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I. INTRODUCTION

Worldwide research on graphene has been implemented for seventeen years
with significant breakthroughs, and it is still being continued aiming for
commercialisation at industrial scales [1-9]. At the moment, various routes of the
production and synthesis of graphene, such as epitaxial deposition, mechanical
exfoliation, reducing graphene oxide, chemical vapour deposition (CVD), etc. [10-
14] are available with varying levels of success. The modification of CVD -
microwave plasma-enhanced chemical vapour deposition (MW PECVD) that can be
performed at relatively low temperatures — has been proven as an efficient method
for the formation of planar and vertical graphene on catalytic and non-catalytic
substrates having a range of morphology features and possessing diverse properties
[15-20]. A lot of research is being devoted to direct graphene synthesis on widely
applicable SiO,, fused silica, Al,Os, and other dielectric substrates in order to avoid
a transfer process of these layers by passing the possible mechanical damage as well
as chemical contamination. On the other hand, the control of graphene growth on
these substrates as well as the analysis of this kind of graphene defects is a fairly
complicated task so far. Therefore, the development of graphene applications is a
relatively slow process, and, probably, the main cause for this is the sub-optimal,
and, actually, rather poor quality of the graphene produced by many companies in
the world, which is a fact that is impossible to challenge [11]. As a consequence,
large-area graphene films with high crystallinity, a large grain size, and high
conductivity are still an aspiration. Therefore, it is very important to evolve and
improve tools and methods for graphene quality exploration concerning the presence
of defects and disorder.

The vertical graphene nanosheets (VGN) film is one of the popular 3D carbon
structure materials possessing a large specific surface area, rich exposed sharp
edges, non-stacking geometry, and good out-of-plane conductivity [21-23]. Despite
intensive studies in this field, the detailed growth mechanisms of VGN are not fully
understood and therefore need further insights [24]. It is assumed that fractional
carbon-containing species and radicals generated in hydrocarbon plasma act as
building blocks for the VGN growth, but the role of plasma in the vertical alignment
of the sheets is still unknown [25,26]. Therefore, systematic studies of VGN
formation starting from their nucleation to overgrowth into more complex carbon
nanostructures, including their respective differences in structure and properties, the
formation of the interfaces, as well as the kinetics of VGN growth are necessary for
the further application of this carbonaceous nanomaterial [27,28] [A1].

Undoubtedly, it is also very important to develop and improve tools and
methods for graphene quality analysis, or, in other words, the quality investigation
that would lead to the creation of new synthesis standards. The insufficiency of
standards has probably been stopping the development of graphene applications due
to the unclear quality of the material on the market [11,29]. Currently, one of the
most effective instruments to analyse the quality of graphene is the Raman scattering
spectroscopy. It is non-destructive, fast, of high resolution, and, so far, yields a lot of
structural and electronic information about graphene layers [30,31]. However, it
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does not provide full structural information in the case of vertical graphene due to
the intricacy of these layers.

As the detailed analysis of defects is such a relevant topic in graphene
research, it is no wonder that additional methods of the study of defects are of
interest to the scientific community. One of the perspective techniques that can be
used for the analysis of defects is the transient absorption spectroscopy (TAS). TAS
is a well-known technique that has been intensively used to investigate relaxation
processes in various carbon-based materials: nanodiamonds, diamond-like carbon
[32,33], graphite [34], multi-layer and single-layer graphene [35]. Also, there are
reports on TAS microscopy that were used to study graphene defects associated with
the grain boundaries, providing the accuracy comparable to the Raman scattering
spectroscopy, but offering a much faster measuring time [36]. TAS gives
information about hot electron relaxation dynamics; therefore, it provides data about
the time-resolved process that the Raman scattering spectroscopy lacks [36]. It could
lead to additional information about graphene layers that cannot be received by other
methods [A2]. Moreover, the understanding of the ultrafast charge carrier dynamics
of graphene is an important issue in optical and high-speed electronic applications
[37]. In general, that might prompt the development of other various graphene
applications.

Research objective

To synthesise planar and vertical graphene layers by the microwave plasma-
enhanced chemical vapour deposition method, to explore the quality of these layers
by using various analytical methods, and to apply them as flexible electrodes in
organic devices.

Research tasks

1. To experimentally select the synthesis parameters as well as the mounting
setup of a sample, and to deposit planar graphene and vertical graphene
nanosheet layers on catalyst and catalyst free dielectric substrates
employing the microwave plasma-enhanced chemical vapour deposition
technique.

2. To investigate the morphological, structural, electrical, as well as optical,
electro-optical properties of the formed graphene films and to examine the
effects of the various deposition conditions.

3. To develop defect/quality studies of graphene layers focusing on the
advanced transient absorption spectroscopy method in comparison with
the conventional Raman scattering spectroscopy.

4. To apply planar graphene layers as transparent flexible electrodes in
organic devices involving the graphene transfer process.

Scientific novelty

1. Ultrafast charge carrier dynamics of excited state relaxation of planar
graphene and vertical graphene nanosheet films were investigated at the
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atomic level in terms of defects employing transient absorption
spectroscopy.

2. Correlation between the Raman scattering spectroscopy and the transient
absorption spectroscopy obtained data analysing the quality of graphene
layers was specified.

3. Planar graphene films were integrated into organic devices as transparent
flexible electrodes including the graphene transfer process without using
any additional support top-layers or plasma etching.

Key statements

1. The wet-chemical graphene transfer process can be optimised and
accomplished successfully without using any additional supporting
materials.

2. Adapted transient absorption spectroscopy can complement Raman
scattering spectroscopy data and be a perspective tool for the
quality/defect analysis of graphene layers.

3. Synthesised graphene layers have a high potential to be applied as flexible
transparent electrodes.
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E. Rajackaité worked on the planar graphene transfer process from copper foil to a
target substrate or a structure using different variations, while preserving a large
undisrupted area of layers. It is a fundamental step for graphene applications in
organic devices whose components cannot withstand high temperatures. The author
performed atomic force microscopy, Raman scattering, UV-VIS spectroscopy,
electric transmission line model measurements, obtained data processing, conducted
the analysis of results and performed graphical visualisation. The author participated
in transient absorption spectroscopy measurements performed by dr. Domantas
Peckus and analysed the results of studies, and also performed analysis of the results
of SEM and XPS measurements.

E. Rajackaité was involved in the formation of organic solar cells using the
full production cycle (graphene electrode preparation, spin-coating of electron
transport and active layers, chemical vapour deposition of the hole transport layer
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preparing them for the device performance characterisation. Furthermore, she took
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graphene transfer for flexible electrode formation.
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. LITERATURE REVIEW

2.1. Graphene properties
2.1.1. Planar graphene

Graphene is a two-dimensional (2D) system consisting of strong covalent sp?-
bonded carbon hexagonal networks [38]. The unit cell for single-layer or monolayer
graphene (1-LG) consists of two carbon atoms (A and B), each forming a trident 2D
network, but remoted from each other by a distance of 0.142 nm (Figure 1 a) [39].
Multilayer graphene (MLG) can be stacked layer by layer in a Bernal (AB) (Figure
1 b) or rhombohedral (ABC) arrangement way through van der Waals interaction
[40]. The interlayer spacing is reported with values of 0.34-0.37 nm and graphene
monolayer thickness of 0.335-0.345 nm [40,41]. In 2-LG with AB stacking, the unit
cell contains four carbon atoms (As, Az, B1, and B2) on the two-layer planes depicted
in Figure 1 b. There is no stacking order between neighbouring graphene layers in
turbostratic graphite, and the interlayer spacing (> 0.342 nm) is larger than that for
crystalline graphite. Generally, the 2-LG films formed from the mechanical
exfoliation of graphite demonstrate an AB stacking, while chemical vapour
deposited graphene does not maintain this ordered AB stacking, and, therefore, the
corresponding electronic coupling between different layers does not occur in all
areas of the film [31]. The diminished interlayer interaction can be advantageous for
some applications as MLG with weak interlayer coupling exhibits electronic
properties more similar to those of a single-layer graphene.

The unit cell in a reciprocal space is shown in Figure 1 ¢ for 1-LG, where
some high symmetry points within the first Brillouin zone are given: the I" point at
the zone centre, the inequivalent K and K’ points at the corners, and the M points in
the middle of the sides of the hexagons [42].

Graphene possesses a linear electronic band dispersion (Figure 1 c), which
leads to its high mobility and unique optical properties [43]. Figure 1 e-h displays
the band structure of 1-LG, 2-LG, 3-LG, and 4-LG. The band structures from single
to 4-layered graphene (AB-stacked) differ due to the van der Waals interlayer
interactions and changes in symmetry [44]. The band structure of N-layered
graphene alters the 2D mode profile of the respective Raman scattering spectra by
double resonant Raman scattering. Thus, Raman spectroscopy can be utilised to
probe the band structure and to determine the number of layers of graphene
consisting of up to 3 layers [31,45].

The comprehension of the phonon dispersion of graphene is fundamental in
our pursuit to explain the Raman scattering and TAS spectra of graphene. Whereas
the unit cell of 1-LG consists of two carbon atoms, there are six phonon modes
(lattice vibrations) (Figure 2): LO, iTO, oTO, LA, iTA, and oTA (where O — optic,
A —acoustic, o — out-of-plane, i — in-plane, L — longitudinal, T — transverse) [31,46].
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Figure 2. Phonon dispersion in graphene displaying the iLO, iTO, oTO, iLA, iTA and
0TA phonon branches [49]

A number of unique properties are demonstrated by this material. Graphene is
a gapless semi-metal material, therefore, charge carrier generation by light
absorption over a very wide energy spectrum is possible. It is unmatched by any
other material [1]. Other interesting properties of graphene are ultrafast carrier
dynamics, wavelength-independent absorption, tuneable optical properties via
electrostatic doping, low dissipation rates, high charge carrier mobility and the
ability to confine electromagnetic energy to unprecedented small volumes [50] [A2].
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2.1.2. Vertical graphene

Vertical graphene nanosheet (VGN) films are much more complex layers
compared to planar graphene because they consist of a nanographitic (NG) base
layer and vertically free-standing few-layered graphene nanoflakes grown on top
which form a percolated network [51-54]. Some researchers also name this material
as vertically stacked graphene networks, carbon nanowalls, edge-oriented graphene,
free-standing subnanometer graphite sheets arrays, etc. VGN possess plenty of
sharp, exposed, and vertically oriented edges where top atoms have special chemical
reactivity providing sites to adsorb functional materials and dopants. The height of
the sheets can range from a couple hundred of nanometers to several dozen of
microns, but the average thickness of the sheets reaches a few nanometers. The
shape can be straight or curved in various ways [41].

VGN have many unique properties, and fundamental ones inherent to
graphene materials, such as the large specific surface area, chemically active
exposed edges and defects, the highest ratio of edge atoms of any carbon derivative,
as well as high electrical and thermal conductivity, and chemical stability [54,55].
What is more, graphene nanosheets serve as a path for the electric charges travelling
from the top to the bottom.

All the above mentioned features make VGN an effective electric charge
transferring and mechanical supporting structure.

2.2. Formation of planar and vertical graphene layers

There are a number of methods for the preparation of planar graphene and
VGN including the surfactant-assisted pure shear milling method [56], the
decomposition of ethanol in a dual-channel microwave plasma torch at atmospheric
pressure [57], heating glucose and/or urea thin layers in a furnace [58], thermal
graphitisation of SiC by silicon sublimation [59], mechanical exfoliation of graphite
[31,60], reducing graphene oxide [61], epitaxial deposition [62], and chemical
vapour deposition [63-68]. One of the variations of CVD — microwave plasma-
enhanced chemical vapour deposition (MW PECVD) that can be carried out at
relatively low temperatures — is an efficient method for the deposition of planar and
VGN denoted by a wide range of morphology, structure features and possessing
multifarious properties [15,69,70] [Al]. Due to the presence of energetic electrons,
photons, free radicals, photons, and other active species in the plasma, MW PECVD
provides the advantages of higher growth selectivity, and better control in
nanostructure building. The MW PECVD technique was employed for the
preparation of graphene samples of this research work. Other modifications of the
CVD method are also applied for planar and VGN deposition [53,54,71,72] and are
listed in Figure 3.
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Carbon feedstock source: Plasma enhanced chemical vapor deposition (PECVD)
CHs, CzHy, CF4, CoFg, CHFs,

ethanol, graphite, rice husk
butter, glucose, honey, lard oil Transverse electric MPCVD (TE-MPCVD)

M.alternifoli tial oil, etc.
alternilolia essential ofl efe - Transverse magnetic MPCVD (TM-MPCVD)
- Electron cyclotron resonance MPCVD (ECR-MPCVD)
Inductively coupled plasma enhanced chemical vapor deposition (ICP-PECVD)

Microwave plasma-enhanced chemical vapor deposition (MPCVD)

Buffer gas:

Ar,Hz, N
e Capacitively coupled plasma enhanced chemical vapor deposition (CCP-PECVD)

Electron beam excited plasma-enhanced chemical vapor deposition (EBEP-PECVD)

ﬁ':m. - Atmospheric high-voltage plasma-enhanced chemical vapor deposition (AHV-PECVD)

Magnetron sputtering
Thermal chemical vapor deposition (TCVD)
Hot wire chemical vapor deposition (HWCVD)

Figure 3. Various modifications of chemical vapour deposition technique [54]

Recently, CVD has become the most practical growth technique of planar
graphene for various optoelectronic devices applications because of the synthesis of
large-area graphene films with high crystallinity and the large grain size on metal
substrates (e.g., copper, nickel) [73,74]. The graphene produced by this method is
denoted by high quality, uniform single or several layers, and the capability to be
transferred onto various substrates at a low cost [75-78]. Despite all the fabrication
benefits of MW PECVD, the transfer process might induce mechanical damage as
well as chemical contamination. Nevertheless, it is highly promising for applications
to produce high-quality graphene films on a wide range of substrates directly
without a metallic catalyst [27,73] [A2]. A lot of research is designated to the direct
synthesis of vertical graphene nanosheets on semiconductor, dielectric (e.g., Si,
Si0,, fused silica, Al,O3) substrates. As these materials are catalytically inert [73],
the control of graphene growth on these substrates is a fairly complicated task so far.
Furthermore, the deposition process is strongly influenced by the plasma source and
a series of operation parameters. It is worth noting that it is not easy to confine the
MW power, and the spread of MW could lead to the reduction in growth efficiency
and uniformity of the morphology and the structure of as-grown VGN [72].

The addition of Ar to carbon source produces a more stable plasma capable of
providing electrons of promoted energy and the sufficient level of the ionisation rate,
which would enhance the synthesis process. Another advantage of Ar addition is
that it could enhance the formation of critical species for VGN growth. N can serve
as an effective a-C etchant for VGN growth. The usage of N instead of H. in the
removal of excess a-C can even be advantageous [79]. The substrate temperature is
very significant to the synthesis process by MW PECVD as it strongly affects the
surface reaction kinetics. A higher substrate temperature offers more species for
nucleation and thus favours the VGN growth rate [80].

The thickness of the nanosheets as well as their length, surface density and
good individualization of sheets could be tuned by modifying the pressure during the
deposition process, or the flow rate of the main carrier gas. These synthesis
parameters play a significant role as they control the duration of transport to the
substrate, the incidence of collisions, the quantity and the state of species
responsible for the deposition and nanostructuring of the growing material. The
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thickness of nanosheets increases with the increase of the carrier flow, and the
decrease of pressure [81]. Furthermore, the application of higher power and the
concentration of the feeding gas, as well as the decrease of the distance between the
substrate and the gas injection point also result in thicker nanosheets [82,83]. By
changing these key parameters, nanosheets with a wall thickness from a few to
dozens of nanometers can be obtained.

