]
ITO 5.59 0.59 0.61 2.00
Au 5.50 0.57 0.62 1.96
Cu 5.71 0.57 0.63 2.06
Ag 5.34 0.58 0.65 2.00

The criteria for nanowires puts emphasis on the growth of small diameter,
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smooth, long lateral size, and highly pure metallic nanowires for this purpose
with low production cost. Silver nanowires (AgN'Ws) have demonstrated poten-
tial for transparent conductor applications with electron density which brings
high intrinsic conductivity of silver to the arena. Nanoscale diameter (40-200nm)
and micrometer length (1-20pm) AgNWs can be grown [2], [246]. However, sev-
eral challenges impair the large scale use of AgNWs as electrodes, such as, high
surface roughness, instability towards oxidation and moisture environments, and
adhesion to substrates which is still poor [265]. Figure shows schematic and
SEM image of AGNWs on flexible substrates.

10KV X2,000 10um UMD SEM

Figure 8.4: (a) Schematic illustration of the fabrication process of AgNWs embedded
NOA 63 transparent electrode, (b) Photograph of a fabricated AgNWs embedded flexible

transparent electrode (7 ¢cm37 ¢cm) illustrating their high transparency and flexibility

1263)], (c) SEM images of the surface of NW film on PET with 102Q/0,T= 66 %
[246].

To solve instability and roughness issues, a study demonstrated the fabri-
cation of a flexible transparent electrode with superior mechanical, electrical and
optical properties by embedding a AgNWs film into a transparent polymer ma-
trix (a commercial ultraviolet (UV) curable polymer of Norland Optical Adhesive

(NOA) 63 as the transparent substrate) which serves both as flexible electrode
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and protector for AgNWs network. An ultra-smooth and extremely deformable
transparent electrode having have sheet resistance and transmittance comparable
with those of an ITO electrode could be produced with this technique. The OSC
devices showed PCE of 3.07 with excellent performance after several bending cy-

cles and stability after weeks.

Copper (Cu) NWs have been reported in the literature as well, which offers
even lower cost solution than AgNWs. The report demonstrated that CuNWs
with diameters of 90 10 nm and a length of 10um can be synthesized by a
simple room-temperature solution process [306]. An other study reported pro-
duction of Cu NWs synthesized by solution processing. The CuNWs network,
when printed on the glass substrate formed the film having a sheet resistance of
20 /0 at 60 % transmittance. Further, the potential of CuNWs (NW diameter
was from 20 to 70 nm, with an average diameter of 44nm) as transparent elec-
trode was demonstrated by fabricating a small molecule device, which showed 3.1

% efficiency on flexible substrate compared to 4.0 % for the ITO reference.

Apart from these emerging materials, several hybrids and composites have
been reported for OSC to take advantage of materials’ combination. These
include, solution-processable Graphene-Carbon Nanotube hybrid [? |, metal
grid /conducting polymer hybrid transparent electrode for inverted polymer so-
lar cells [307], a low-temperature solution processable silver nanowires and car-
bon nanotubes [308], Ag grid/ITO prepared by inkjet printing [309], monolayer
graphene/Au metal grid as top electrode [310], multilayer graphene (MLG) and
metal grids (Ag) [311], dispersant-free AgNW /SWCNT hybrid films [312], Metal-
grid hybrid TCEs prepared by inkjet-printing with PEDOT:PSS and Ag nanopar-
ticle inks [313], silver nanowires /ZnO composite film[314]. Table |8.3| summarises

the status of most important emerging and commercialised TCEs.
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Table 8.3: Comparison of graphene (unoptimized and optimized) with other materials

such as ITO, Ag nanowires, CNTs and PEDOT:PSS

reference [315)].

. The table is adapted from

Material T(%) Rs (£2/00) Status Issue

ITO >85 15-30 Standard Cost, brittle, corrosion by salts or
acids, slow vacuum process

Ag nanowire >80 0.4-116 Commercialized, Roughness, environmental stability,

emerging haze, light scattering

CNT 90 50 Emerging High resistance, doping stability,
roughness

PEDOT:PSS 80 100 Limited use Electrical/environmental stability,
color tinge

Graphene 85 400 or more Emerging High resistance, doping stability

(unoptimized)

Graphene 85 Less than 30 Emerging More doping up to few /[,

(optimized) doping stability
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8.3 Bottom Up Techniques: Epitaxial Growth,
CVD and Chemical Synthesis

8.3.1 Epitaxial Growth

SiC crystal is heated and cooled down to produce single-bi-few layer
graphene [316]. This technique is also known as carbon segregation from sili-
con carbide (SiC) or metal substrates and requires a good control of conditions,
such as, temperature, heating rate and pressure to get the desired quality and
thickness of graphene [62],[63], [65], [64]. Graphene from SiC was produced and
patented in 1896. Graphene segregation from Ni(111), however is studied since
1976 [317]. The Ni(111) surface has a fvourable lattice structure for graphene,
having a lattice constant mismatch near 1.3 %. In Ni diffusion method, a thin
layer of Ni is evaporated onto a SiC crystal. When heated, the carbon diffuses
through the Ni layer forming a graphene on the surface. This method has a po-
tential advantage of facility to detach graphene layer from surface as compared
to SiC crystal without Ni [318]. However, the growth of graphene takes place
at random locations simultaneously, forming islands of graphene which assem-
ble together. Due to this random growth and subsequent assembly, graphene is
not perfectly homogeneous, mainly due to defects and/or grain boundaries [84].
Thus, the graphene suffers in quality when compared to exfoliated graphene un-
less grown on a perfect single crystal where size of graphene is dictated by the
size of crystal itself. Mass production and upscaling is still a challenge for this
method. Large size, high-quality layers are grown on SiC in an argon atmosphere

currently [65] and detachment is made possible by hydrogen treatment [319].