2.3. Quality studies of graphene films

The tools usually used for defects and structure analysis are scanning and
transmission electron microscopy (SEM and TEM), atomic force microscopy
(AFM), Raman scattering spectroscopy, elemental analysis by Energy dispersive X-
ray analysis (EDX), or X-ray photoelectron spectrometry (XPS) [11,84-86]. SEM,
TEM, AFM, EDX and XPS are relatively traditional techniques denoted by a wide
range of applications, and, in the following section, on the more specific methods
shall be concentrated, such as the Raman scattering spectroscopy and the transient
absorption spectroscopy.

2.3.1. Raman scattering spectroscopy

One of the best-developed methods to characterise graphene films is the
Raman scattering spectroscopy due to being non-destructive, fast, extremely
sensitive and, so far, providing the maximum structural information about graphitic
materials [31,87]. In addition to identifying the crystalline state, it is advantageous
to investigate defects and disorder. It has also become a well-established and
powerful technique for understanding the behaviour of electrons and phonons in
graphene layers [88].

The typical Raman spectra of planar graphene and vertical graphene
nanosheets are presented in Figure 4.
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Figure 4. Typical Raman spectra of an ion-bombarded planar graphene (a) [89] and
vertical graphene nanosheets grown on SiO/Si by ECR-CVD and its deconvolution with the
Lorentzian line shape (b) [53]

The most prominent characteristics in the Raman spectra of graphene films are
G and 2D bands verifying the crystalline structure. The G (~1590 c¢m™) band
originates from a normal first order Raman scattering process in graphene and is
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associated with the doubly degenerate (in-plane transverse optical (iTO) and
longitudinal optical (LO)) phonon mode at the Brillouin zone centre (the 7" point)
(Figure 5 a) [90]. The G band is an in-plane vibrational mode involving the sp?
hybridised carbon atoms of graphene. The 2D band (~2700 cm™) comes from an
intervalley second-order double resonance (DR) or triple resonance (TR) Raman
scattering in the vicinity of two non-equivalent K and K’ points (Dirac cones)
involving two iTO phonons or one iTO and one LA phonon (Figure 5 d, e). All
scattering events are inelastic and without defects getting involved [30,91] [A2].

The D band at ~1350 cm™ (PosD) coming from the two intervalley DR
scattering processes consists of one elastic scattering event by defects and one
inelastic scattering event by emitting or absorbing an iTO phonon (Figure 5 b). The
D’ (~1620 cm?) and 2D’ (~3225 cm™) bands originate from intravalley DR
processes involving one LO phonon near the I” point and one defect in the case of
the D’ band and two LO phonons for the 2D’ band (Figure 5 c). The latter is the
overtone of the D’ band which can also be activated by TR Raman scattering. The
D+D" band (~2475 cm™) is a combination of a D phonon and a phonon belonging to
the LA branch near the K point at ~1200 cm™ which is assigned to the weak and
broad D" band, [2,35,36]. These defect-related bands are the result of defects and
disorder.

Figure 5. First-order G band process (a), one-phonon second-order DR intervalley
process for the D band (b) and intravalley process for the D’ band (c), and two-phonon
second-order processes for the double resonance 2D process (d) and for the triple resonance
2D band process (e) for monolayer graphene [31]. Resonance points are shown as open
circles near the K and K’ points

In order to define what the peaks stand for in the Raman spectra is significant
for the explanation and analysis of the defects and disorder of graphene. Raman
scattering spectroscopy is considered to be the best method for defects of graphene
analysis so far. Therefore, the clarification of Raman scattering spectra data is highly
useful for the explanation about how the graphene defects influence the TAS results.
The phonons that interact with hot electrons are usually shown in Raman scattering
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spectra; therefore, for TAS data interpretation, the understanding of the Raman
spectra of graphene is important.

As it was mentioned above, the D, D', 2D’, D", D+D’, and D+D" bands are
initiated only by defects and disorder and are strongly dispersive with excitation
energy [42]. These peaks are absent in pristine (defect-free) graphene. What is more,
the decrease of FWHM of G and 2D bands implies the reduction of defects and
disorder in graphene along with the growth time. According to their origin, the
defects can be specified as vacancies, implanted atoms, grain boundaries, edges, and
disorder due to an alteration in carbon hybridization from sp? to sp® [92]. A few or
more types of defects are typically present in graphene films.

It is known that the intensity ratio Io/lc provides a measure of defects in the
disordered graphitic system. It was revealed that the behaviour of the Ip/lg ratio is
non-monotonic with the growth duration, and this can be explained by the presence
of two defect-induced competing mechanisms conditioning the D peak intensity
[53]. This variation of the Ip/lg ratio can be explained in terms of the well-defined
defects/disorder model offered by Ferrari and Robertson [93].

The conversion from highly crystalline (sp>-bonded) graphite into highly
disordered (sp3-bonded) tetrahedral amorphous carbon (ta-C) takes place in three
stages [53]:

1) graphite to nanocrystalline graphite (low disorder). Ip is directly
proportional to the amount of defects;

2) nanocrystalline graphite to low sp® a-C (high disorder). Ip is inversely
proportional to defects;

3) low sp? a-C to high sp® ta-C.

I is always proportional to the quantity of sp?-bonded C atoms in the sample
[94,95]. When the defect concentration is relatively large, it is more appropriate to
take the intensity ratio Ip/lg rather than the peak area ratio Ap/Ac. Ao/Ac is more
accurate for the layers with a low defect density.

For the development of the specific properties of graphene, it is important to
understand the relation between the kind of defects and its Raman scattering process
as defects have a significant impact in determining the physical (e.g., optical,
electronic, magnetic) and mechanical properties of graphitic structures [96]. A lot of
research is designated to explore the nature and quantification of defects in graphene
by creating a specific type of defects through fluorination, hydrogenation, mild
oxidation, anodic bonding, plasma surface modification, Arf-bombardment [94,97—
100]. The ratio of Ip/ly depends on the physical origin of the defect but is
independent from the defect concentration present in the material [92]. According to
a systematic analysis of the relationship of all types of defects, if the ratio of Ip/ly is:

e 13— it corresponds to sp3-type defects;

10.5 — it indicates the presence of hopping defects;

7 — it applies for vacancy-like defects;

3.5 — it refers to boundary-like defects;

1.3 — it represents the on-site defects in graphene [53,92,101].

The quantitative and qualitative characterisation of various defects in
graphene-based materials by Raman spectroscopy is of intense research interest.
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2.3.2. Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a pump-probe spectroscopic
technique used to record the photogenerated excited state relaxation absorption
energies and the associated lifetimes of materials and devices.

The main principle of pump-probe spectroscopy (or TAS) is as follows: the
test sample is excited by one ‘strong’ short laser pulse (pump), and the other ‘weak’
pulse (probe), coming after a certain time period from the first one, which inspects
how the absorption of the sample has changed due to the first pulse impact. By
varying the delay time of the second pulse compared to the first pulse, the dynamics
over time of the absorption spectrum is obtained. TAS measures alterations in
absorption caused by changes in both the excited state and in the ground state of the
sample. Thus, the differential absorption can be expressed by Equation 1 [102]:

AA = Apumpea(t) — Aunpumpea (0) = lg% (Ea. 1)
The possible types of signals obtained in a transient absorption experiment are
shown in Figure 6 [103,104]. When a sample is excited by a pump beam, some
electrons jump into the excited state, and the concentration of electrons in the
ground state decreases. Hence, at the wavelength where the electrons absorb, the
absorption disappears, and the differential absorption signal acquires a negative
value. This part of the signal is called ground state bleach (GSB). Another
contribution to the TAS signal is related to the stimulated emission (SE). It occurs
because the photons of the probing beam can force electrons being in the excited
state to emit photons of the same polarisation, direction, and wavelength as the
incoming photons of the probing beam which dropped electrons to the ground state.
This signal will make a negative contribution to the differential absorption. The third
part to the TAS signal is the excited state absorption (ESA) which appears when the
electrons in the excited state absorb another photon from the probing beam and
move to an even higher electronic state. This process can only take place in excited
electrons; hence, when the sample is illuminated by the pump beam, additional
absorption arises, i.e., this contribution to the 44 signal is positive [102].
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Figure 6. Possible types of signals obtained in a transient absorption experiment where the
differential absorbance is plotted as a function of probe wavelength [103]
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The processes that appear during the excited state relaxation dynamics of
graphene could be summarised as follows:

o firstly, photoexcitation and electron-hole pair generation centred at a half

of the excitation photon energy with respect to the Dirac point [105,106];

o secondly, electron heating through electron-electron (carrier-carrier)
scattering, in competition with lattice heating (with the typical time
interval of ~10-50 fs);

¢ thirdly, electron cooling by thermal equilibration with the lattice (electron-
phonon scattering that is also called electron-optical phonon scattering
[107]) (> 100 fs) [37,108].

There can also be slow relaxation dynamics that can be attributed to interfacial
heat flow from graphene to substrate, i.e., phonon-phonon scattering (~2 ps)
[36,37,108]. The electron-hole recombination is also possible. It results in
luminescence with very low efficiency of 10 for high quality graphene [109].

Monitoring the TAS signal enables the direct measurements of the hot-electron
relaxation in real time [35]. In other words, the TAS decay curves could be
described as a hot-electron thermometer that records the cooling dynamics of hot
electrons in graphene [36] [A2]. The cooling of hot electrons in graphene appears
because of the electron-phonon interaction.

The optical phonons which have the largest influence on electron-optical
phonon scattering are intravalley 7™-point Exg optical phonons and intervalley K(K")-
point A’y phonons [42,110]. Hot optical phonon decay times are about 2.5-3 ps
[110]. These optical phonons 7-point Exg and K(K")-point A’; can be clearly seen in
Raman scattering spectra and correspond to their G and 2D (in some papers referred
to as G' [31]) peaks, respectively. These phonons are responsible for the electron-
phonon coupling process; therefore, their influence is directly observed on the
excited state relaxation dynamics with TAS.

Most studies based on the transient absorption spectroscopy (TAS) of
graphene layers were done in near-IR or MID-IR region and were largely obtained
by using single wavelength TAS. It was only recently that some studies in the UV
region were performed [37]. In this work, the planar and vertical graphene samples
were excited, and their TAS properties were measured under excitation and probing
in the UV and VIS region.

It was demonstrated that the charge relaxation dynamics of high-quality
graphene consist of fast (electron-phonon scattering) and longer-lasting (phonon-
phonon scattering) components [36]. It is known that the relaxation decay times
measured with TAS are longer for pristine graphene in comparison with graphene
containing various defects [36]. Furthermore, phonon-phonon scattering was
registered with TAS only in high-quality pristine-like graphene samples [36]
suggesting the relative amplitude of the longer-lasting TAS relaxation component
being an indicator of the quality factor. Therefore, the analysis of this particular
longer-lasting TAS signal decay component achievable with < 300 fs pulse length
TAS systems could become the evaluation standard of the graphene quality. Aiming
to elucidate the influence of planar graphene and VGN defects on their ultrafast
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relaxation dynamics, samples with different known defects should be investigated
[A1].

The application of TAS in the studies of defects and disorder is a promising
subject of intense research, mainly because of the capability of measuring ultrafast
relaxation dynamics of the excited state of graphene and providing additional
information about ultrafast processes that Raman scattering spectroscopy lacks [36].

In this work, transient absorption spectroscopy (TAS) was successfully
implemented for the determination of the quality of planar and vertical graphene
nanosheets [A2].

2.4. Applications of graphene layers

In recent years, graphene has been shown to be a promising material for
various electro-optical applications, such as photodetectors [50], photovoltaics
[111,112], solar energy conversion [111,113,114], photocatalysis [115,116],
detection of optical and X-ray photons [117], transistors [118,119], ultrafast lasers
[106,120], electrodes [50,121], light-emitting devices [122], touch screens
[123,124], biomedicine [125-127] and other applications in the fields of photonics,
plasmonics and optoelectronics [75,128,129]. For some applications, the presence of
a bandgap in graphene is necessary. Fortunately, the formation of a bandgap is a
relatively simple process based on doping or the formation of defects [130-133].
Despite some negative connotations, understanding the influence of such defects on
the charge carrier dynamics and relaxation pathways is key to the modification of
the optoelectronic properties of graphene-based devices [130] [A2].

Particularly, vertically oriented graphene — two-dimensional (2D) graphene
nanosheets arranged perpendicularly to the substrate (also known as carbon
nanowalls or vertical graphene nanosheets — VGN) — has attracted the interest of
many researchers [25,134]. This kind of graphene possesses many unique electrical,
chemical, and mechanical properties compared with its planar counterpart. Due to
the sharp, dense, upwards-exposing edges, abundant active sites, high porosity and
the developed spatial morphology, VGN can be directly integrated into functional
devices, such as Li-ion batteries [135], field-emission cold cathodes [58],
biochemical sensors [136], microenergy conversion and storage devices,
supercapacitors [137,138], flexible electronics and wearable devices [139,140],
optoelectronics or catalysts [25,134,141]. For instance, in [142], it was
demonstrated, that a gas sensor employing a layer of vertical graphene nano-petals
exhibits superior sensitivity due to the extremely high specific surface area, and
down to the parts-per-trillion (ppt) level of NHs detection capabilities was reported.
VGN nanomaterials are expected to become even more popular in the near future
[54] [AL].
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I1. WORK METHODOLOGY

3.1. Microwave plasma-enhanced chemical vapour deposition of graphene
layers

By employing the microwave plasma-enhanced chemical vapour deposition
(MW PECVD) technique (IPLAS Innovative Plasma Systems GmbH) [143], large
area graphene layers were deposited in two ways resulting in structural differences —
on the metallic catalyst (Cu foil) for the production of continuous films possessing
an intrinsic planar structure, and directly on insulating substrates (fused silica), thus
initiating the formation of vertical graphene nanosheets (VGN) [Al, A2].

An MW PACVD system’s CYRANNUS [-6" (Figure 7) (plasma source
(2.45 GHz)) reactor consists of a cylindrical stainless steel chamber and a sample
holder with a heater which enables to control the substrate temperature
independently of microwave power.

magnetron
plasma source g

circulator

Figure 7. MW PECVD device CYRANNUS I-6 (a) cylindrical resonator with annular slots
(b) [144]

3.1.1. Planar graphene synthesis on a catalyst — copper substrate

In the case of the synthesis of planar graphene, commercial Cu foil of 45 um
thickness and 19 mm x 19 mm dimensions was placed on a special metal pad with a
hole in the centre to lift foil up from the sample holder and thus reduce the
temperature losses during the synthesis process (Figure 8). To begin with, Cu foil
was pre-cleaned by hydrogen plasma at 1.3 kW microwave (MW) power and heated
up to 550°C temperature (with no use of an additional heater) naturally by MW
induction and plasma species collisions. In such a way, the Cu (111) surface can be
obtained with good lattice matching to graphene [145]. After 30 min, the growth
process was started by injecting CH4 as a carbon source with a 25 sccm flow rate
while using MW power of 1.1 kW, whereas other parameters were kept unchanged:
H, flow rate of 200 sccm, 30 mbar discharge pressure, and constant 550°C
temperature. After maintaining the growth stage of 10 min, the plasma was shut off,
the samples were cooled down to room temperature and taken out for the transfer
process and further characterisation.
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Figure 8. Copper foil (19 mm x 19 mm) on the sample holder of CYRANNUS I-6 system
with a special metal pad (40 mm x 40 mm) (a) before (b) and after deposition of graphene

(©

3.1.2. Catalyst-free synthesis of vertical graphene nanosheets on dielectric
substrates by using special enclosures

Before VGN synthesis on fused silica, the substrates were chemically cleaned
in acetone (10 min), CsHsO (10 min), and deionised water (10 min) by using an
ultrasonic bath and were dried by N2 flow.

The MW PECVD system is designed in the way of the so-called direct plasma
treatment as the substrates are treated within the area of plasma generation. In order
to set up the deposition conditions specifically suitable for the synthesis of vertical
graphene nanosheets layers, additional custom-built protective enclosures were used
(Figure 9) [146]. These metal enclosures of a particular design served as a shielding
cover on the sample to keep the plasma remote from the substrate surface. Different
numbers and sizes of holes and open side walls within these enclosures ensure the
controllable distribution of the electric field and the access of the active species in
the vicinity of the sample.

a) b)

Figure 9. Special metal protective enclosures: the first with two open side walls and no holes
(a), and the second with closed walls and 35 holes on top (b)

Vertical graphene nanosheet (VGN) layers possessing a structure of a
vertically aligned graphene nanosheet network on a continuous initial base layer
composed of nanographitic domains (a detailed explanation of the formation and
structure of VGN layers is given in Section 4.1.2.) were deposited directly on
15 mm x 15 mm insulating fused silica substrates of 0.5 mm thickness. For this, a
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catalyst-free deposition two-step synthesis process was used. For the first set of
VGN samples (as discussed in Section 4.1.) preparation, firstly, the substrates were
pre-treated in hydrogen plasma under a flow rate of 200 sccm at 26 mbar pressure
and 1.2 kW microwave power in order to remove any organic residues, oxides and
activate the growth sites. The substrate temperature was increased up to 850°C (by
using a substrate heater and remote plasma) and kept constant afterwards. After
15 min of the preheating process, methane gas was introduced into the reactor
chamber at 50 sccm flow rate for 20 and 40 min, and, subsequently, H. gas flow was
reduced to 150 sccm. The operating pressure was kept the same at 26 mbar during
both preheating and the growth process. VGN samples prepared by introducing
methane gas into the reactor chamber for 20 min and 40 min further shall further be
called VGN 20 min and VGN 40 min, respectively.

For the formation of the second set of VGN samples (as discussed in Section
4.2)), the annealing stage parameters were selected as follows: H, flow rate of
200 sccm, 22 mbar pressure, 1.2 KW microwave power, whereas the temperature
was increased to 800°C and kept constant for 10 min. The growth stage parameters
were set as follows: the hydrogen gas flow was reduced to 150 sccm, the methane
gas flow rate was 50 sccm while maintaining 22 mbar pressure, 1.2 kW microwave
power, and stable 800°C temperature. The growth durations were chosen to be 20,
40, 60, 80, 100, and 140 min thus aiming to disclose the evolution of VGN growth.

The feedstock CH4/H. gas ratio of 1:3 was selected after a set of preliminary
experiments leading to a ‘somewhat optimal’ process enabling the best crystallinity
of VGN. The CH, concentration was kept high enough to ensure intense nucleation
and the consequently increased VGN density [72].

3.1.3. Commercial planar graphene

For the comparative analysis, commercial planar monolayer graphene
produced by the chemical vapour deposition method was purchased from the
Graphenea (Spain) company. It had already been transferred on a fused silica
substrate of 0.5 mm thickness by a wet transfer process and possessed the following
properties [147]:

o Number of graphene layers: 1;

Grain size: up to 20 um;

Transparency: > 97%;

AFM thickness (air @RT): <1 nm;

Raman scattering spectroscopy parameters: lg/lop < 0.7; Ip/lg < 0.1,
Sheet resistance on fused silica: 360£50 Ohms/sg. (1 cm x 1 cm).

3.2. Graphene transfer

In order to obtain all synthesized graphene samples on fused silica substrates
for further characterisation, the transfer process of graphene deposited on the
metallic catalyst was performed. Graphene was released from the copper substrate
after the wet etching of Cu foil in an etchant. Three different etchants were used:

a) copper etchant (FeCls: 30-50%, HCI: 1-5%, Sigma-Aldrich).
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b) chromium etchant (CeHgNgO1s: 20-25%, HNOs: 5-10%, Sigma-Aldrich);
also applicable for copper dissolution.

c) FeCl;-6H,O (Eurochemicals) agueous solution prepared by dissolving
FeCl;-6H,0 powder in deionised water.

After the complete dissolution of Cu foil at room temperature, a floating
graphene film was subsequently placed on deionised water surface for 24-hour
cleaning. Cleaning was repeated for several cycles by replacing deionised water with
a new substituent. The floating graphene film was then transferred onto the target
substrate — fused silica — and finally left to dry in atmospheric air. The graphene
transfer process was successfully accomplished without using poly(methyl
methacrylate) (PMMA) as a support top-layer [148,149] so that to avoid the
introduction of additional contamination and defects into the graphene film, even
though it was more complicated to preserve large area graphene in the non-
disintegrated state [A2].

3.3. Analytical methods
3.3.1. Scanning electron microscopy

Our surface imaging studies were carried out by using a scanning electron
microscope (SEM) Quanta 200 FEG (ThermoFisher Scientific, USA) comprising a
Schottky type field emission electron gun ensuring 1.2 nm resolution under the high
vacuum mode and 30 kV accelerating voltage. The samples were tilted by 45° or 90°
during the SEM inspection thereby aiming for the three-dimensional impression of
the VGN network and the actual height of the nanostructures, respectively.

Cross-section SEM images were taken by using a dual-beam system Helios
Nanolab 650 (FEI, NLD) with a Schottky type field emission electron (FE) gun and
a gallium ion gun (FIB): 30 kV accelerating voltage, resolution of 0.8 nm (2-30 kV)
for the structural investigation of the VGN layers and the thickness estimation while
additionally utilizing the ImageJ 1.52a program. Before breaking, the Cr layers were
deposited on the samples by magnetron sputtering while employing a Quorum
Q150T ES coater (Ar plasma, U — 2 kW, | — 100 mA, p — 10 mBar Ar, t — 15 s, the
target-sample distance — 6 cm) [Al, A2].

3.3.2. Atomic force microscopy

Quantitative surface morphology examinations in terms of roughness were
performed in a cleanroom (ISO 5 class) by using the atomic force microscopy
(AFM) system NanoWizard 3 (JPK, Bruker, GER) and the data processing software
Gwyddion-2.49.win64. An I-shaped silicon cantilever (ACTA-AppNano, USA)
operating in the contact and dynamic modes in the resonant frequency of 300 kHz
with a spring constant of 13—77 N/m and a 10.0 nm curvature radius tip was used in
the measurements [Al, A2].

3.3.3. Raman scattering spectroscopy

Raman spectroscopy, known as a non-destructive, well established and highly
sensitive technique, which has already been widely used to ascertain the structure,
electronic, optical, and phonon properties in the family of carbon materials [42], was
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used to investigate the quality, defects and disorder of MW PECVD-grown graphene
layers.

A Raman scattering spectrometer inVia (Renishaw, UK) equipped with a
532 nm wavelength diode-pumped solid state laser, a grating containing
2400 grooves/mm, a thermoelectrically cooled CCD camera of 1024 pixels ensuring
the spectral resolution not worse than 1 cm® was employed to determine the
characteristic G, D and 2D bands directly related to the quality of the investigated
graphene nanostructures. The laser power level at the sample was 2.25 mW, the
integration time was 10 s, and the diameter of the laser beam was 4 um. Raman
spectra were taken by using a confocal microscope Leica with a 50x magnification
0.75 NA objective lens. Raman data were analysed by using the
OMNIC32v7.2.0.616 software, and the peaks were fitted with Lorentzian functions
[Al, A2].

3.3.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis, which is widely employed
in the graphene research community for the characterisation of the chemical
composition as well as the bonding structure of the surface, was performed by using
a Thermo Scientific ESCALAB 250Xi spectrometer with monochromatic Al Ka
radiation (hv = 1486.6 eV) as the excitation source. The energy scale of the system
was calibrated with respect to Au 4f72, Ag 3ds;2 and Cu 2ps. peak positions. For the
peak deconvolution and calculation of atomic concentration, original Thermo
Scientific Advantage software (v5.979) was used. For the peak fitting procedure, the
Shirley background and a sum of Lorentzian-Gaussian (70:30) functions for the
asymmetric graphitic carbon peak and (30:70) for the rest of the peaks was applied
[A2].

3.3.5. Electrical measurements

Current-voltage measurements applying the transmission line model (TLM)
pattern [150] were carried out in air at room temperature by using two probes
employing a 6487 picoammeter (Keithley, USA). The TLM structures with fixed
contact lengths of 0.25 mm and a width (W) of 3.0 mm and a varying channel length
(L) from 0.3 mm to 1.5 mm (following nL, n =1, 2, 3, 4, 5; tendency) were used for
the measurements (Figure 10 a). Copper was deposited as ohmic contacts of
~250 nm thickness on top of the VGN films by e-beam evaporation through a
femtosecond laser cut copper stencil mask of 45 um thickness. The explanatory plot
of the total resistance Rr vs. the channel length L for the determination of sheet
resistance Rs from the slope of the fitted line is given in Figure 10 b (where W is the
contact width, Rc is the contact resistance, Ly is the transfer length beneath the
contact) [Al, A2].
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Figure 10. Electrical contact geometry (a), the principal plot of total resistance Rt vs.
channel length L (where W — contact width, Rc — contact resistance, Lt — transfer length
beneath the contact) (b)

The electrical resistance R and I-V characteristics as a function of temperature
T and magnetic field B were evaluated by using a cryogenic measuring system
(CCRS, Cryogenics Ltd., UK) based on a closed-cycle refrigerator in the temperature
range of 2 K < T < 300 K and magnetic fields with induction B up to 8 T. The
current passing through the sample was set and measured by employing a Keithley
6430 instrument (Keithley Instruments, USA) which allowed to estimate the
electrical resistance of VGN layers in the range from 100 pQ to 10 GQ with an
accuracy no worse than 0.1%. The temperature of the samples was controlled by
thermal diodes (Lake Shore Cryotronics, USA) calibrated with an accuracy of 0.005
K and having a reproducibility of at least 0.001 K by using a LakeShore 331
measuring controller. The resistance measurements were carried out by using a 4-
probe technique where two current and two voltage contacts were applied with an
ultrasonic soldering iron (Figure 11 a).

Magnetic field B was applied either normally to the substrate surface or in
parallel to it, but, normally, to the electric field being applied. The relative
magnetoresistance is defined as:

MR = %O’;“’) 100%; (Eq. 2)
where R(B) is the resistance in the applied field with induction B. The measured
samples were arranged on the contact pad (Figure 11 b) by using 4 indium (In)
supersonically soldered electric contacts with soldered 50 um diameter copper
wires. The measurement cell with a sample on the contact pad was placed in a
special measuring probe that included LakeShore thermometers and magnetic field
sensors, heaters, heated thermal shields, all in He gas atmosphere under low
pressure. The probe was inserted into a channel of a superconducting solenoid inside
the cryostat in CCRS.

34



a) 4

Figure 11. Scheme of the arrangement of electric probes where 1, 2 are current contacts; 3, 4
are potential contacts (a). View of the sample on contact pad (b)

3.3.6. Ultraviolet-visible-near infrared spectroscopy

The absorbance of VGN layers was analysed with a UV-VIS-NIR steady-state
absorption spectrometer AvaSpec-2048 and an AvaLight-DHc light source (Avantes,
NED) covering the 200-1100 nm spectral range with 1.4 nm spectral resolution.

3.3.7. Transient absorption spectroscopy

Ultrafast relaxation processes in planar graphene and VGN were investigated
by employing a transient absorption spectrometer (HARPIA spectrometer (Light
Conversion, LT)). A typical operating principal scheme is shown in Figure 12,
where the laser coming from the PHARQOS is split, thus sending about 90% of the
power into a parametric amplifier ORPHEUS whose outgoing laser is used as a
pump beam to excite the sample. The rest of laser beam (about 10% of the power) is
injected into the probe input of HARPIA and used to generate the white light
supercontinuum that is later used as a probe beam to measure the sample
transmittance. The difference of the sample absorbance signal in the presence and in
the absence of the pump pulse may then be measured as a function of the probe
wavelength and the delay between the pump and the probe pulses.
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Figure 12. Standard scheme of the pump-probe system: M — mirror, BS — beam splitter, P —
modulator [151]

The pump pulse and the white light supercontinuum probe are focused and
aligned to intersect in the sample (Figure 12). The pump beam is sequentially
blocked and unblocked by a mechanical chopper. The pump state is recorded by a
photodiode, and the measured data points are ranked to ‘pump-on’ and ‘pump-oft’,
respectively. Before the actual measurement of the data, the probe beam is blocked
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by the shutter, and the dark signal corresponding to both the open and the closed
states of the chopper is measured. In the subsequent measurements, the values of the
dark signal are subtracted from all the measured probe signals. During the actual
transient absorption measurement, the spectrometer records white light
supercontinuum spectra with the pump light being blocked and unblocked. The
absorbance is calculated as follows:

_ Iunpumped (/D - Idark,unpumped (/1)
AOD (t’ /1) N lg Ipumped(trl)_ldark,pumped()l) (Eq 3)

The separate measurements for pumped and unpumped dark spectra are
necessary to account for the scattered pump light which may reach the detector.
Since the measured signals are usually of the order of 0.001, the signals in the
software are multiplied by a factor of 1000, i.e., they are expressed in mOD.

By measuring the difference of the absorption signals at different delays
between the pump and the probe pulses, the entire pump probe dynamics of the
sample may be explored. These delays are realised by delaying the probe pulse in an
optical delay line consisting of a retroreflector on a motorised translation stage. The
experiment parameters, the measurement sequence, the data storage and other
important aspects are controlled, and the data are stored by the HARPIA software.

The system was excited by using an ultrafast 290 fs pulse length and a
1030 nm wavelength Yb:KGW laser Pharos (Light Conversion, LT) with a
regenerative amplifier at a 66.7 kHz repetition rate. The pump beam wavelength was
tuned to 350, 400 and 700 nm with a collinear optical parametric generator Orpheus
and a harmonic generator Lyra (Light Conversion, LT), and an energy density of
17 wl/em?, 19 pl/cm?, 24 pl/cm? and 54 pl/em? was used to excite the samples.
Then, the samples were probed with a white light supercontinuum generated by
using a 2 mm thickness sapphire plate excited with a fundamental laser wavelength
(1030 nm). The spectral range of the supercontinuum probe as well as the detection
range of the TAS dynamics spanned wavelengths from 367 to 674 nm and from 491
to 794 nm. The excitation beam was focused on the approximately 700 pm diameter
spot, while the diameter of the supercontinuum probe was approximately 500 pm
[Al, A2].

3.3.8. Fluorescence measurements

The steady-state fluorescence spectra of planar graphene and vertical graphene
nanosheets were recorded with an Edinburgh Instruments FLS980 spectrometer at
room temperature. The samples were excited by a Xenon lamp using an excitation
wavelength Aex = 350 nm [A2].

3.4. Formation of the electrochromic device with graphene electrodes

Electrochromic devices or cells basically consist of two conductive electrodes
between which an electrolyte characterised by ionic conductivity is placed. These
devices are mainly used for optical applications; therefore, the electrodes are usually
selected to be transparent to visible light. In these studies, polyethylene terephthalate
(PET) substrates with conductive coatings of indium tin oxide (ITO) and transferred
graphene were used as the electrodes in an electrochromic device with Prussian blue
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as the active material. The research was implemented during the interdisciplinary
project PP/174 at KTU and the Joint Lithuanian-Latvian-Chinese (Taiwanese)
Tripartite Cooperation Programme project Grant No. S-LLT-18-2.