8.3.2 Chemical Vapor Deposition and Transfer

CVD is a well-known process and the earliest report of CVD grown FLG was

reported more than 40 years ago [320]. The gaseous hydrocarbons compounds are
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feed in the CVD chamber and decompose at high temperatures in order to grow
thin films of SLG and FLG on various substrates [32I]. The thickness/number
of sheets depends upon the thickness of substrate (Ni) and solubility of carbon
in metal. Patterning of Ni film helps control the shape of graphene as well.
Graphene has to be subsequently transferred onto other substrates for further
study /applications. Ni is used as catalyst due to its high solubility of carbon and
several layers of graphene can be grown over precedent layers on Ni. Copper (Cu)
catalyst allows to grow mostly SLG and FLG with less than 5% due to low solu-
bility of carbon in Cu [322]. Cu has solubility of 0.04 % in comparison to that of
Ni (2.7 %), at higher temperatures, and the carbon solubility is affected by tem-
perature as well showing a decreases with decrease of temperature [323]. Much of
these films are micro meter to centimeter by lateral size [23], [322]. Millimeter size
sheets of graphene have also been reported to grow on Platinum (Pt) surface with
the thickness of films strongly depends upon the thickness of Pt[324]. The ne-
cessity to grow larger sheets for flexible electronics displays and TCEs motivated
to grow 30-inch graphene on copper substrates by CVD using roll-to-roll process,
subsequently transferred onto flexible PET substrate [59]. Further doping with
HNOj3 can help decrease the sheet resistance of CVD grown graphene. Stacking
few (4) layers of this graphene showed a sheet resistance of approximately 30
/0 with very high transparency of 90 %. Recently, an other group reported a
100-meter-long high-quality graphene transparent conductive film by roll-to-roll
chemical vapor deposition and transfer process with sheet resistance of 150 Q /O
and transmittance above 80 per cent [325]. However the cost of production (cost
of substrates, catalysts and thermal budget for CVD is grown on high tempera-
ture of 1000 °C), dependency on size-of-wafer and complexity involved in transfer

to arbitrary substrates are cons [70].
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8.3.3 Chemical Synthesis

Graphene or carbon nanosheets production by chemical synthesis meth-
ods have been reported in the literature as well. Such synthesis yields carbon
nanosheets in gram-scale quantities in a bottom-up approach which can then be
assembled to form larger [326]. Ordered layers are formed by nanographenes with
control of orientation and spacing. The interaction of nanoribbons helps control

and tune its optoelectronic properties [96].
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8.4 Charge Transport in Organic Semiconductors

Before, we discuss the charge transport in graphene, it is worthwhile to
briefly introduce the basics of charger transport in disordered organic semicon-
ductors. Generally, the organic semiconductors with conjugated 7 system are
most interesting among the class of organic semiconductors for organic electron-
ics. When a carbon (C) atom has a double bond to an other C atom, two p and
one s orbital form three degenerated and coplanar sp? hybridized orbitals, each
occupied by one electron. The fourth valence electron of the C atom is in the
residual p, orbital, which is perpendicular to the plane of the sp? orbitals. This
electron interacts with the electron in the p, orbital of the other C atom and
forms a m bond while the electrons in the sp? orbitals form ¢ bonds. In a benzene
ring, six C atoms are distributed on a hexagonal shape, each one bound to the
two adjacent C atoms and one H atom. The six electrons in the p, orbitals, one
at each C atom, allow the formation of three m bonds which are delocalized over
the benzene ring. Each atom contributes only one electron to the m bond, occu-
pying only the energetically lower 7 orbitals in the ground state. These energy
levels are also refereed to as the highest occupied molecular orbital (HOMO) and
contribute to the bonding of the atoms. The anti-bonding 7* orbital is the lowest
unoccupied molecular orbital (LUMO). In a planar molecule with several adja-
cent benzene rings, the p, electrons are delocalized over the whole conjugated
part of the molecule. As the number of benzene rings increases, the conjugation
length increases too. The highest number of binding and anti-binding 7 orbitals
reduces the band gap of the resulting molecule. While a single benzene ring has a
band gap of ~ 8 eV, tetracene, consisting of three benzene rings, has a band gap
of ~ 4 eV and pentacene ~ 2 eV. In semiconducting polymers conjugated units
are connected by single carbon-carbon bonds which introduce high rotational
freedom between neighboring units. As a consequence of the distorted planarity

and the spatial alignment of the polymer, the conjugation can only extend over
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a couple of monomers leading to typical band gaps around 2 eV or lower.

Due to the band gap between HOMO and LUMO, pure organic semicon-
ductors are not conductive in the dark at low temperatures and low applied volt-
age. This requires the creation of excess charge carriers by injection through the
electrodes, the internal photo-effect or by chemical doping, the organic semicon-
ductors become conductive. Neighboring molecules interact only weakly through
Van der Waals forces or by dipole-dipole interactions, so the wave functions of
excess charge carriers are localized at only a few or even one individual molecule,
resulting in a negative or positive charged ions. This polarizes the surrounding
molecules. As the relaxation time of the polarized molecule is &~ 100 times shorter
than the transfer time needed for the electron or hole to tunnel with the thermal
assistance to the next molecule, the polarization follows the charged molecule.
Therefore, electrons in the LUMO are also called the negative polarons, while
the holes in the HOMO are called positive polarons. Ordered crystals exhibit a
homogeneous polarization energy throughout the crystal and a larger overlap of
adjacent 7 orbitals, than disordered molecules. However, due to weak delocal-
ization of the 7 orbitals, the HOMO and LUMO energy levels have a bandwidth
below 100 meV and the orbitals extend only over a few oligomers. As a conse-
quence the highest charge carrier mobilities obtained for hole transport are around
35 cm?/Vs at room temperature and up to 58 cm?/Vs at 225 K, about one order
of magnitude smaller than Silicon mobility of 450 ¢m?/Vs at room temperature
[327]. In amorphous organic semiconductors, locally different molecular envi-
ronments change the polarization energy, which leads to a Gaussian distributed
density of states with in a range of 80 to 120 meV. Hopping between adjacent
states results in mobilities below 0.1 cm?/Vs [328].

While the position of the fermi level can be tuned in the production pro-
cess by doping of inorganic semiconductor, organic semiconductors are rather
classified as p or n-type materials as a function of energy of HOMO and LUMO

levels with respect to the source and drain electrode in the Field Effect Transistor
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(FET) structure [329].

The charge transport in disordered organic semiconductors is via hopping
simply because the charge carriers have to overcome large barriers between the
molecules or localization sites [330]. The charge carrier mobility is relatively high
in a region of crystalline order due to short and organized (hopping) distance
among molecules. The hopping site arrangement varies both positionally and
energetically within a disordered material. Disorder includes structural disorder
(such as defects) and the presence of impurities and chemical inhomogeneities
[331]. These abnormalities behave as trapping sites. These sites have various
origins or reasons to occur, including due to presence of water, chemical residues
and grain boundaries in semi-crystalline materials [332], [333], [334]. Relatively
low charge carrier mobility in disordered organic semicondutors (OSs) is linked to
and is consequence of weak intermolecular interactions and resulting localization
of charge carriers or trapping by chemical impurities and other trap states formed
by structural disorder. Mobility is an important parameter that is used to un-
derstand charge transport in OSs. Major factors on which mobility of an organic
material is dependent on are its temperature, applied electric field, atmospheric
conditions and molecular ordering. Several ways are employed to experimentally
determine mobility. Most frequently it is determined from the current-voltage
characteristics of FET. Recently, however time-of-flight (TOF) is emerging as a

viable method to assess mobility in FET-like structures.

8.5 Four-point Probes manual for calculation of

geometrical factor
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Figufe 4-1 — Four-Point Probe Measurement of Resistivity
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Résumé de la thése en francais

En bref, nous avons étudié différents matériaux de fines couches de graphite (FLG)
obtenus par exfoliation mécanique et exfoliation assisté par micro-ondes en milieu liquide de
tétes de crayon papier, de graphite pyrolytique hautement orienté (HOPG), et de graphite
expansé (EG), respectivement.

La fabrication du FLG par ablation de tétes de crayon papier comprend plusieurs
¢tapes de filtration, mais c’est un procédé a haut rendement, facile et qui peut étendu a grande
échelle. Les fragments ne sont pas plus grands que 2-3 um. Les mesures de transport de
charge ont été obtenues par effet Hall, par des méthodes 2-pointes et 4-pointes (FPPs)

montrées dans la fig. 1. Pour des dispositifs préparés a partir de ces matériaux.
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Figure 1: Mesures FPP de transport de charge pour des dispositifs FLG-AbL

Par la suite, nous avons montré que 1’échantillon préparé par pulvérisation a chaud
conduit a des films de fragments FLG avec un dépdt aléatoire. Ces films montrent une
amélioration significative des propriétés de transport de charge apreés un traitement
thermique. Ceci est du a la désorption d’hydrocarbures adsorbés qui sont des impuretés
(toluene et ses intermédiaires de décomposition), accompagnée d’une désorption d’oxygene,
apres un traitement thermique a 900 °C. La désorption du toluene a partir d’une surface de
requiert une température aussi grande que 450 °C sous une pression de 10 Pa, montrant de

fortes interactions de cette espece donneur d’électron avec les matériaux graphiques (fig. 2).



Ce résultat peut étre considéré comme important a prendre en compte si I’on veut développer
et définir des capteurs chimiques. Un mécanisme de transport diffusif du transport des
électrons de méme que un coefficient de température négatif du film de FLG a été observé
lors de mesures d’effet Hall ce qui peut étre utile pour des applications potentielles dans des

dispositifs thermistors.

La plus faible résistance superficielle a ét€ mesurée a 760 /[ pour des films de FLG
film traités thermiquement. Ces résultats de conductivité font de ces matériaux de possibles
électrodes et dépots conducteurs et leurs faibles travaux de sortie sont encourageants pour des

électrodes cathode de cellules organiques solaires (OSCs).
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Figure 2: Désorption thermo-programmée couplée a la spectroscopie de masse (TPD-MS):
Evolution de I’oxygéne (COx) et des hydrocarbures ( CyHz) en fonction de la température a trois
températures différentes.

Le principal probleme est la déposition aléatoire par la pulvérisation et la faible la
percolation entre les fragments, ce qui est dii au procédé multi-étapes de préparation du FLG a
partir des tétes de crayon papier (FLG-Abl) et a la non-homogénéité et a la faible taille des
fragments (fig. 3).
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Figure 3: Images SEM (Scanning electron microscopy) montrant la morphologie des
échantillons FLG-Abl et FLG-HOPG?2A4.

La rugosité des deux films FLG-Abl et FLG-HOPG, résultant de 1’agglomération
inutile de fragments formés durant la dispersion et la pulvérisation, est un obstacle majeur
pour obtenir des films homogene et une surface plane avec des propriétés reproductibles.
Cependant, une amélioration significative dans la transmittance a été obtenue dans le cas du
film FLG-HOPG24. Des fragments de FLG-Abl ont été améliorés par traitements micro-

ondes dans ’eau a 650 °C.

Finalement, de fines couches de graphite (FLG) ont été obtenues par exfoliation
liquide du graphite expansée EG, procédé assisté par des irradiations micro-ondes. Il a été
observé que quelques couches de graphéne avec une grande dimension des fragments et une
forte conductivité électrique obtenues par cette méthode. Une absorption significative par les
micro-ondes des échantillons EG/FLG permet d’atteindre une faible densité de défauts avec
de meilleures propriétés d’homogénéité et de conductivité. De tres faibles résistances
surfaciques, conjuguées avec des grandes tailles latérales des fragments de FLG, de dix
jusqu’a des dizaines de microns, sont comparable aux graphenes de haute qualité synthétisés
par les méthodes CVD, alors que des dimensions considérablement augmentées est d’un
grand intérét pour atteindre une percolation facile pour les films a suivre.

Cependant, en dépit des avantages obtenus avec des fragments a grande tailles
latérales et de meilleures propriétés électroniques, les FLG obtenu a partir des micro-ondes
sont formés avec des rendements faibles, ils forment des agrégats en suspension et il apparait

difficile pour ces échantillons d’opérer dans un syst¢tme de pulvérisation standard pour



former les films a cause du petit diametre du gicleur. Pour décroitre le nombre de feuillets
dans les fragments individuels de FLG et augmenter la percolation dans les films, les
échantillons hybrides rGO-FLG et CNT-FLG, ont été étudiées. La réduction et I’exfoliation
simultanées de 1’oxyde de graphene et I’hybride oxyde de grapheéne/ graphite expansé par by
irradiation micro-ondes apporte une alternative viable au FLG-Abl. La réduction activée dans
I’¢éthyléne glycol est une méthode a haut rendement avec un faible cout des matériaux intrants.
L’oxyde de graphéne réduit (rGO) obtenu possede des propriétés électriques modérées mais
ces propriétés peuvent étre encore améliorées par un traitement thermique de réduction en
atmosphere inerte.