3.4.1. Graphene films for electrode formation

Graphene films were formed by the microwave plasma-enhanced chemical
vapour deposition system CYRANNUS I-6 which enables the synthesis of large area
high quality graphene. Due to the sufficiently high growth process temperature
(510°C), the synthesis of graphene could not be carried out directly on elastic
polymer substrates (polyethylene terephthalate (PET)); consequently, a double layer
commercial copper foil (catalyst) was used instead. After the 30 min annealing
stage, 1.1 kW microwave power was used to maintain plasma of a mixture of
hydrogen (flow rate 200 sccm) and methane (flow rate 25 sccm) gases, while the
pressure in the chamber was 30 mbar during the growth stage which lasted
10 minutes.

In order to inspect the electrochromic material combined with elastic graphene
electrodes, a wet-chemical room temperature transfer process of graphene onto
foreign PET substrates without the use of a PMMA support was applied when the
copper foil was completely dissolved in chromium etchant (CeHgNgO1s: 20-25%,
HNO3: 5-10%; Sigma-Aldrich) for 4 h for ensuring effective transferring results.
Before the transfer, PET substrates were cleaned in plasma (temperature: 600°C,
pressure: 1 Torr, N: 0.3 W/cm?, O, (99.99%), duration: 40 s).

The control of successful graphene layer synthesis and the transfer was
implemented by registering the structure by Raman scattering spectroscopy (inVia,
532 nm, Renishaw, UK). The ultrafast excited state relaxation dynamics of graphene
on the PET substrate was investigated by the means of transient absorption
spectroscopy (TAS). The samples were excited with laser pulses of 350 nm,
20.8 pJ/cm?, 200/3 kHz.

3.4.2. Electrochromic material formation and electrochromic device testing

Electrochromic (EC) Prussian Blue (PB, Fes[Fe(CN)e]s) layers on top of the
graphene/PET transparent electrodes were electrochemically deposited by using an
aqueous solution of 0.05 M hydrochloric acid (HCI), 0.05 M potassium
hexacyanoferrate (I11) (Ks[Fe(CN)g]), and 0.05 M iron (Ill) chloride (FeCls) at
1:2:2 ratio. Application of an external field between the graphene/PET electrode and
the graphite counter electrode, both immersed into the solution, resulted in the
homogeneous deposition of the PB layer onto the graphene/PET electrode
(PB/graphene/PET).

The optical property modulation of the deposited PB layers was tested by the
redox process using 1 M KCI aqueous solution as an electrolyte as depicted in
Figure 13.
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Figure 13. Testing setup of optical property modulation of the deposited PB layers on
graphene/PET electrode by the redox process

The changes of the layers’ transmittance under the impact of the applied
voltage were registered by using UV/VIS Avantes spectrophotometer AvaSpec-2048
with a deuterium and halogen light source; the spectral region — 172-1100 nm,
resolution — 1.4 nm.

3.5. Formation of organic solar cells with graphene electrodes

Planar graphene layers were integrated into organic solar cells (OSC) as
transparent flexible electrically conductive electrodes instead of brittle and
expensive ITO electrodes. These experiments were done during the 3-month
traineeship of the author at Mads Clausen Institute in Denmark.

3.5.1. Formation of graphene electrodes

Graphene electrodes were formed on polyethylene terephthalate (PET)
substrates; therefore, initially, graphene films were deposited by the MW PECVD
system CYRANNUS 1-6 on single copper foils due to the elevated synthesis
temperature of 550°C. After the 30 min duration annealing stage, hydrogen plasma
(P = 1.3 kW, p = 30 mbar, 200 sccm H; flow rate), the growth process of 10 min
was initiated while using hydrogen (200 sccm) and methane (25 sccm) gas mixture
(P =1.2 kW, p = 34 mbar).

Afterwards, a wet-chemical transfer process of graphene onto DC argon
plasma cleaned PET foils (Melinex ST505, DuPont Teijin Films) and fused silica
substrates was implemented, during which, the copper foil was etched in a filtered
(pore diameter of filter — 0.25 um) FeCls-6H,O aqueous solution (5 g powders and
50 g deionized water for each sample; Eurochemicals) for at least 5 h. PET
substrates with graphene layers were trimmed into 15 mm x 15 mm squares as
shown in Figure 14.
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Figure 14. Transferred graphene on PET and fused silica substrates

3.5.2. Organic solar cell formation

OSC of various configurations with graphene electrodes were formed in
parallel with the identical ones with ITO electrodes.

Formation of the OSC functional layers:

a) Electron transport layer (ETL). Commercial ZnO NP (H-SZ01034,
Genes 'ink) were filtered with a 0.2 um RC filter (Whatman). ETL was spin-coated.

b) Active layer. The solution of PCE12 and ITIC (Brillant Matters) was
prepared in a ratio 1:1 (PCE12:ITIC) at a total concentration of 10 mg/1.2 ml in
chlorobenzene with 0.5% v/v of diiodooctane (CB:5%DI0O) and stirred for 6 hours at
80°C in ambient conditions. Active layers based on the polymer/nonfullerene system
were formed by spin-coating.

¢) Hole transport layer (HTL). Commercial MoOy (x = ~3) powder (99.99%,
Sigma Aldrich) was thermally evaporated in the device cluster tool under ultra-high
vacuum (10-9 mbar). The thickness of the MoOs films was ~10 nm estimated by the
guartz crystal microbalance.

d) Electrodes. Silver contacts of ~100 nm thickness through the shadow mask
defining a small-scale cell unit area of 5.4 mm?2 as shown in Figure 15 a were
deposited by using DC magnetron sputtering (sputter power 150 W, sputter pressure
6-10° mbar, sputter time 170 s). Thus, each sample contained four cells. For the
inverted device configuration as the bottom electrode, a Bphene layer of 20 nm was
formed.

All OSC samples were fabricated in a nitrogen glovebox connected to a cluster
deposition tool for the overall device production.

a) b)
Glass or PET

Electrode: ITO or graphene
ETL: ZnO

o]ﬂ”[”l””ll’”

Figure 15. Organic solar cell sample (a), basic structure of the organic solar cell (b)

HTL: MoO3
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Device configurations used in the experiments:

a) Glass/ITO/ZnO/PCE12:ITIC/MoOs (10 nm)/Ag (Reference) (Inverted)
PET/Gr/ZnO/PCE12:ITIC/M0QO3 (10 nm)/Ag (Inverted);

b) PET/Gr/MoOs (10 nm)/PCE12:ITIC/Bphene (20 nm)/Ag;

c) PET/Gr/Ag evaporated (3 nm)/ZnO/PCE12:ITIC/MoOs (10 nm)/Ag
(Inverted);

d) PET/Gr/Ag evaporated (3 nm)/MoOs; (10 nm)/PCE12:ITIC/Bphene
(20 nm)/Ag;

e) Glass/ITO/ZnO+77 nm Ag@TiO, NP/PCE12:ITIC/M0oOsz (10 nm)/Ag
(Inverted);
PET/Gr/ZnO+77 nm Ag@TiO, NP/PCE12:ITIC/M0oOz (10 nm)/Ag
(Inverted);

f) Glass/ITO/20 nm Ag NP/ZnO/PCE12:ITIC/MoOs (10 nm)/Ag (Inverted)
PET/Gr/20 nm Ag NP/ZnO/PCE12:1TIC/Mo0Q; (10 nm)/Ag (Inverted);

g) Glass/ITO/20 nm Ag NP/MoO3s/PCE12:1TIC/Bphene (20 nm)/Ag
PET/Gr/20 nm Ag NP/MoOs/PCE12:1TIC/Bphene (20 nm)/Ag.

In order to enhance the performance of OSC, additional materials (marked in
bold) were introduced. Silver nanocubes with the TiO; shell (Ag@TiO2) were mixed
with ZnO solution. More data on Ag@TiO- is given in [152]. The thin silver layer of
3 nm thickness was evaporated on the graphene surface by magnetron sputtering
according to quartz crystal sensor readings. The dispersion of silver nanosphere of
20 nm diameter (Sigma-Aldrich) was spin-coated on a graphene layer.

3.5.3. Characterisation of organic solar cells

For the organic solar cells testing and evaluation, the conventional current
density-voltage (J-V) characteristics investigation was performed under 1 sun
illumination (AM1.5G light of 200 mW/cm?) while employing a 300 class AAA solar
simulator (Abet Technologies Inc.) and a Keithley 2400 source-meter (Keithley
Instruments Inc.). The small-scale cell units were characterised 8 by 8 by utilizing
the USB eight Channel Relay controller-RS232 serial controlled-12V with a GPIB-
USB-HS IEEE488 (National Instruments) operated with a homemade Matlab code.
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IV. RESULTS AND DISCUSSION

4.1. Studies of planar graphene and vertical graphene nanosheets layers

In this Section, detailed analysis of the properties of planar graphene
(deposited by using a catalytic copper substrate and transferred on fused silica) and
vertical graphene nanosheets (VGN) prepared by applying the plasma-enhanced
chemical vapour deposition technique (deposited directly on fused silica substrates)
is presented in the context of employing common methods (scanning electron
microscopy, atomic force microscopy, X-ray photoelectron spectroscopy, and
Raman scattering spectroscopy). The ultrafast transient absorption spectroscopy
(TAS) technique with various excitation wavelengths (at 350, 400 and 700 nm) was
used in order to investigate the excited state relaxation dynamics in various types of
graphene. The morphological, structural and optical properties of graphene prepared
directly on fused silica and transferred on it were analysed and related to the TAS
relaxation dynamics. The results presented in this Section 4.1. were published in
[A2], and the data presented in Subsection 4.1.5. were published in [A3].

4.1.1. Graphene transfer optimisation

Systematic studies on determining the conditions for the efficient transfer
process of synthesised planar graphene from copper foil (45 pm thickness,
19 mm x 19 mm size) onto a target substrate were performed. For a successful
graphene transfer, it is required to select the optimal concentrations of the copper
etchant solutions, the etching duration and the technical implementation of the
transfer itself so as not to damage the graphene film.

Three types of prepared etchants of 25 ml were used:

1) copper etchant (FeCls: 30-50%, HCI: 1-5%). Cu substrate etching time:
30 min.

I1) chromium etchant (CeHsNgO1s: 20-25%, HNOs: 5-10%). Etching time:
12 h.

I11) FeCls aqueous solution prepared by dissolving FeCls-6H,O powder in
deionised water in a ratio of 1:10. Etching time: 5 h.

The steps of the etching process are shown in Figure 16. The experiments
with all the used solvents showed that the copper foil was fastest etched when using
the copper etchant, but the film was broken. The best graphene coating quality was
obtained when using the chromium etchant. Although, in this case, the etching
process takes time, it is easier to control. The third FeCls aqueous solution is also
highly suitable for the effective etching process as the concentration can be easily
changed, and, consequently, so can the etching duration, while preserving the non-
cracked graphene film. The determined optimal etching time is about 5 hours.

The darker zones mostly on the sides of films consist of a graphene layer (on
top) and an additional carbon layer (the lower one) which grows on the bottom side
of the Cu foil during the synthesis. Most of the undesirable lower layer detaches
during the transfer process. Accordingly, the plasma etching process of this layer
can be avoided. In this way, the transferred graphene layers of about
15 mm x 15 mm dimensions can be obtained.
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Figure 16. Graphene layer transfer process: start of copper foil etching (a), end of the
etching: | — after 30 min, Il —after 12 h, 111 — after 5 h (b), graphene film on the surface of
deionised water (after replacing the solution with deionised water) (c), graphene layers
transferred on substrates (d)

Other technical details of the transfer process are given in Section 3.2.
4.1.2. Morphology analysis

The surface morphology of the transferred planar graphene and VGN grown
directly on fused silica substrates was characterised by SEM and AFM and is
depicted in Figure 17 a, b, ¢, Figure 19 (SEM) and Figure 17 d, e, f (AFM). A
discernible variation in the surface morphology is observed for all the samples.

100 nm

Figure 17. Top view SEM (samples were tilted by 0°) (a, b, c), AFM (d, e, f) images of
transferred planar graphene (a, d), VGN grown for 20 min (b, €) and VGN grown for 40 min
(c, f) on fused silica substrate [A2]
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In general, for the favoured formation of graphene monolayers, the copper as a
catalyst substrate is considered as a superior surface [145]. Even though the metal
substrate is polycrystalline, during the growth, graphene bridges across the gaps
between the metal grain boundaries. The separate areas of graphene with various
lattice orientations are covalently grown together at their boundaries thereby
bringing defects into the planar graphene structure which is composed of periodic
chains of pentagonal and heptagonal carbon rings [153]. The synthesis via MW
PECVD vyields graphene in the form of a continuous horizontal film of single- and
few-layers over the entire substrate surface. The SEM micrograph in Figure 17 a
depicts the sustained graphene transferred onto a fused silica substrate with some
defects and contamination coming from the transfer process, as well as the quality
level of the etcher and the Cu foil [73]. The roughness arithmetic average (Ra.) and
the root mean square roughness (Rq) of the surface obtained when analysing AFM
measurements (Figure 17 d) is 0.422 nm and 0.533 nm, respectively, which
indicates the smoothness of the surface (Table 1).

Table 1. Roughness arithmetic average (R.) and root mean square roughness (Rq) of
graphene samples

Transferred VGN 20 min VGN 40 min
Ra 0.422 nm 0.926 nm 2.717 nm
Rq 0.533 nm 1.176 nm 3.375nm

What concerns the fabrication of VGN on a non-conductive substrate (fused
silica), the mechanism of growth differs, and one can see (Figure 17 b, c) that this
leads to structural alterations compared to planar graphene grown on metal foil.
Initially, when CHa is inserted into the reactor, various free carbon and hydro-carbon
species are generated via CH4 easy conversion to CHy (x = 1-3) radicals and C,
dimers production through radical recombination and the subsequent dissociation.
The reactive carbon dimers (C_) are believed to play an important role, especially for
the formation of the critical nuclei, and, later, in the VGN growth [154,155]. These
active species are adsorbed onto energetically most favourable regions on the
substrate surface starting the nucleation of nanographitic (NG) domains [156]. As
these domains grow, they coalesce and form a particularly defective continuous
interfacial nanographitic base layer containing a-C, carbon onions, pentagon and
heptagon rings, as well as other defects. Then, the secondary nucleation starts, and,
hereafter, the growth of vertically aligned graphene flake-like nanostructures,
generally, at the defected sites of the NG base layer, such as the grain boundaries
after the stress release caused by coalescence, the surface carbon onions of the NG
layer [156,157]. The evolution of growth is strongly affected by the electric field as
well as by a relatively high temperature and chemical potential gradients alongside
the substrate surface [28,53,156]. After 20 min of growth, the film was composed of
a large amount of small-size graphene sheets over the NG layer as seen in the SEM
micrograph of Figure 17 b.