Pour les dispositifs de transport de charge, apres traitement thermique, des résultats
légerement améliorés ont été obtenus pour les dispositifs GO et rGO/FLG, respectivement,
en comparaison des échantillons FLGs obtenus par ablation (FLG-Abl) des tétes de crayon
papier et de graphite synthétique (FLG-HOPG). Alors que les résistances superficielles
obtenues fluctuant en comparaison avec les valeurs obtenues avec les échantillons FLG-AbI,
la transmittance est meilleure (60-80%) que les échantillons FLG-AbI (31%) et comparable
avec les valeurs obtenues pour les échantillons FLG-HOPG. Les fluctuations dans les résultats
de dispositifs similaires conduisent cependant a une faible prédiction dans les mesures. La
forte rugosité reste encore un des problemes majeur due a ma nature du matériau, formé de
feuillets empilés, et due aux imperfections de la méthode de dépdt par pulvérisation. Une
orientation additionnelle des fragments dans la direction z perpendiculaire au plan du substrat
rend difficile une croissance parfaitement uniforme et homogene des films sur des substrats de
verre ou de quartz. Prenant en compte une amélioration tres faible de la résistance
superficielle et de la transmittance des échantillons rGO et rGO/FLG comparée aux
échantillons FLG-HOPG et les avantages du mode de synthese de ces derniers, il semble que
les échantillons FLG-HOPG devraient étre plus appropriées pour des investigations

supplémentaires, pourvu que la le probleme de la rugosité soit pris en compte.

Le réseau des nanotubes de carbone (CNTs) dans les films hybrides a deux buts: il
aide a abaisser le seuil de percolation dans les films permettant ainsi d’augmenter la
transparence pour une résistance superficielle donnée. Due a sa structure en réseau, de
meilleurs résultats, en termes de R; et de transmittance ont été obtenus en réalisant des films
hybrides de CNTs avec FLG-HOPG and rGO (fig. 4 and 5). L’effet du traitement thermique
améliore la structure a et aide a la désorption de surface des especes adsorbées

(principalement des groupes contenant de I’oxygene tels que les groupes hydroxyles et



carbonyles) de FLG et rGO. Le rGO a une plus grande quantité de telles impuretés. Il en
résulte de plus faibles résistances superficielles Ry comparées aux valeurs obtenues avec les
échantillons FLG-HOPG24h. Le réseau de CNTs produit a la fois de meilleures connections
et transparences que le matériau FLG utilis€ dans ce travail. Ceci est démontré par les
résultats de Ry et de transmittance, cependant 1’addition de FLG est bénéfique pour R et les
meilleurs résultats sont obtenus pour des échantillons hybrides, en particulier pour les

échantillons CNTs/FLG-HOPG (fig. 4).
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Figure 6: Dispositifs OSC comprenant des électrodes transparentes a base de carbone.

Cependant les imperfections de la méthode de pulvérisation a chaud rendent difficiles
d’obtenir des films plats et homogene de ces matériaux carbonés. Les dispersions de ces
matériaux sont cependant bonnes durant les préparations mais alors que le matériau a été
déposé au travers d’un gicleur de diametre 2-3 mm, il y a la possibilité de formation
d’agglomérats inutiles qui non seulement contribuent a la rugosité des films mais aussi

affectent la conductivité et la transparence, la premiere étant la plus fortement affectée.

Différents matériaux FLG et rGO ainsi que leurs hybrides avec les CNTs ont été testés
comme électrodes transparentes conductrices préparées par la méthode de la pulvérisation a

chaud dans la fabrication des cellules solaires organiques (OSC). La forte rugosité mais aussi



les fortes résistances superficielles des €lectrodes sont des problemes potentiels ainsi que le
faible travail de sortie de ces matériaux qui ne permettent pas d’envisager une application
comme OSC avec des caractéristiques d’une diode normale. Cependant, quelques-uns de ces
matériaux carbonés pourraient étre utilisés comme contre-électrodes a cause de leur travail de

sortie favorable et de leurs propriétés de films conducteurs.

Nous allons maintenant présenter quelques éléments de discussion et de perspectives

section.

1. Discussion

Les électrodes transparentes conductrices (TCEs) sont des composants importants
dans la fabrication des cellules solaires de tous types. L’Indium Tin Oxyde (ITO) et d’autres
variations parmi ces oxydes donne des TCEs, mais le cout prohibitif de I’indium, sa
disponibilité limitée constitue un défi pour la réussite de la recherche et de la
commercialisation des cellules solaire, et de toutes autres dispositifs nécessitant des
électrodes transparentes. Des matériaux alternatifs incluant les polymeres, les nanofils
d’argent, et les matériaux a base de carbone parmi lesquels le graphéne monocouche ou a
faible nombre de couches, 1’oxyde de graphene réduit, et les CNTs sont [’objet
d’investigations intenses pour obtenir une synthese entre la relation entre propriétés et
I’efficacité. La robustesse additionnelle de la plupart de ces matériaux rend ces matériaux

potentiellement intéressant dans des applications comme contre-électrodes.

Nous avons étudié€s des nanomatériaux de carbone en partant de leur synthese, depuis
la formation du film et ses propriétés pour I’intégration comme OPV. Non seulement les
méthodes de synthese ont été développées et optimisées mais le dépot de film fin ainsi que
leurs propriétés ont ét€ améliorées. En résumé, nous avons étudié différent matériaux FLG
obtenus exfoliation/ablation mécanique de tétes de crayon papier ou de graphite HOPG, et par
exfoliation assistée par microondes en phase liquide de matériaux EG et GO et leurs hybrides
avec CNTs. La méthode d’exfoliation top-down telle que 1’ablation de tétes de crayon papier
est extensible a large échelle avec un grand rendement, facile and bon marché mais jusqu’a
présent elle comporte plusieurs étapes de purification et de filtration. Cette méthode a été par
la suite optimisée en utilisant du graphite synthétique (Highly Ordered Pyrolytic Graphite,
HOPG) pour obtenir des feuilles de graphéne multicouches (FLG) relativement plus

homogene et pour éviter une purification dans des conditions sévéres tandis qu’elle permet
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une diminution des probléemes économiques et environnementaux. Une méthode plutdt
nouvelle a été développée dans laquelle une exfoliation et une réduction simultanées ont été
réalisées par exfoliation assistée par microondes en phase liquide (LPE) pour obtenir des films
de graphéne (FLG) de relativement bonne qualité, fins et homogenes en taille latérale (FLG)
et de I’oxyde de graphéne réduit (rGO) a partir de matériaux de départ bon marché tels que le
graphite expansé et ’oxyde de graphite. Ceci est d’un grand intérét pour obtenir du graphene
de haute qualité sous forme de feuilles avec un grand rapport d’aspect pour des applications a

suivre.

Les matériaux ont été caractérisés par microscopie €lectronique a balayage (SEM),
Microscopie électronique a transmission (TEM), spectroscopies Raman et de
Photoluminescence (PL), analyses thermogravimétriques (TGA) pour étudier la qualité
structurale des matériaux, incluant les défauts, 1’épaisseur et la taille latérale des matériaux et
films FLG. Les spectroscopies de photoélectrons (PES) a partir d’une source RX (XPS) ou
ultraviolette (UPS) ont été employées pour étudier la composition chimique, les énergies de
liaison, et les travaux de sortie de ces matériaux. Les travaux de sortie obtenus sont compris
entre 4.0 eV et 4.5 eV, qui sont Iégerement plus faibles que ceux de ITO (4.7 eV). Ce sont des
matériaux qui peuvent €tre mis en oeuvre en solution et peuvent remplacer les contre-
électrodes a base de métal (Al, Ag and Ca, ...) qui sont souvent déposé€s par des méthodes
d’évaporation couteuses. La désorption programmée en température couplée avec la
spectroscopie de masse (TPD-MS) sous vide 2 une pression maximum de 10 Pa, ont été
réalisées pour comprendre les changements durant le traitement thermique du matériau FLG.
Les résultats de TPD-MS montrent que quelques especes d’hydrocarbures sont fortement
adsorbées a la surface des FLGs et modifient les états électroniques qui dépendent de la nature
des liaisons et peuvent affecter la qualité du matériau en laissant des ilots de défauts. La
stabilité du toluene adsorbé apres la synthese jusqu’a des températures aussi hautes que 450°C
est surprenamment remarquable dans nos résultats. Ceci peut affecter le transport des charges
dans le matériau FLG. Ceci est une nouvelle évidence que d’autres fonctionnalités que celles

contenant de I’oxygene influent sur les propriétés de transport de charge.

Les films fins des matériaux FLG et rGO incluant leurs hybrides avec des nanotubes
de carbone (CNTs) ont été préparés par des méthodes de pulvérisation a chaud a bas coft,
aisément extensible pour couvrir des surfaces potentiellement non-limitées en opposition aux

surfaces limitées obtenues par la croissance de graphéne par un procédé « bottom-up » tel



que le dépdt chimique en phase vapeur (CVD). Cette méthode est relativement plus
compatible pour la croissance du film due a la nature des matériaux FLG qui sont formés de
fragments en comparaison des méthodes de dépdts en pulvérisation ou de dépdt en gouttes.
Les films sont constitués de fragments de FLG se recouvrant d’une manicre aléatoire. Ce
recouvrement permet une interconnexion entre les fragments et de ce fait des chemins pour le
transport de charge. En fait, un minimum du seuil de percolation est obtenu pour mettre en
ceuvre la conduction. Les résultats de transport de charge obtenus avec ces films dans ce
travail sont souvent obtenu au-dela de ce seuil de percolation, et méme bien au-dela.
Cependant ceci ne peut étre obtenu sans ajout d’un nombre significatif de bords et de
frontieres parmi les fragments de FLG ce qui peut augmenter le nombre de sauts d’électrons
au cours de leur traversée des films FLG. Le grand rapport d’aspect des FLGs obtenus par des
méthodes d’ablation du graphite synthétique ou par exfoliation assistée par microondes en
phase liquide du graphite expansé, respectivement, aident fortement a abaisser ce seuil de
percolation. Cependant, la plus grande taille moyenne latérale des fragments de FLG et les
faibles rendements de la méthode d’exfoliation assistée par microondes en phase liquide
requiert une optimisation de la méthode de synthese dans le futur et un gicleur avec une

ouverture plus grande, respectivement.

Nous avons étudié les propriétés (opto) électroniques des dépdts par pulvérisation a
chaud de films/électrodes conductrices transparentes obtenues par différentes méthodes et
aussi leurs hybrides avec CNTs. Le transport électrique a été étudié par la méthode deux
pointes (2PP) et la par la méthode 4-point (FPP), respectivement, pour la mesure de la
résistance of fragments uniques de FLG et la résistance superficielle (R;) de films FLG. Une
nouvelle configuration de masque pour les dispositifs a effet Hall a été dessinée en utilisant le
logiciel Lab View et un laser de coupe. Cela a permis de mesurer la résistivité de Hall (p), la
mobilité des porteurs de charge (u), la nature des porteurs de charge (électron ou trou) et enfin
leur concentration (n) dans le film FLG film. Par la suite, nous avons montré que les
fragments empilés de FLG préparés par la méthode de pulvérisation a chaud montrent une
amélioration significative du transport de charge apres traitement thermique a partir de
mesures FPP. La transmittance a été par ailleurs obtenue par spectrophotométrie ultra-violette

et visible (UV-Vis).