During the synthesis, H atoms simultaneously act as an effective etchant
rapidly removing the undesirable amorphous phases, weaker sp® hybridised carbon
bonds, and equally extracting bonding atoms from the gas-phase radicals, thus
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acting as a co-catalyst in the formation of bonds between the surface and the carbon
species, promoting the crystalline graphitic structure and the sharp edges in the
layers [158]. The adsorbed carbon atoms form strong C-C covalent bonds at the
edges of VGN and weak van der Waals bonds between the graphene layers which
are constantly bombarded off by atomic H [53]. An illustration of the growth
mechanism of VGN layers is presented in Figure 18. As a consequence, the length
and height of the VGN increase, as can be seen in Figure 17 ¢, when the growth
time increases up to 40 min. The roughness parameters Ra and Ry shoot up from
0.926 nm and 1.176 nm (for VGN grown for 20 min) to 2.717 nm and 3.375 nm (for
VGN grown for 40 min) (Table 1). Meanwhile, the average height of the surface
unevenness increased from 5.7 nm up to 16 nm for VGN 20 min and VGN 40 min,
respectively (Figure 17 e, f). The surface morphology of the samples obtained by
SEM and AFM differs to some extent mainly because of the samples being not tilted
during SEM measurements, and, therefore, the topography is not expressed well
enouth.

Figure 18. lllustration of the growth mechanism of VGN layers [A1]

The thickness determination of the obtained layers is more complicated. The
techniques that can be applied for the planar graphene film are not always suitable
for VGN samples. The thickness of planar graphene and VGN bears a completely
different meaning. While the thickness in planar graphene is the thickness of a
graphene film composed of one or more layers, the thickness of a VGN film is the
height of graphene sheets together with the nanographitic base layer. AFM can be
used for the estimation of the height of vertically aligned graphene sheets which are
grown on a horizontal base layer, but not of the whole film, because there is no
VGN-free area on the substrate of fused silica for the step measurements.

Cross-section SEM measurements were used for the thickness analysis of the
nanographitic base layer and graphene nanosheets of VGN films. Unfortunately, the
resolution of SEM was not high enough to measure the thickness of planar graphene.
That is why this method was applied for the thickness analysis of VGN samples
only. The received SEM data are shown in Figure 19 a, b. By using the ImageJ
software, the thickness of VGN 20 min and VGN 40 min was calculated in 26
locations — the average values were determined to be 20.31+2.09 nm and 35.35+4.91
nm, respectively. Also, it is important to keep in mind that a thin layer of Cr was

44



deposited by magnetron sputtering on the scanned area before SEM measurements.
The SEM measurements indicate that graphene nanosheets in the VGN 40 min
sample are denoted by larger dimensions in comparison to VGN 20 min.

VGN

3 7&""5"‘: :
Y
W Nanographitic layer

200 nm

VGN 40 min

Nanographitic Iaer

200 nm ————

Figure 19. Cross-section SEM image of VGN 20 min (a) and VGN 40 min (b). The
thickness of VGN 20 min calculated with the ImageJ program was 20.31+2.09 nm and
35.35+4.91 nm for VGN 40 min. Low magnification SEM image of as-grown planar
graphene on Cu foil (sample was tilted by 45°) (c)

The low magnification SEM image of the graphene film as-grown on a Cu foil
supports the planar structure of graphene all over the surface fairly well (Figure 19
c). The thickness of the transferred planar graphene film can be evaluated in detail
by using Raman scattering spectroscopy. These results are presented below in
Section 4.1.3.

4.1.3. XPS analysis

High resolution XPS spectra were scanned and deconvoluted for the
calculation of surface atomic concentrations (Table 2) and the detection of possible
carbon chemical bonds. Figure 20 a, b, ¢ shows the high resolution carbon C 1s
XPS spectra of the planar graphene, as well as VGN 20 and 40 min films on fused
silica substrates.
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Figure 20. XPS spectra of transferred planar graphene (a), VGN grown for 20 min (b) and
VGN grown for 40 min (c) on fused silica substrate. The black circles represent the acquired
XPS data, the black line denotes the envelope fit, the red line stands for C=C (sp?), the green

line depicts C—C (sp®), the blue line indicates C-O-C, the cyan line shows O-C=0 [A2]
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Table 2. Calculated surface atomic concentrations from XPS analysis for planar
graphene and VGN films on fused silica substrates

Peak name Transf_erred VGN 2_0 min VGN 4_0 min
Atomic % Atomic % Atomic %
O1s 20.92 23.91 11.48
C1ls 72.45 57.42 78.62
Si2p 6.63 18.67 9.9
C=C (sp?) 87 91 97

From the deconvoluted carbon C 1s spectra (Figure 20 a, b, c), one can see
that the asymmetric peak at 284.3 eV dominates in all spectra. This peak is
attributed to graphitic C=C carbon bonds (sp? configuration) [159-161], which
means that the majority of the carbon atoms are arranged into a honeycomb lattice.
The binding energy of low intensity peaks at 285 eV, 286 eV and 288.5 eV are
similar to those reported in the literature [159-161] for C-C (sp®, C-O-C and
O=C-O bonds, respectively. The bonds including oxygen could originate from
atmospheric contaminants [161]. The two former peaks showed almost negligible
intensity for both VGN samples (Figure 20 a, b, c), and they are more noticeable for
planar graphene as it previously underwent a transfer process which usually leads to
additional sources of impurities along with mechanical damage. The defect structure
arising from the sp® bonded carbon structure is confirmed by Raman scattering
spectroscopy results and is discussed further in the thesis. Moreover, in terms of
VGN, XPS C 1s spectrum of a sample grown for 40 min (Figure 20 c) represents a
relatively more intense peak designating an sp? bonded graphitic structure and a less
intense peak denoting sp® bonding compared to the spectrum of VGN grown for
20 min, which specifies the presence of higher areal density of ordered graphitic
VGN over the defected nanographite base film as seen in the morphology
measurements results (Figure 20 c). The XPS spectra of planar graphene show
relatively clear C-C (sp®), C-O-C and O=C-O bonds. Similar XPS spectra
representing such bonds and fluorescence spectra were also obtained by other
researchers for graphene featuring a bandgap [130]. This indicates that planar
graphene might have a bandgap too. The measurements of fluorescence of graphene
samples presented in this thesis prove that planar graphene has more defects
compared to vertical graphene nanosheets in VGN 20 or 40 min samples (Figure
29). The XPS spectrum of VGN 40 min presents the closest results to the pristine
graphene spectra [162]. This signifies that the XPS data were measured mostly from
the vertical graphene nanowalls, as there is no meaningful amount of sp* bonds that
the nanographitic layer should contain (Figure 20 c¢) [53]. VGN 20 min yielded
some sp? signal in the XPS spectra apparently because of a lower amount of VGN in
comparison to the VGN 40 min sample (Figure 20 b).

4.1.4. Raman scattering spectroscopy analysis

In this section, the defects of the graphene samples were studied when the
different types and amount of defects were formed during the synthesis and transfer
processes. The typical Raman spectra of transferred graphene as well as graphene
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directly deposited on fused silica substrates are presented in Figure 21. It is clearly
seen that there are significant differences in the band positions, intensities and band
shapes as listed in Table 3.
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Figure 21. Raman spectra of planar graphene transferred onto fused silica substrate
(Transferred) and vertical graphene nanosheets (VGN) directly grown on fused silica for 20
(VGN 20 min) and 40 min (VGN 40 min) by MW PECVD. The inset is the extended region

of VGN grown for 20 min and its deconvolution with Lorentzian line shape [A2]

Table 3. Parameters of Raman spectra of transferred graphene and directly grown
VGN for 20 and 40 min on fused silica [A2]

Transferred (planar) VGN 40 min VGN 20 min
Posp (cm™?) 1347.9 1352.5 1351.7
FWHMp (cm™) 22.9 55.2 58.0
Posc (cm?) 1584.0 1591.6 1595.4
FWHMg (cm™) 19.0 51.6 49.3
Poszp (cm™) 2696.2 2699.3 2696.9
FWHMp (cm?) 29.1 108.0 128.2
Io/le 1.13 1.92 1.97
Io/lp 6.69 4.38 4.43

The spectra consist of two clearly apparent bands — G (~1590 cm™) (Posg) and
2D (~2700 cm) (Poszp) which confirm the graphitic structure. Furthermore, all the
Raman spectra comprise one-phonon second-order Raman scattering processes — D,
D’ and D" bands, and two-phonon second-order lattice vibrational processes, such as
2D’, D+D' and D+D" bands, which are activated by defects and disorder due to a
high density of edges, grain boundaries, sp® hybridised carbon atoms, point defects,
ion-induced defects, and are strongly dispersive with excitation energy [101,163].
As it can be seen in the inset of Figure 21, there is a very weak mode underlying the
upshifted valley between the D and G bands of VGN samples. This peak at about

47



1500 cm™ is assigned as D* band, which is attributed to the presence of interstitial
or out-of-plane defects, pentagon-heptagon, fullerene-like structures [156]. The
other D" band at about 1200 cm™ could arise due to the existence of a large number
of edge states, the bond stretching mode of sp® hydrogenated carbon and pentagon
rings. Such defects come from a highly defective interfacial NG base layer [53,156].

The obtained parameters of Raman spectra demonstrate structural differences
of the transferred planar graphene and directly grown VGN on fused silica as given
in Table 3. Considering the VGN samples, the intensity of the D, G, and 2D bands
increases, and the full width at half maximum (FWHM) of the D and 2D bands
decreases with the growth time. Also, the intensity ratio o/l increases in terms of
the growth time. What is more, along with the growth time, the G band position
(Posg) shifts from 1595.4 to 1591.6 cm™ for the VGN specifying the enhancement in
crystallinity. On the other hand, the FWHM of D, G and 2D bands of VGN is higher
than that for planar graphene, thus indicating a more disordered structure.
Meanwhile, the Posg of planar graphene is even more downshifted, and it equals
1584.0 cm™. Such a variation in the G band position could be due to the different
levels of strain in VGN directly grown on a fused silica substrate and the transferred
graphene, which could be induced by the lattice mismatch between the substrate and
the interfacial NG base layer or the presence of defects [157]. Compared to the
Raman spectrum of the transferred graphene, the G and D’ bands almost overlap for
VGN, which also indicates a higher amount of defects (Figure 21) [48].

The Raman scattering technique is capable of determining the layer thickness
at the atomic layer resolution for graphene layer thicknesses of less than four layers
[31]. In this case, the intensity ratio of 2D and G bands l.o/ls of the planar graphene
Raman spectrum is equal to 3.19, which indicates one layer of carbon atoms (Figure
21, Table 3). Moreover, the Raman scattering measurements of different areas (not
shown here) also suggest a notably lower I.p/lg ratio (~1) and show a Raman 2D
band with a single Lorentzian profile (as seen in Figure 21), just as in the monolayer
graphene but with a larger linewidth (for single-layer graphene, FWHM is found to
equal ~24 cm™ [31]). This demonstrates that planar graphene consists of small
regions of multilayers with the rotationally random stacking with respect to one
another. This specifies the digression from the ordered stacking, and, consequently,
the corresponding electronic coupling between graphene layers does not take place
in all parts of the film. This is a peculiarity for graphene films prepared by the CVD
method [31].

The Raman mapping data of 19 um x 19 um area of planar graphene have
confirmed the thickness analysis and shown that the thickness of the graphene layer
is not homogeneous over the scanned area (Figure 22). In the colour bar of Figure
22, the aspect ratio of Iop/lg is shown. One can see that it varies from 3 till below
0.5. In the case of an aspect ratio of 3, it is monolayer graphene, while, in the case of
an aspect ratio below 2, it is multilayer graphene. The film consists of domains of
graphene monolayers and multilayer graphene.
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Figure 22. Analysis of the ratio between 2D and G peaks (l2p/lg) in Raman spectra of planar
graphene

Raman scattering spectroscopy allows us to investigate the nature of defects
and its quantification on graphene. The intensity ratio Ip/lc serves as a measure of
defects in a disordered graphitic material. This ratio of planar graphene is notably
smaller than those of VGN samples (Table 3). The intensity of defect bands D and
D’ depends not only on the number of defects but also on their kind [53]. The Ip/ly
ratio is found to be 4.4 and 6.7 for VGN and planar graphene, respectively (Table
3). The ratios indicate the existence of boundary-like defects for VGN directly
grown on fused silica and vacancy-like defects for the transferred planar graphene
[164].

It is known that there are two typical sets of defects in graphene: point and line
defects [48]. Point defects are characterised by the average distance between the
nearest defects (Lp) or by the defect density (¢=1/Lp®), whereas line defects are
characterised by their average crystallite size (L) or by the crystallite area (La%) [48].

The calculation of the density of line defects is still fairly complicated at the
moment, while the point defect density can be estimated from Ip/lg [48,95,165,166].
Sometimes, instead of Ip/lg, it is more reliable to use (Ao/Ac)E.* [48,95,165], where
E. is the excitation energy, and Ap, Ac denote the area of the D and G peaks.
However, for a large disorder, it is far more informative to decouple the information
from FWHM of the G peak. Because of the quantum confinement effect, the FWHM
of the G peak increases with the increasing defect density [48,95].

In the case of a low defect density regime (Lo > 10 nm), Lp can be calculated
by using the formula given in Equation 4 [53,95,167]:

13 (nm?) = (1.8 + 0.5) x 10224 (’D) L (Eq. 4)

while the defect density (np) can be calculated as:

(1.8+0. 5)><102

np(em™?) = ( (Eq. 5)

where Ip and lg represent Raman spectra D and G peak intensities, A is the
excitation laser wavelength; in this particular case, it is 532 nm. The Ip/lg values
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used in the calculations are taken from Table 3, and the calculation results are
shown in Table 4.

According to the computation results, the average distance between point
defects is the largest (or the density of point defects is the lowest) for planar
graphene as XPS and TAS measurements show different results.

The crystalline sizes (La) of VGN along with the nanographitic layer can be
evaluated by using the Tuinstra-Koenig relation [156,168,169]:

Le= ™ (Eq. 6)
where C (1 = 514.5 nm) = 4.4 nm. In these measurements, the 532 nm wavelength
laser light was employed for excitation (that is relatively close to 514.5 nm). In order
to note this small difference, in these notations, the sign ‘~’ in front of L. was used.

As linear defects are characterised by La, this value was inserted in Table 4 as well.
The largest estimated L, was found for planar graphene.

Table 4. Density of point defects: average distance between nearest defects (Lp),
Lo defect density (np) and average crystallite size (La) for two types of graphene
[AZ]

Graphene Lo (nm) Lo? (nm?) no (cm?) La (nm)
Planar 11.30£5.90 127.60+35.40 7837021770 ~3.89
VGN 40 min 8.66+4.57 75.10£20.86 13315636990 ~2.29
VGN 20 min 8.56+4.51 73.19£20.33 13661237950 ~2.23

Despite the fact that the calculated defect density defined from the Raman
scattering data was found to be lower in planar graphene in comparison to VGN, one
should still keep in mind that VGN films have lots of edges and a defected NG base,
which increases the intensity of the D band leading to a larger calculated defect
density. The XPS and TAS measurements support this idea.

It was found that there are significant blue shifts in the Raman scattering
spectra for VGN 20 min and VGN 40 min samples as compared to pristine graphene
(Table 5) [170,171]. It is known that the shifts of Raman scattering spectra can
appear due to doping or strain effects. As the VGN samples were not doped during
the deposition (and this was confirmed by XPS measurements), the strain influence
on the Raman spectra is more reliable. According to the blue shift of the Raman
scattering spectra of VGN in comparison to pristine graphene, some compressive
strains in VGN are present (Table 5) [172,173]. One can assume that compressive
strains are one of the factors defining the vertical configuration of graphene
nanosheets.