La résistance superficielle Ry décroit d’environ 85 k€/[] a environ 15 kQ/[] apres un

traitement thermique a 900 °C dans 1’Argon pour les films FLG préparés a partir de FLGs



obtenus par ablation/exfoliation by mécanique de tétes de crayon papier. Ce comportement
est commun a tous les matériaux étudiés, incluant FLG-HOPG, rGO et leurs hybrides obtenus
avec des nanotubes de carbone. Ceci est dii a la désorption d’hydrocarbures adsorbés comme
impuretés (toluene et ses intermédiaires de décomposition), accompagné par une lente
décroissance de la concentration d’oxygene, une fois chauffé a 900 °C. Comme cela est
expliqué auparavant, une désorption de toluene de la surface FLG (pour FLG-Abl) requiert
une température aussi haute que 450 °C sous une pression de 10 Pa, montrant une forte
interaction de cette espéce donneuse d’¢lectrons avec le graphene. Cette information peut €tre
utile pour faire des capteurs chimiques a base de graphene. Le transport de charge a aussi été
étudié en fonction de la température. Les résultats montrent une décroissance de la résistance
superficielle avec la température des films FLG (libres de toluene) et suggerent que les FLGs
ont un coefficient de température positif (PTC), ce qui peut s’avérer utile et intéressant pour
des dispositifs a thermistors. Ces résultats ont été publiés dans le Journal of Physical
Chemistry C. Par la suite, la figure de mérite intitulée conductivité en transparence
d’¢électrodes transparent conductrices augmente de 7 S/cm a 41 S/cm aprés un traitement
thermique. La plus faible résistance superficielle de 760 Q/[1 a été enregistrée pour un film
FLG recuit. Le transport de charge montre un caractere diffusive ambipolaire (porteurs de
charges de type a la fois n-type et p-type) avec de faibles Ry et une bonne mobilité ont été
obtenues avec des mesures d’effet Hall. Ces résultats de conductivité font que ces matériaux

sont applicables pour des revétements et des électrodes conductrices.

Dans le cadre de la méthode de pulvérisation a chaud, des matériaux vari€s ont été
étudiés pour sonder leurs possibilités d’application avec des €élaborations simples, bon marché

et extensible a grande échelle.

Une transmittance améliorée a été observée pour des films de FLG-HOPG24h en
comparaison avec les résultats obtenus pour des films FLG-AbI. Ceci a été expliqué par les
plus grandes tailles latérales des fragments. Cependant la résistance superficielle Ry reste
suffisamment élevée pour que la conductivité en transparence soit comparable pour les deux
types de matériaux/films, avec cependant une légere augmentation pour le dernier jusqu’a
61% apres traitement thermique. Ces deux matériaux requierent une forte température de
traitement thermique pour obtenir un meilleur transport électrique en termes de R;.

L’avantage avec le graphite synthétique est d’éviter des étapes de purification et de filtration
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conduites dans des conditions séveres dans le cas de la synthése de FLG-Abl ainsi que

d’obtenir de plus grandes tailles des fragments.

Comme R et la transparence de ces films varient suivant les variations locales de
I’épaisseur des films, les mesures ont été reproduites en plusieurs points and des valeurs
moyennes ont été extraites. Ceci souligne que le seuil de percolation est en relation directe
avec la transparence. Ceci requiert cependant d’autres investigations pour trouver une relation
quantitative entre transparence, percolation, conductivité et/ou résistance superficielle R;. La
rugosité des films FLG-AbI et FLG-HOPG résultant de la formation d’agglomérats inutiles
Durant la suspension et la dispersion et les dimensions du gicleur sont les principaux
obstacles pour obtenir des films moins rugueux avec une surface homogene et des propriétés
reproductibles. Quoique ce probleme soit de moindre importance dans le cas de films
préparés a partir d’un traitement assisté par microondes pour les films rGO et O/FLG, des
films encore trop rugueux ont été encore obtenus. En plus du comportement colloidal de la
suspension et la formation concomitante d’agrégats, la méthode de pulvérisation a chaud a
quelques limitations pour obtenir des films homogenes et reproductibles due a la nature
manuelle et fixe du dispositif expérimental. En plus, nous assumons que 1’utilisation d’un
systéme mobile avec un canon a air pour le dépot de FLG peut améliorer I’homogénéité et la
continuité des films, et en conséquence la reproductibilité des caractéristiques €lectriques
mesurées. Un systeéme de nano-polissage et/ou I’application d’une compression ou contrainte
by par I’application d’une force peut améliorer la densit¢ d’empilement de la couche en
réduisant le volume et obtenir de meilleurs contacts entre les feuillets et les fragments en plus
d’une réduction de la rugosité. Si le volume du matériau est réduit par 1’application d’une
force appliquée perpendiculaire au film pour le comprimer tout en gardant sa masse constante,
la densité augmentera. Une plus forte densité augmentera le contact entre les feuillets et les
fragments, et réduira de facon significative le nombre de joints et de bords que doivent
franchir les électrons par sauts sur le fragment adjacent. L’optimisation de la formation des
films peut encore €tre obtenue par modification des concentrations de la suspension et de leur
dispersion. Concernant les matériaux de départ, les fragments de FLG-Abl peuvent étre
aplanis par "purification" de petites unités graphitiques et d’hydrocarbures par traitement dans
I’eau assisté par les microondes. Ce procédé est utilisé dans un récent papier publié dans le “
Journal of Colloids and Interface Science ».

Des fragments FLG de plus grande taille avec une grande conductivité électrique ont

été obtenus au moyen d’une exfoliation rapide (extraction) de graphite expansé dans le
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toluene avec I’assistance d’irradiations microondes. L’interaction de FLG avec le toluéne a
été utilisée pour favoriser I’extraction de fragments FLG a cause de la possibilité de pénétrer a
travers les nano-cracking des fragments, effet observé dans le cas de FLG-Abl. La différence
entre I’absorption des microondes par les deux matériaux aide aussi dans 1’exfoliation du FLG
par un chauffage rapide du graphite expansé. Une absorption significative des radiations
microondes par les films EG/FLG permet d’obtenir peu de défauts et un matériau fortement
homogene et conducteur. De tres faibles résistances superficielle conjuguées avec la présence
de fragments FLG a grandes dimensions latérales, jusqu’a des dizaines de microns ou plus,
sont comparables aux valeurs obtenues avec des graphenes de hautes qualité synthétisés par
des méthodes CVD, tandis que des feuillets de taille considérablement agrandie est d’un
grand intérét pour atteindre la percolation pour les films de facon plus aisée.