Table 5. Positions of G and 2D bands in Raman scattering spectra of our graphene
samples and pristine graphene

Graphene Posc (cm™?) Poszo (cm™?)
Pristine graphene 1580 [171] 2680 [171]
Planar graphene 1584 2696

VGN 40 min 1592 2699

VGN 20 min 1595 2697
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A small blue shift in the Raman spectra was detected for planar graphene as
well, and it is believed that some p-type doping is a more reliable explanation of this
blue shift [174], while the compressive strains should not be the main reason. It is
known that such metals as Pt, Au, Fe, Cu cause n-type doping [175-178], and
oxygen can give rise to p-doping [171]. It is assumed that the detected oxygen
(Figure 20 a) can be the reason for p-doping and for the Raman spectrum blue shift
in planar graphene. It should be noted that the amount of oxygen in the VGN
samples looks much lower (Figure 20 b and Figure 20 c) in comparison to planar
graphene (Figure 20 a); therefore, compressive strains are, most likely, a dominant
reason for the blue shift of the Raman scattering spectra in the samples of VGN,
although the oxygen influence cannot be eliminated completely.

4.1.5. Electrical properties

A different structure and morphology of graphene leads to different sheet
resistances (Rs) (Figure 23). The planar graphene layer exhibited Rs of 3.62 k€Q/sq.
Due to the structural defects and disorder discussed above, the Rs value is notably
higher than that reported in the literature: for the CVD planar graphene films of
3 nm average thickness whose Raman spectra exhibit a low intensity disorder-
induced D band (0.05 < Ip/lg < 0.3), the sheet resistances were 770-1000 /sq
[179]. What concerns VGN, after 20 min of growth, the film was already electrically
conductive with a sheet resistance of 4.79 kQ/sq, thus verifying the formation of a
continuous nanographite layer aligned along the substrate surface with high
conductive few-layered vertically standing graphene sheets, which closely matches
the research reported in [53]. The Rs of planar graphene is relatively close to VGN
probably because of its high amount of defects, which corresponds to the XPS
measurements (Figure 20 a, b, ¢).
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Figure 23. Measured resistance values versus contact spacing (by TLM method) for
transferred graphene and VGN 20 min film on fused silica substrates. R — measured
resistance of the film, L — channel length between electrodes
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Before starting measurements of the electrical resistance dependences on the
temperature of the VGN 20 and 40 min samples, their longitudinal current-voltage
characteristics (CVVC) were evaluated at temperatures T = 2 K (inset in Figure 24 a)
and T = 300 K (inset in Figure 24 b). For both samples, the |-V characteristics were
linear, which indicates the ohmic nature of the electrical contacts in use. The higher
resistance of VGN 20 min, in comparison with VGN 40 min, is most likely due to
the smaller thickness of the conducting nanographite baselayer and to the vertical
graphene nanostructures being at the initial stage of growth.

It is worth noting the essential features of the behaviour of the electrical
resistance of the samples under study. It turned out that, when stored in air, the
resistance of both samples remained nearly unchanged over time. However, an
increase in resistance was noticed upon repeated sequential cooling and heating of
the samples (thermal cycling) in the temperature range 2-300 K either in gaseous
helium, or upon removal of the samples after heating to air atmosphere. In Figure
24, the dependences of the resistance R of VGN 20 and 40 min samples on the
number of cycles N (four cooling-heating cycles in helium and one helium-air-
helium cycle (cycle N = 3 in Figure 24 a)) are presented. As it can be seen, with the
increasing N, a consistent increase in resistance is observed with a tendency to
saturation. The thermal cycling has the greatest impact on VGN 20 min, where R
increases by more than 20% for N = 5 (Figure 24 a).
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Figure 24. Dependences of electrical resistance R (the left axis) and normalised electrical
resistance Rn/Ro at 300 K (the right axis) for VGN 20 min (a) and VGN 40 min (b) on the
number of thermal cycles N. Thermal cycling corresponds to the cooling-heating process
(300 K — 2 K — 300 K), except for the cycle N = 3 (a) where the atmosphere changed
(helium-air-helium) since the sample was taken out into the air (insets: current-voltage
characteristics of samples VGN 20 min (1) and VGN 40 min (2) measured at temperatures of
2 K (a) and 300 K (b)) [A3]

This way of behaviour can be explained by the rearrangement of defects
within the samples caused by the peculiarities of their formation. As mentioned
above, at the beginning of the MW PECVD process, there is rapid nucleation of
highly defective (practically amorphous) nanographite islands [156,157] which grow
with an increase in the deposition time and conjoin together. Various types of
defects (amorphous carbon, carbon onions and point defects, as well as ring-shaped
defects) are formed at the boundaries of the formed grains, which create internal
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stresses in the nanographitic (NG) baselayer. This can be indirectly indicated by the
reaction of the VGN samples to a change in the atmosphere. Thus, the removal of
the sample from helium to air and its return back to gaseous helium (cycle N = 3 in
Figure 24 a) induced an increase in resistance by about 3%. The described
behaviour of the R(N) curves and their normalised analogues can also be associated,
for example, with the formation of open (dangling) carbon bonds, along which the
charge transfer can occur in inert helium. When placed in the air, such bonds are
passivated by oxygen and nitrogen. These stresses, apparently, can also lead to
discontinuities in the VGN structure.

The role of defects in the sensitivity of electrical resistivity to ambient
conditions is supported by the fact that VGN 40 min synthesised with a longer
deposition time turned out to be noticeably less sensitive to thermal cycling than
VGN 20 min. Thus, in three cooling-heating cycles, the increase in resistance was
only 1.6% (Figure 24 b), which is possibly because of a decrease in stresses at the
grain boundaries of the NG baselayer due to the disappearance of part of defects
during the growth of the vertical graphene components, which originates in the most
defective NG baselayer zones [53,156,157]. An alternative, yet less probable,
explanation may be that VGN 40 min features a thicker NG baselayer, which makes
it difficult to form breaks at the cooling stage.

The ideas expressed above are confirmed by the experiments on measuring the
temperature dependences of the electrical resistance of VGN 20 min and
VGN 40 min for different values of N. Figure 25, which shows the curves R(T)/R:
normalised to resistance at temperature 7 = 2 K, specifies the semiconducting
character of both samples with a changing temperature. Furthermore, as follows
from Figure 25 a, the shape of the curves R(T)/R. progression from 2 K up to 300 K
significantly depends on the number of thermal cycles. Thus, upon the first cooling
of VGN 20 min, the R(T)/R. curve exhibits clearly expressed jumps, which,
apparently, reflect the defect rearrangement described above and possible
discontinuities in the VGN structure. During the fifth cycle of cooling-heating
(curve 2), the number of jumps highly decreases, and the curve R(T)/R, becomes
smoother. The disappearance of such jumps with an increasing N in Figure 25 a
correlates with the saturation of the curve in Figure 24 a.

In the case of VGN 40 min, the normalised dependences R(T)/R; at different N
are indistinguishable (they are smaller than the measurement error), which gives
evidence to a greater stability of this sample, in comparison with VGN 20 min, to a
change in temperature during thermal cycling. In general, the similarity of the
R(T)/R: curves at different N may indicate the retention of the main mechanisms of
the conductivity of both samples after thermal cycling.
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Figure 25. Temperature dependences of the normalised resistance R(T)/Rz (R2 — resistance at
temperature 7= 2 K) for VGN 20 min (a) and VGN 40 min (b). Curve 1 corresponds to the
measurement during the first cooling-heating cycle (N = 1); curve 2 corresponds to the
measurement during the fifth cooling-heating cycle (N = 5). The curve in (b) for
VGN 40 min sample corresponds to 0 <N < 3 [A3]

The investigation of the magnetoresistivity of VGN 20 min was carried out in
more detail. The dependencies of magnetoresistance MR = [R(B) - R(0)]/R(0) on the
induction of magnetic field B (Figure 26) of the sample VGN 20 min reveal the
domination of the negative magnetoresistance (NMR) both at perpendicular (Figure
26 a, b) and in-plane (Figure 26 c, d) orientations of magnetic field B with respect
to the sample’s plane. It is seen that, at T = 2 K, the effect of magnetoresistance is
two times higher at perpendicular geometry with respect to the in-plane one (Figure
26 e).

It is worth mentioning that, in the in-plane geometry, only NMR is detected,
while, at the perpendicular geometry, at higher B values, the positive effect (PMR) is
observed as well.

Figure 26 e shows a comparison between the MR effect measured at 7= 2 K
in the perpendicular and the in-plane orientations of magnetic field B. It is seen that
the difference is not only in the values but also in the shape of the MR curves. Such
a difference is quite typical for graphene.

The in-plane geometry, when field Bi, lies in parallel with the sample’s surface
but perpendicular to the electric field, changes the direction of the Lorentz force as
compared to the case of the perpendicular orientation of magnetic field Bow. The
deviation of the charge carrier’s trajectory under the effect of the Bi, field is directed
along the normal to the sample’s surface, which is impossible in very thin layers.
The thickness of the nanographitic layer in the sample VGN 20 min is probably too
small for the Lorentz force to appear.

The observed behaviour of magnetoresistance for the VGN 20 min sample is
relatively similar to that of the single-layered graphene. This indirectly confirms the
SEM data evidencing a small amount of the vertical graphene and the domination of
the amorphous graphitic layer in the VGN 20 min sample.
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Figure 26. Typical dependencies of MR = [R(B) - R(0)]/R(0) on B at perpendicular (a) and
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4.1.6. Analysis of optical properties

Figure 27 depicts the steady-state absorption spectra of planar graphene
transferred onto fused silica and a bare fused silica substrate (a), as well as graphene
prepared directly by the MW PECVD method (vertical) thin VGN 20 min and
thicker VGN 40 min (b). The absorption spectra of graphene transferred onto fused
silica (planar) are very broad compared to VGN (Figure 27 b). This might indicate
the existence of various additional species/defects in planar graphene as compared to
VGN. It is also observed that planar graphene absorption is relatively large in terms
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of VGN. The domains of graphene multilayers along with unavoidable remaining
contaminations after the transfer process increase the intensity of the absorption of
planar graphene, and therefore it is larger than the high quality commercial graphene
and is compatible with or even larger than VGN.

The absorption peak of planar graphene is at about 245 nm; it is shifted to
shorter wavelengths in terms of the peak of VGNs samples, which is at 270 nm.
Despite having a clear absorption peak of graphene, VGN samples (especially VGN
40 min) are denoted by strong absorption at the spectral area within the 400-800 nm
range, which is relatively much stronger than planar graphene. Here, the influence of
the NG base layer in VGN samples might underlie in comparison to planar
graphene.
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Figure 27. Steady-state absorption spectra of planar graphene transferred onto fused silica
and bare fused silica substrate (a), and graphene prepared directly by MW PECVD method:
(vertical) thin VGN 20 min and thicker VGN 40 min (b), and their normalised steady-state
absorption spectra (c) [A2]

The absorption peak of graphene prepared directly by MW PECVD (vertical
graphene nanosheets) can be associated with the M-point in the graphene band
structure which is characterised by the appearance of the so-called Fano resonance
peaking at around 270 nm (Figure 27 b) [37]. Fano resonance occurs when a
discrete state couples to a continuum of states [180]. The M-point corresponds to
interband transition at the saddle-point (the M-point) in the Brillouin zone of
graphene [10]. It is known that an increase of the thickness of graphene (the number
of layers) causes the redshift of the M-point spectral position [37]. The normalised
absorption spectra of VGN 20 and 40 min demonstrate a similar peak position in
VGN 40 min and VGN 20 min (Figure 27 c). Nevertheless, VGN 40 min exhibits
relatively more intense absorption in the spectral area of longer wavelengths.
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Usually, the absorption peak of high quality planar graphene investigated by
other researchers is located at about 270 nm [37]. That is similar to the measured
VGN (Figure 27 b), but, on the other hand, it has been specified that planar
graphene suffers from a high number of defects. These facts are in correspondence
with the results of XPS (Figure 20 a), but still somewhat contradict the Raman
scattering spectroscopy (Figure 21) results. As it has already been mentioned, I/l
defined from the Raman scattering spectroscopy spectra is higher for VGN samples
than that for planar graphene (Table 3). It yields evidence that Raman scattering
spectroscopy does not provide enough information for the comparison of defects and
disorder in a different type of graphene, i.e., in the planar graphene and VGN
samples. Additional materials analysis methods are necessary to clarify the situation.
In the present research, transient absorption spectroscopy was used.

4.1.7. Analysis of dynamic optical properties

Fused silica was selected as the substrate for the VGN and planar graphene
samples for optical measurements because it only induces negligible artefacts in the
transient absorption experiments [35]. Fused silica does not generate the TAS signal
under excitation of 350 nm (Figure 27 b).

It should be noted that TAS spectra and traces can give information about such
processes as electron-electron scattering, electron-optical phonon scattering, and
phonon-phonon scattering [37,108]. Unfortunately, the first process is too fast for
this setup, while the other two processes can be explored in detail.

It should be noted that TAS spectra of planar graphene are more complex if
compared with the ones for VGN. They consist of a positive component at 370-
480 nm and a negative component at 550-670 nm during the first 0.5 ps (Figure
28). After that time, all TAS spectra become positive. It is visible that the TAS
signal decreases below 400 nm — most likely, the signal becomes negative below
370 nm (Figure 28 a, b, c). The positive signal of TAS of planar graphene was
associated with additional energy levels created by defects. According to the Raman
scattering spectroscopy measurements (ratio of Ip/lp), most of the defects in planar
graphene develop because of vacancies (Figure 21, Table 3). This ratio value was
found to be 6.69, and it can be linked to the above mentioned type of defects [53].
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Figure 28. TAS spectra (a, b, ¢) and traces (d, e, f) of graphene transferred onto fused silica.
Graphene was excited at 350 (a, d), 400 (b, €) and 700 nm (c, f). Excitation intensity was
24 pJ/em?, 19 pJ/em? and 54 pJ/cm?. (TAS data in spectral region 470-540 nm do not have
scientific accuracy due to the probe beam quality at this region) [A2]

In the studies of graphene employing the TAS method conducted by other
researchers, in many cases, no positive TAS signal was recorded at all during the
measurements of high quality graphene [37,181]. According to the Raman scattering
spectroscopy and XPS measurements, planar graphene contains some defects
(Figure 20 a, Figure 21); therefore, one can attribute the registered TAS positive
signal to the defects. The lattice heating effect [181] should probably be excluded
from the factors contributing to the positive signal as it was not clearly observed in
high quality graphene, either [37].
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A comparison of the normalized TAS spectra of planar graphene recorded
under excitations of 350, 400 and 700 nm at a delay time of O ps is presented in
Figure 30 a. The peak maximum of the negative signal part of TAS normalised to
one for TAS spectra is presented so that to illustrate the differences more clearly.
This kind of normalisation allows us to attribute the negative TAS signal to the
pristine graphene excited state relaxation (bleaching because of the Pauli blocking
principle) [35], while a positive TAS signal can be attributed to the defects.

The results indicate that the relatively largest positive value in the TAS signal
is recorded during excitation with the wavelength of 350 nm, while the smallest one
is observed during excitation with the 700 nm wavelength. This fact reveals that the
defects exert a greater influence on the graphene relaxation dynamics when
graphene is being excited at higher power/shorter wavelength laser pulses (Figure
30 a). According to the figure, in planar graphene, there is a higher density of deep
energy levels as compared with the shallow ones. This idea is supported by the
optical fluorescence measurements, where the fluorescence signal was found to be
the strongest in the region of short wavelengths (Figure 29).
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Figure 29. Fluorescence spectra of graphene transferred onto fused silica (planar graphene)
and vertical graphene nanosheets (VGN) grown for 20 and 40 min. Excitation at 350 nm
with Xenon lamp

Comparing the normalised TAS data for the negative signal peak for planar
graphene (Figure 30 a) with the normalised TAS spectra at a delay time of O ps of
VGN 40 min (Figure 30 b), one can see that for VGN 40 min TAS spectra do not
depend on the excitation wavelength. At the same time, the samples of planar
graphene and VGN 40 min have a different structure and structural defects causing
differences in TAS dynamics and their dependence on the excitation wavelength. It
seems that the edges and boundaries in both graphene layers do not influence the
TAS spectra as much as vacancies (Figure 30 a, b).
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Analysis of the relaxation dynamics of planar graphene suggests that the long
lasting positive TAS signal can be ascribed to the defects of graphene (Figure 28,
Figure 31, Table 6), i.e., the excited state relaxation might be attributed to the
energy transfer between the energy states that appear because of the defects.
Surprisingly, such a process is not clearly observed in VGN. One can conclude that
graphene nanowalls in VGN 20 and 40 min samples are of a much better quality,
and/or its defects do not influence the formation of the bandgap. The XPS results
also show that VGN can be considered as better quality graphene than planar
graphene (Figure 20 a, b, ¢, Table 2) in terms of defects.