Cependant, en dépit des avantages des grandes dimensions latérales et de meilleures
propriétés électroniques, les films FLG obtenus a partir d’activation microondes ont des
problemes d’avoir de faible rendement, de former des agrégats en suspension et d’étre
inapproprié pour la formation de film, a cause du petit diametre du gicleur. Aussi des études
supplémentaires ne peuvent entreprises pour le moment dans cette direction. Due a des
problemes inhérents a 1’ablation FLG (petite taille latérale et présence d’impuretés, telle que
le tolueéne), un recuit a haute température est nécessaire pour améliorer la structure et pour
restaurer les propriétés électroniques des FLG.

L’exfoliation/réduction assistée en phase liquide éthylene-glycol et par microonde de
I’oxyde de graphene et de ’oxyde de graphéne/graphite expansé, respectivement, constitue
une alternative viable au rGO et au rGO/FLG par son faible cofit, son haut rendement et elle
peut étre utilisée pour former des films transparents a partir de la pulvérisation a chaud. De
tels fragments FLG obtenus ont de grandes tailles latérales et sont synthétisés avec des
rendements suffisants pour de futures investigations. Cependant, les films rGO et rtGO/FLG
ont des propriétés électriques modérées avec des transmittances aussi élevées que 73%, mais
ils peuvent étre encore améliorés dans le futur par des traitements thermique de
recuit/réduction dans un environnement inerte. Pour les dispositifs de transport de charge a la
fois de plus grandes résistances superficielles et transmittances ont été enregistrées en
comparaison avec les FLGs obtenus par ablation de tétes de crayon papier (FLG-Abl) ou du
graphite synthétique (FLG-HOPG?24h). Les résistances superficielles obtenues alors fluctuent
en dessous et au-dessus les valeurs obtenues par les FLG-AbI tandis que la transparence est

meilleure que celle des FLG-Abl et comparable a celle des FLG-HOPG. A cause d’un effet de

12



compensation du couple de valeurs transparence-résistance la conductivité en transparence est

aussi comparable.

Pour améliorer encore dans le futur les propriétés opto-electroniques, les hybrides de
FLG et rGO avec les CNTs ont été envisagés pour investigations a cause de I’avantage des
nanotubes pour leur fort rapport d’aspect et leur possibilité de former une maille conductrice.
A cause de sa structure enchevétrée les CNTs dans les films hybrides forment un réseau qui
aide a augmenter la conductivité en abaissant le seuil de percolation, ce qui aide a augmenter
la transparence. Les résistances superficielles obtenus Ry et les transmittances sont alors
supérieures dans les films hybrides de CNTs avec FLG-HOPG24h et rGO par rapport aux
valeurs obtenues avec des films FLG ou rGO seuls. L’effet d’un traitement thermique
améliore la structure et aide a enlever notablement les especes adsorbées (principalement les
groupes fonctionnels contenant de 1’oxygeéne comme les hydroxyles et les carbonyles) de la
surface de FLG et rGO. Les films rGO ont probablement plus de telles impuretés, ce qui est
évident a partir des résultats de plus faibles R comparés a ceux obtenus par les FLG-
HOPG24h. Le réseau de simples CNTs a de meilleures connections et transparences que le
matériau FLG utilisé dans ce travail, cependant la résistance superficielle Ry des CNTs seuls
n’augmente pas a la méme échelle que FLG et rGO obtenus par recuit, probablement a cause
de la grande cristallinité et pureté. Les plus grandes valeurs de conductivité en transparence
ont été obtenues pour FLG-ADbI et ses hybrides avec les CNTs. La résistance minimum a été
mesurée pour FLG-ADbI et CNTs seul, tandis que la transparence maximum a été obtenue
pour les hybrides, FLG-HOPG 24h (sélection de plus grands fragments par une décantation de
24h) et les films rGO.

L’épaisseur homogene des films préparés reste un des problemes majeur car un
empilement ponctuel préférentiel dans la direction z et une orientation aléatoire des fragments
rendent difficile de former des films parfaitement uniformes et homogenes sur des substrats
verre/ quartz. Les mesures de profil de rugosité ont été réalisées en utilisant un profilometre
Dektak basé sur une pointe et la Microscopie a force Atomique (AFM). L’analyse de réaction
nucléaire (NRA) a été utilisée pour la premiere fois pour estimer le volume non rempli dans
les films FLG connaissant la concentration de carbone dans le film et de facon indépendante
I’épaisseur. Les variations d’épaisseur obtenues par profilométrie et analyses NRA soulignent
la présence de vides dans les films et confirment un empilement préférentiel de fragments
FLG dans la direction z. Le pourcentage estimé de vides dans le film a été calculé en prenant

en compte les variations d’épaisseurs (cette approche est prometteuse pour de futures
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investigations). En dépit du fait que les résultats obtenus pour les matériaux étudiés sot encore
insuffisants pour obtenir des électrodes transparentes idéales, les tests de fabrication de
cellules solaires organiques avec FLG, rGO, et des hybrides avec les CNTs ont été entrepris.
La forte rugosité des films demeure le probleme principal, qui ne permet pas d’obtenir un

dispositif OSC avec des caractéristiques d’une diode normale.

2. Perspectives
Materiaux

L’utilisation de fragments qui sont peu rugueux avec un nombre de feuillets et un fort
degré de cristallisation (par exemple, purification microondes en milieu aqueux) pourrait aider
pour obtenir des films plus homogene. La taille non-homogene des fragments FLG obtenus
par ablation de tétes de crayon papier et la qualité cristalline peuvent étre améliorées par ces
méthodes. Ainsi de plus fortes transparences, conductivités et de faibles rugosités sont
possibles dans les films FLG. La concentration et le degré de dispersion des nanomatériaux

devraient étre optimisés avant la formation des films.

Pulvérisation a chaud par un canon a air automatique mobile

La pulvérisation a chaud par un canon a air automatique mobile avec une vitesse
contrdlée speed peut grandement améliorer 1’homogénéité des films en augmentant la
probabilité de volume déposé sur une surface locale. Ceci n’améliora pas non seulement le
profil de rugosit¢é mais aussi les variations en termes de résistance superficielle et de

transmittance.

Polissage/Gravure pour aplanir la surface des films

Un polissage/gravure peut aider a réduire la rugosité et a aplanir la surface des films.

Polymere comme agent aplanissant

Une couche de polymere transparent conducteur telle que PEDOT: PSS peut étre
utilisée pour aplanir la surface et éliminer la rugosité de films FLG comme cela a été
démontré dans un film rGO dans le chapitre 4. Ceci nécessite une future optimisation. Un
autre polymere transparent conducteur tel que le Norland Optical Adhesive (NOA) 63 peut

étre utilisé pour enterer les films, ce qui non seulemnt recouvre les films mais constitue aussi
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une couche de protection ultraviolette (UV). Ceci a été démontré pour le recouvrement de

films de nanofils d’argent a grande rugosité.

Etude volume-épaisseur

A cause la nature hétérogene des films et des variations locales, il est difficile de
déterminer précisément la relation entre le volume de déposition et 1’épaisseur. Une étude
séparée peut €tre entreprise pour établir cette relation ce qui renforcera 1’intérét pour la

potentialité de la méthode de pulvérisation a chaud.

Optimisation des FLG obtenus par exfoliation de graphite expansé dans le toluene via
irradiation microonde et DPutilisation d’un gicleur de pulvérisation a plus grand
diametre

Pour améliorer le rendement a partir de graphite expansé, la méthode peut étre
optimisée en jouant sur différents parametres tels que le rapport de concentration entre
graphite expansé et toluene, en contrdlant la rampe de température et la pression durant
I’irradiation microonde et les étapes de sonication/agitation mécanique.

Comme les feuillets de FLG ont de grandes dimensions latérales jusqu’a 10 microns,
un pulvérisateur avec un gicleur possédant un grand diametre de de plus faibles

concentrations  dans les suspensions de pulvérisation devraient aider a éviter les

agglomérations de FLGs durant la pulvérisation.

FLG comme contre-électrode for OSCs

Comme le travail de sortie de quelques-uns des matériaux étudiés dans cette these sont
plus bas que ou entre 4.0 et 4.5 eV ils peuvent aussi utilisables comme contre électrode pour
remplacer les électrodes métalliques telles que Al et Ag. Ces électrodes métalliques sont
souvent déposées par des techniques d’évaporation couteuses et sont sensibles aux effets
environnementaux. Une contre-électrode a base de carbone peut se révéler un meilleur choix

technique et financier.

rGO comme couche tampon

Les rGO obtenus par exfoliation/réduction assistée par irradiation microondes peuvent
étre utilisés pour remplacer des couches tampon telle que PEDOT:PSS qui est une couche
collectant les trous dans OSCs. En effet ¢’est une couche fine, utilisable en solution et dont la

conductivité est appropriée.
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Integration of Few Layer Graphene
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(Transparent) Conductor Electrodes

Résumeé

Les électrodes conductrices transparentes (TCE) sont des éléments importants dans les
écrans tactiles et les applications photovoltaiques. L'augmentation de la rareté et le colt des
dispositifs actuellement utilisés, tels que l'oxyde d'étain-indium (ITO), exigent la recherche de
matériaux alternatifs efficaces et peu colteux. Dans cette these des films a base de graphene ont
été étudieés comme des alternatives viables. Elle met I'accent sur des couches fines de graphéne
(FLG), sur l'oxyde de graphene réduit (RGO) et sur leurs hybrides avec des nanotubes de carbone
(NTCs) pour les applications des TCE dans les cellules solaires organiques (OSC). Les FLGs et
RGOs ont été préparés par les méthodes d’exfoliation mécanique ou en phase liquide assistée par
micro-ondes. Ensuite des couches minces de ces nanomatériaux carbonés ont été produites par la
méthode de pulvérisation de ces matériaux dilués dans un solvant liquide a chaud. Des
caractérisations de transport de charge ont été obtenues par différentes méthodes: deux pointes,
quatre pointes, et par la méthode de Van der Pauw. Par ailleurs ces échantillons ont été caractérisés
par des mesures de transparence UV-Visible, ainsi que par des études morphologiques et
topographiques déterminant les profils de rugosité et I'épaisseur des couches minces. Par ailleurs le
travail de sortie des matériaux a été déterminé par spectroscopie de photoémission ultra-violette
(UPS). La nature morphologique et chimique des films déposés a été étudiée par MEB, TEM, XPS,
Raman et photoluminescence. Enfin, des résultats préliminaires sur des dispositifs OSC a base de
carbone sont présentés.

Mots-clé: électrodes transparentes conductrices, films de graphéne multicouches, graphéne par
exfoliation, transport de charge, hybrides de graphéne et de nanotubes de carbone, travail de sortie,
transmission de la lumiére.

Summary

Transparent conductors electrodes (TCE) are important components in displays, touch
screens and photovoltaics. The scarcity and cost increase of the presently used, like Indium Tin
oxide (ITO), demand search for efficient and economically interesting alternatives. Graphene
materials have been researched as viable alternatives in this thesis. Current study focuses on few
layer graphene (FLG), reduced graphene oxide (rGO) and their hybrids with carbon nanotubes
(CNTSs) for TCE applications in organic solar cells (OSCs). FLGs and rGO have been prepared by
mechanical and microwave-assisted exfoliation methods. Thin films of these materials, alone or
mixed as composite with CNTs, have been produced by hot-spray method. Results of charge
transport characterizations including two probes, four-point probes, Van der Pauw methods and UV-
Vis measurements, along with morphological and topographic studies with roughness and thickness
profiles of the films have been presented. UPS studies were performed to determine a work-function.
The morphology and chemical analyses carried out by SEM, TEM, XPS, Raman and
Photoluminescence studies are provided as well. Finally, tentative results of carbon-based OSC
devices are presented.

Key words: transparent conductor electrodes, few layer graphene, graphene by exfoliation, charge
transport, FLG-CNTs hybrid, work function, light transmission
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