The TAS traces depicted in Figure 31 have been fitted by the exponential
decay function. In some cases, the traces were best fitted (R?close to 1) with two or
one decay exponents. The most reliable fit data are shown in Table 6. The fits of
traces were analysed at around 400, 440 and 665 nm under excitation of 350, 400
and 700 nm (same like in the case of VGN). The traces at 400 and 440 nm yield
positive TAS values, while the trace at 650 nm has a negative value. The negative
TAS signal can be attributed to the pristine graphene signal, and it has a similar
physical meaning to those of VGN 20 min and VGN 40 min. This negative signal
decay was fitted with one exponential function till 0.3 ps because it changed into a
positive TAS signal after this decay. Unfortunately, the relaxation of the positive
signal of planar graphene (Figure 31 c) was too noisy to receive reliable clear
results and the corresponding dependencies.
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Figure 31. TAS traces of graphene transferred onto fused silica at 400 (a), 440 (b) and 665
nm (c) under excitation at 350, 400 and 700 nm (different photon energy) [A2]
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Table 6. TAS relaxation decay times (z) of planar graphene measured at a probe
wavelength of 400407, 440-455, 665 nm with pump wavelengths of 350, 400 and
700 nm. Traces were fitted with the biexponential or exponential decay function
[A2]

TAS traces/ex 71 (PS) A1 72 (PS) Az
404 nm ex 350 nm 0.82+0.06 0.42+0.02 24.4+2.8 0.24+0.01
407 nm ex 400 nm 0.50+0.05 0.46+0.02 9.4+1.1 0.27+0.02
400 nm ex 700 nm 0.30+0.03 0.86+0.03 2.310.4 0.31+0.04
440 nm ex 350 nm 1.95+0.11 0.40+0.01 58.7+5.8 0.20+0.01
440 nm ex 400 nm 1.86+0.13 0.43+0.01 52.8+9.1 0.16+0.01
455 nm ex 700 nm 1.64+0.09 0.77+0.02 - -

665 nm ex 350 nm 0.15+0.01 1.09+0.02 - -
665 nm ex 400 nm 0.15+0.01 1.11+0.04 - -
665 nm ex 700 nm 0.18+0.01 1.72+0.04 - -

One can also observe that the relaxation dynamics of the positive signal (traces
400 and 440 nm) is far more complex than for the negative one (Table 6). The
relaxation of the positive signal is the slowest under excitation at a short wavelength
(350 nm) and the fastest under excitation of a long wavelength (700 nm) (Table 6).
Apparently, it is because of the different energy levels of defects that were excited
with laser pulses of a different wavelength. It seems that the relaxation dynamics
throughout the defects with higher energy levels is slower.

The samples of VGN 20 min and VGN 40 min were excited at 350, 400 and
700 nm, thereby enabling studies of photon energy influence on the excited state
relaxation dynamics in graphene. In order to evaluate the relaxation times, the TAS
traces were fitted by the exponential decay function. The traces were fitted at probe
wavelengths of 420, 460, 600, 665 nm. The TAS results are shown in Figure 32,
Figure 33 and Table 7. It is evident that different excitation wavelengths cause
different relaxation times. The higher is the photon energy, the longer is the
relaxation time of the excited states (Table 7) for VGN 40 min, while the sample
VGN 20 min does not show any clear dependence on the excitation wavelength
(Table 7). This different behaviour probably stems from the high signal/noise ratio
for VGN 20 min. VGN shows a TAS signal that is similar to the one for high quality
planar graphene, thus indicating that vertical graphene nanosheets with the
nanographitic layer have a small number of defects and are denoted by a relatively
high quality graphene structure [37]. This also corresponds to the XPS results and
the detailed analysis of steady-state absorption. On the other hand, the analysis of D,
G and 2D peaks in the Raman scattering spectra (Figure 21) shows a comparatively
low quality of graphene as well as abundant defects. This fact indicates that Raman
scattering spectroscopy, commonly known for being the best technique used so far
for the graphene quality evaluation [30], according to presented results, is not
sufficient for the detailed graphene quality estimation in the case of VGN
configuration. Due to their structure, VGN films have many more boundaries and
edges in comparison to planar graphene, which could increase the D band
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dramatically. Complete characterisation of such graphene layers should include
optical methods, such as TAS, or other measurements, like XPS.
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Figure 32. TAS spectra (a, b, ¢) and traces (d, e, f) of vertical graphene sheets prepared
directly on fused silica (VGN 20 min). Graphene was excited at 350 (a, d), 400 (b, e) and
700 nm (c, f). The excitation intensity was 23 pJ/cm?, 13 uJ/cm? and 48 pJ/cm?. (TAS data in
the spectral region 470-540 nm do not provide valuable physical meaning due to the probe
beam quality in this region)

62



0.2
@M\ i .\J
0.0 fET— e E
J - d
- g M - —— 420 nm
[=] L o i
Q o4l o 460 nm
5 06l —0.1ps 5 — 665 nm
| —0.2 ps
08 —0.5ps
10k 1ps
L —9ps
71.2\ 1 L 1 n 1 L 1 L 1 i 1 712 n 1 L 1 L ".f".f.lu\ul.lulululn
400 450 500 550 600 650 05 00 05 234567889
Wavelength (nm Decay time (ps
.5 gth (nm) . y time (ps)
=) A=)
o (=]
E E
< <
< <3
08 Lk ) 1 ".r".r|\|||||
400 450 500 550 600 650 05 00 05 234567889
Wavelength (hm) o Decay time (ps)
. [
0.0
=) & 01
o 3
- Ops E o
g ' —0.1ps !
03 e ().2 ps 03
F —0.5ps
04+ 1ps -0.4
_0_5-| 1 i 1 .glpS. | 1 | 05 " L | L "uf"fwll‘llw||‘|||||
400 450 500 550 600 650 05 00 05 23456789
Wavelength (nm) Decay time (ps)

Figure 33. TAS spectra (a, b, ¢) and traces (d, e, f) of vertical graphene sheets prepared
directly on fused silica (VGN 40 min). Graphene was excited at 350 (a, d), 400 (b, ) and
700 nm (c, ). The excitation intensity was 23 pJ/cm?, 13 pJ/cm? and 48 pJ/cm?. (TAS data in
the spectral region 470-540 nm do not provide valuable physical meaning due to the probe
beam quality in this region) [A2]

It is worth noting that, in the measured samples, the TAS relaxation for VGN
20 min and VGN 40 min possessing only one fast component takes place, and no
meaningful sign of slower component was observed. Although there is evidence of
the formation of a positive long lasting signal, it probably appears due to the defects
in graphene that are introduced during direct fabrication by MW PECVD on fused
silica. Unfortunately, the intensity of the positive signal is too low to be measured
and analysed properly.
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The decay times defined and given in Table 7 can be attributed to the electron-
phonon coupling process [37,108]. Apparently, phonon-phonon scattering is a
highly inefficient process; therefore, it cannot be observed in the TAS relaxation
traces of VGN samples, while the electron-electron scattering process is too fast for
the used setup.

Table 7. Ultrafast relaxation decay times (z) of vertical graphene associated with the
electron-phonon scattering process in VGN 20 min and VGN 40 min samples [A2]

Wavelength (nm) 7 (ps)/350 nm 7 (ps)/400 nm 7 (ps)/700nm

VGN 20 min

420 0.098+0.009 0.098+0.007 0.147+0.011

460 0.150+0.009 0.088+0.005 0.090+0.008

600 0.123+0.005 0.123+0.006 0.095+0.004

665 0.115+0.004 0.147+0.008 0.147+0.008
VGN 40 min

420 0.149+0.010 0.104+0.006 0.093+0.009

460 0.150+0.008 0.119+0.006 0.082+0.006

600 0.117+0.005 0.105+0.005 0.098+0.006

665 0.139+0.005 0.119+0.005 0.101+0.004

It is known that relaxation at short wavelengths attributed to the electron-
phonon coupling process should be faster than that at longer ones [181]. On the
other hand, the analysis of defined relaxation times does not demonstrate any clear
dependence on the wavelength used for the analysis of the samples VGN 20 min and
VGN 40 min.

The TAS spectra of VGN 40 min recorded by using various excitation
wavelengths of 350, 400 and 700 nm at a delay time of 0 ps were normalised to 1
according to the negative TAS value. No clear difference in the TAS spectra for the
varying excitation wavelengths was observed for VGN 40 min (Figure 30 b),
contrary to planar graphene (Figure 30 a).

One can find as well that the TAS spectra and traces presented in Figure 32,
Figure 33 look similar to the ones recorded for relatively high quality planar/pristine
graphene as shown in [107,181,182].

The fast rise time in the TAS signal can be attributed to electron-electron
scattering (not fitted), while the fast relaxation of VGN taking place during ~0.1 ps
can be attributed to electron-phonon coupling (Figure 32 d, e, f, Table 7). This
result is in good agreement with other outcomes provided in the literature
[37,106,107,182-184] (Table 8).

One can see that the fast decay of the signal at 665 nm is fairly similar for the
samples of graphene transferred onto fused silica and made by the direct MW
PECVD method (VGN). This signal can be attributed to the relaxation of the excited
state of graphene, and the negative signal appears because of the Pauli blocking
principle. In the case of transferred graphene onto fused silica (planar graphene), the
new signal ‘rises’. This signal is assigned to the energy relaxation due to the
additional energy levels that appear because of the defects in graphene. This long-
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lasting signal could also mean energy (heat) transfer from graphene to the fused

silica substrate because of the surface polar phonon scattering [105].

Table 8. Electron-phonon coupling decay times for various types of graphene

registered in this research and by other researchers

Decay times of

Excitation
Graphene Probe electron-
wavelength Reference
type (nm) wavelength/energy phonqn
coupling
Planar 350; 400; 700 665 nm 153;147;180  Table 6
graphene nm fs
VGN 40 min  350; 400; 700 665 nm 139;119; 101  Table7
nm fs
1 layer 400 nmand 800  260—640 nm 160 fsand 4 ps [37]
nm (1.94-4.77 eV)
8 layers 350 nm 440-590 nm 180 and 90 fs [183]
(2.1and 2.8 eV)
1 layer 800 nm (1.55 475 nm (2.6 eV) 70 and 230 fs [182]
eV) 750 nm (1.65 eV) 270 and 2030
fs
A few layers 350 nm 618 nm (2 eV) 177 fs [107]
515 nm (2.4 eV) 143 fs
680 nm 618 nm (2 eV) 153 fs
515 nm (2.4 eV) 134 fs
1 layer 550 nm (2.25 850-1030 nm (1.2—  150-170fsand [184]
eV) 1.45eV) >1000 fs
1030-1765 nm (0.7—
1.2eV)
5 layers 1150 nm 1300 nm 260 and 2900 [106]
fs
15 layers 1150 nm 1300 nm 280 and 2600 [106]
fs
37 layers 1150 nm 1300 nm 240 and 2200 [106]
fs
39 layers 1150 nm 1300 nm 240 and 1900 [106]
fs

According to the measured steady-state fluorescence spectra of VGN 20 min,
VGN 40 min and planar graphene, planar graphene shows at least a 10-time stronger
signal than VGN 20 or 40 min (Figure 29). This indicates that planar graphene has
more defects than VGN, which leads to more efficient bandgap formation [130]. In
accordance with the data of fluorescence measurements, a previous claim can be
supported that the positive TAS signal of planar graphene can be attributed to the
energy transfer between the additional energy levels created by the defects. The
fluorescence of graphene becomes more intense at shorter wavelengths, thus
evidencing that there are more defects associated with the high energy levels in
graphene (Figure 29). This explains the fact that the excitation at a different
wavelength (350, 400, 700 nm) leads to a diverse effect on the relaxation dynamics
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of the positive TAS signal (Figure 31, Table 6). It can also explain why there is
only the positive TAS signal at shorter wavelengths in planar graphene (Figure 28)
— this happens because of the higher density of the energy levels created by defects.
According to the low fluorescence intensity, VGN 20 and 40 min have a lot less
additional energy levels associated with defects in graphene. This explains the fact
that the positive TAS signal was not observed in VGN 20 and 40 min (Figure 32,
Figure 33). Finally, the results of fluorescence measurements are in good agreement
with the TAS, XPS and steady-state absorption data.

Following the explanations suggested in [35,107], an attempt was made to
present graphically the elementary processes taking place during relaxation in
pristine graphene (Figure 34), and a rough scheme of the potential excited state
relaxation (Figure 35 a, b and c, d) taking place in the defected planar graphene as
well as vertical graphene sheets, with reference to the given results of the steady-
state absorption, TAS and fluorescence measurements.

One should keep in mind that the number of layers varies in planar graphene
and VGN samples over the surface area; moreover, these layers interact with each
other (i.e., electron coupling between separate layers occurs) differently in a diverse
type of samples; therefore, a simplified energy level diagram with one valence band
(VB) and one conduction band (CB) was used that allowed to qualitatively explain
the processes taking place during the TAS analysis. Accordingly, addition of the
additional VB and CB energy levels (due to the presence of few-layer graphene) in
the model [48,109,185-188] in principle does not change the explanation of the TAS
data. For this reason, in the offered simple schemes of ultrafast processes in
graphene, the use of more than one VB and CB curve was avoided merely in order
not to make them excessively complicated yet still incomplete.

According to Figure 34, in pristine graphene, the distribution of hot electrons
(grey circles) excited by pump pulse relaxes towards the Dirac (K) (shown in Figure
34) point by losing energy because of phonon emission. When half of the probe-
pulse energy matches the maximum of the electron distribution, absorption is
strongly suppressed by Pauli blocking, and the transition is bleached [35,107], which
causes the negative TAS signal. During the TAS measurements, the femtosecond
pump pulse excites carriers from the valence to the conduction band via dipole-
allowed 7—=* transitions around the K and K' points of the band structure. The
photo-excited carriers block the corresponding interband transitions and cause a
decrease of absorption due to state filling, which results in the absorption decrease
AA at early delay times [189].
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Figure 34. Scheme of ultrafast relaxation dynamics in pristine graphene [A2]

Figure 35 presents ultrafast processes taking place in two types of graphene
featuring localised energy states: i.e., planar graphene with many defects (Figure 35
a, b), and VGN with some defects (Figure 35 c, d). The figure shows arrows that
represent different wavelengths of 350, 400 and 700 nm which were used for the
excitation and probe wavelengths that symbolise the white light used for differential
absorption measurements of relaxation of the hot electrons in graphene samples. The
relaxation of the excited state of pristine graphene appears because of the emission
of optical phonons, such as the Ex;-mode near the zone centre (the C-point) and the
A'1-mode at the zone edge (the K-, K'-point) (these points correspond to Figure 35 a,
c top dot lines) [190]. Because of the presence of the defects, the bandgap is formed
in both cases of planar graphene and VGN 40 min graphene [130]. Although,
regarding VGN 40 min, it should not be expressed so clearly (i.e., the value should
be lower) as in the case of planar graphene (Figure 35). The simplified energy level
diagram of graphene (Figure 35 a, c) is applied without taking into account the
complexity of the energy levels typical for two-layer or multilayer graphene that
could make the diagram excessively complex [48,185-188,191]. Planar graphene
(Figure 35 a) features many defects and evidently has a high concentration of
localised energy states leading to strong fluorescence. The high concentration of
defects in planar graphene is shown as longer and denser lines in comparison to
VGN 40 min which represents localised energy levels (Figure 35 a, ¢). The transient
absorption data for this type of graphene show fast negative signal relaxation that
turns into a positive long lasting signal (Figure 35 b). This can be associated with an
energy transfer from planar graphene to the localised energy states that appeared due
to defects. Evidently, a large part of the excited state relaxation dynamics of planar
graphene happens because of the relaxation into localised energy states. The strong
fluorescence of planar graphene from the localised energy levels supports this idea
(Figure 29).

What concerns the vertical graphene nanosheets (Figure 35 c), despite the
phonon emission, relaxation to the localised defects induced energy states also
appears, which leads to fluorescence. One can suppose that the concentration of the
defects is much lower as the fluorescence is much weaker than that in planar
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graphene (Figure 29). As a result, the recorded TAS relaxation dynamics in VGN
40 min have only a negative fast relaxation component and no clear positive TAS
signal. It should be noted that the TAS of VGN 40 min does not have a slower
relaxation component (~2 ps) that is recorded for defect-free graphene [36], which
signifies that VGN 40 min has more defects in comparison to pristine graphene.
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Figure 35. Simplified scheme of ultrafast processes and the TAS signal relaxation trace that
represents them at the probe wavelength of 665 nm for planar graphene (a, b) and
VGN 40 min (c, d). (The simplified energy level diagram of graphene (Figure 8 a, ) is
applied without taking into account the complexity of energy levels typical for two-layer or
multilayer graphene) [A2]

In conclusion of this Section 4.1., the complex analysis performed by SEM,
AFM, XPS, Raman scattering spectroscopy, TAS and other methods has revealed
that the properties of graphene layers formed by the microwave plasma-enhanced
chemical vapour deposition on catalytic Cu foil and transferred onto fused silica
(planar graphene) and directly deposited vertical graphene nanosheets onto fused
silica are relatively different in terms of the morphology, structure, and defects.

It was determined that the main type of defects in vertical graphene nanosheets
together with the nanographitic layer were the edges and boundaries, and the defects
in planar graphene were mostly developed because of vacancies.

It was demonstrated that transient absorption spectroscopy is an efficient
method to inspect the quality of both types of graphene, and that it can complement
the Raman scattering spectroscopy method. It was shown that Raman scattering
spectroscopy has some limitations in the analysis of the defects and the disorder of
graphene in VGN films. The complex analysis of graphene layers, in parallel to the
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TAS measurements, demonstrates that the TAS analysis of the excited state
dynamics in graphene might lead to the creation of an effective methodology of the
evaluation of the quality of graphene.

4.2. Investigation of the properties evolution with deposition time of vertical
graphene nanosheets layers

In these studies, vertical graphene nanosheets of various heights and densities
were grown onto fused silica substrates by the metal-catalyst-free microwave
plasma-enhanced chemical vapour deposition technique at different growth
durations from 20 min to 140 min to follow the evolution of VGN properties along
with the deposition time. The feedstock of the working gases and the applied MW
power was kept constant while focusing solely on the influence of the deposition
duration. The growth kinetics of VGN was investigated by using a combination of
methods aiming to evaluate the relation between the structure and quality of VGN.
TAS, together with other classical techniques, was used for the investigation of
carbonaceous nanostructures, including scanning electron microscopy, atomic force
microscopy, and Raman scattering spectroscopy. Thus, a number of techniques were
applied for the analysis. The majority of the results provided in this Section 4.2.
were published in [A1].

4.2.1. Morphology analysis

The surface morphology of VGN films deposited at different plasma
processing durations was investigated by using SEM and AFM. Typical SEM
images are presented in Figure 36. A conspicuous alteration in surface morphology
is observed depending on the deposition duration.

VGNs20min" | VGNs40min "

deposition conditions (1.2 kW microwave power, CH4/H> gas ratio of 1/3) with only varying
deposition duration: 20-140 min. All samples were tilted by 45°, scale bar 200 nm [A1]
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After 20 min of deposition (Figure 36), the film was composed of small
nucleation islands of graphene sheets over the surface of the nanographitic (NG)
layer. The lateral length and height of VGN enlarged with the increasing growth
time up to 100 min is shown in Figure 36. A further increase in the deposition
duration did not result in a more prosperous intercalated network of VGN, but, on
the contrary, the nanosheets started to grow appreciably smaller (Figure 36,
VGN 140 min). This shows that the mechanism of VGN formation on insulating
fused silica substrates is fairly intricate and sensitive to the synthesis operating
parameters and plasma stability [28], and it still needs to be understood. A detailed
explanation is provided in Section 4.1.2.

As an outcome, a subsequent increase in the deposition duration consequently
increases the density and the height/length of VGN until 100 min (Figure 36). Yet,
even further deposition for 140 min unexpectedly resulted in less expressed VGN.
This might have happened due to plasma instability and conditioned electric field
alterations in the sample vicinity through plasma jumps or the ignition of new
flashpoints, especially on the corners/edges of the specially used protective
enclosure (a metal cover on the sample) [146]. The fluctuations of the confined
operating conditions are more probable for long-term depositions [72]. Here, the
limitation of the microwave plasma equipment is encountered since the required
stability for the depositions can be maintained up to 100 min while applying the
specific microwave power, CH4/H, gas mixture proportion, and other operational
parameters (see Section 2.1.). Afterwards, the synthesis progress becomes less
predictable, and it may result in significant morphology changes.

The quantitative evaluation of the VGN upright dimensions was carried out
from the AFM analysis of the 1 um X 1um area presented in Figure 37.
Unfortunately, owing to the insufficient tip sharpness and its interaction with the
dense VGN network, it was not possible to properly characterise the 100 min
sample, and it was thus excluded from the further AFM analysis The preliminary
measurements indicated that the nanostructures were higher than 75 nm. The
arithmetic average roughness (Ra) and the root mean square roughness (Rq) depicted
in Figure 37 f increase from 28 nm up to 73 nm for the samples VGN 20-80 min
along with the deposition duration, yet the level eventually falls to the value of
35 nm for the VGN of 140 min. The trend of the roughness dependence on the
deposition durations is almost linear up to 80 min, whereas it sets back for the last
sample. The VGN 140 min sample exhibits as dense nanosheets as these of
VGN 80 min, and it also has a larger amount of vertical nanostructures than the
VGN 60 min sample as can be seen in the SEM (Figure 36) and AFM 3D (Figure
37 c,e) images, although the estimated roughness parameters (R. = 4.9 nm,
Rq=5.9nm, an average height of roughness 35 nm) are closer to the ones of
VGN 60 min (Ra=3.9nm, Ry = 5.2 nm, an average height of roughness 35 nm)
(Figure 37, c, e, ).
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Figure 37. AFM 3D images and selected profiles (indicated by the line) of VGN 20-140 min
sample surfaces (a—€), and the dependence of the calculated roughness parameters on the
growth duration of these VGN: R, — roughness arithmetic average, Rq — root mean square

roughness (f) [A1]

4.2.2. Structural characterisation

Raman spectroscopy was used for the structural characterisation including the
crystalline state, defects, and disorder of VGN films directly deposited onto fused
silica substrates. The typical Raman spectra of VGN samples grown at different
durations under the same technological operation conditions are depicted in Figure
38 a. One can see well-expressed G and 2D bands which are assigned to the
graphitic structure. All Raman spectra comprise D, D', D+D’' and D+D"” bands
(Figure 38 a) which are attributed to the presence of defects and disorder due to a
large quantity of grain boundaries, edges states, the bond stretching mode of sp®
hybridised carbon atoms, point defects, aromatic rings, fullerene-like structures, ion-
induced defects coming from a highly defective interfacial NG base layer [192]. As
one can see, these bands are absent in commercial planar (pristine) graphene (Figure
38 a).
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Figure 38. Raman scattering analysis. Raman scattering spectra of VGN deposited at 20-140
min and commercial graphene (a), FWHM (b), Posg (€), l20/le (d), Ip/lc (€), I/l (f)
dependencies on the growth duration [A1]

The fitting results of the characteristic bands are presented in Table 9 and
Figure 38 b—e, Figure 39. It should be noted that, along with the growth time, the
intensities of the G and 2D peaks increase, the full widths at half maximum
(FWHM) of the corresponding bands decrease (with slight fluctuations) (Figure 38
b), and the G and D’ peaks become more separate, which specifies a more ordered
structure, except for the VGN sample grown for 140 min [53,156]. Besides, the G
band positions (Poss) downshift from 1597.85 to 1585.96 cm™ (Figure 38 c), and
the intensity ratios l.o/lg increase (Figure 38 d) with the deposition time, thereby
indicating the enhancement in crystallinity [53], yet, again, except for the longest
grown sample. The VGN deposited at 140 min demonstrates a more defected, less
developed crystalline structure.
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Figure 39. Typical Raman spectrum of VGN grown for 100 min onto fused silica substrate
by microwave plasma-enhanced chemical vapour deposition (MW PECVD) and its
deconvolution with a Lorentzian line shape

Table 9. Fitting results of characteristic peaks of Raman scattering spectra

sample VGN20 VGN40 VGN60 VGNB80 VGN  VGN Cog‘lamne;fia'
min min min min 100 min 140 min graphene
Posp (cm?) 1349.74 135210 135273 1351.89 135337 1351.88 134752
Io (a. u.) 5860.22 7500.97 8272.93 9530.56 8748.38 8983.30 110.90
FWHMb (cm?) 5758 4562 4617 4290 4485  76.88 15.02
Posc (cm?) 1597.85 1504.18 1501.64 1588.94 158825 1585.96 1595.03
le (a u.) 336475 409478 539372 6104.86 6536.83 482551 3144.87
FWHMe (cm?) 4273 4013 4069 3959 3088  68.19 10.57
Poso: (cm) 1619.62 161978 162142 162048 162022 1611.82 1628.43
Io (a u.) 142872 173924 1824.83 200229 2057.83 3206.61 61.58
FWHMo (cm?) 2100 2224 2226 2279 2390  39.76 6.93
POS20, cmrt 269354 270102 270356 2701.86 2702.13 2697.04 2692.61
l2o (a. u.) 998.88 2456.38 4072.05 545590 5895.34 2058.91 6238.68
FWHMp (cm) 80.31 7899 7600 7016  70.33  139.03 30.75
2o/l 0.30 0.60 0.75 0.89 0.90 0.43 1.98
Io/lG 1.74 1.85 131 156 1.34 1.86 0.04
Io/lo 411 436 453 4.76 4.25 2.80 1.80

The Raman peak positions of the G and 2D bands of VGN samples are blue-
shifted in comparison to commercial planar graphene (Table 9) and pristine
graphene from reference [171]. This could be caused by the compressive strains of
vertical graphene nanosheets and the nanographitic layer [146]. The blue shift of the
commercial graphene Raman peaks can be attributed to the p-doping that appears
because of PMMA used for its transfer onto fused silica substrate [193]. Concerning
a direct comparison of VGN samples with commercial planar graphene, it becomes
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somewhat complicated, whereas not all fitting parameters of the commercial
graphene spectrum are reliable due to its high quality and, consequently, of the low
intensity and the merger of the peaks (these parameters are marked in Italic in Table
9).

Furthermore, it is known that the intensity ratio Ip/lg provides information
about the number of defects in a disordered graphitic material [194]. The data
presented in the graph of the I/l ratio dependence on the growth time more or less
follow the trend of a parabola and varies in the range from 1.31 to 1.86 (Figure 38 e,
Table 9), where the sample VGN 60 min features the lowest amount of defects (the
minimum of the parabola), whereas the sample grown the longest (140 min)
possesses the highest number of defects. What is more, it is clarified that the
intensities of the D and D’ peaks also depend on the nature of the defects within the
material [195]. According to classification presented in [164], the Ipo/lp ratio with
the value of 7 corresponds to vacancy-like defects which are more common for
planar graphene as was shown in previous studies [A2]. As displayed in the plot of
Io/lpr vs. the growth duration (Figure 38 f), the Ip/lp ratio values of the VGN
samples (Table 9) are located in the area close to the value of 3.5 which indicates
the presence of boundary-like defects, and this is a peculiarity of vertical graphene
films [53]. The estimated average distance between the nearest point defects (Lp)
and the average crystallite size (L.) [A2][48] vary within the ranges of 8.80-
10.49 nm and 2.37-3.39 nm, respectively, for VGN samples (Table 10). These
calculations were performed by using the method described in references
[53,95,156,167-169,196]. It is also important to note that, starting from the VGN
100 min sample, Ip/lp starts to drop down towards the zone describing the on-site
defects characterised by Ip/lp ~1.3. On-site defects are related to out-of-plane atoms
bonded to carbon atoms in the graphene sheet (specifically, sp* hybridization) and
appear in the form of dimers or clusters [164].

Table 10. Average distance between the nearest defects (Lo), and the average
crystallite size (La) for VGN

Graphene Lo (nm) La (nm)
VGN 20 min 9.10+4.80 ~2.53
VGN 40 min 8.83+4.65 ~2.38
VGN 60 min 10.49+5.53 ~3.39
VGN 80 min 9.61+5.07 ~2.82
VGN 100 min 10.37+5.47 ~3.28
VGN 140 min 8.80+4.64 ~2.37

The optical microscope images (Figure 40) of all the VGN samples contain
black dots of a varying size and density over the surfaces. High-resolution SEM
micrographs of those dark spots (Figure 41) revealed the presence of nanofibers
twisted into diverse ball-like aggregates and other 3D carbon nanostructures which
could be attributed to the above mentioned on-site defects.
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Figure 40. Optical microscope images of VGN samples deposited at 20—140 min (scale bar
50 pm)

Figure 41. Low magnification SEM images of VGN 140 min; (a) and (b) tilted at 45°, (c)
and (d) tilted at 90°
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The explanation for this phenomenon lies in the deposition conditions — the
amount of the H. component in the CH4/H> gas mixture, as well as the thermal and
electrical energy, were high enough [154] for the enhanced formation of other
carbon deposits such as a-C, carbon nanotubes, carbon nanofibers, graphitic
fragments, and the rugged columnar structures of a-C on top of the surface [197].
Such deposits could have been conditioned by the formation of high-mass ionic
carbon clusters CoHy" (n>2, x = 1, 2, 3) comprising the generation of low-mass ions
from the reactions induced by energetic electrons and hydrogen ions or molecules,
and the successive ionic chain polymerisation [72,154]. The VGN 60 min appears to
possess the ‘cleanest’ surface, while VGN 140 min — the most ‘contaminated’ one,
which is a good agreement with the Raman spectroscopy results (Figure 38).

4.2.3. Electrical properties

Electrical TLM measurement results support the observations in the
morphology changes of the grown VGN samples which lead to different sheet
resistances (Rs) as presented in Figure 42.

For the sample VGN 20 min, the Rs value is the highest, and it equals
7.20 kQ/sq due to the structural defects and the disorder of the predominant lightly
conductive NG base layer as discussed above. With the growth time increasing till
100 min, the sheet resistance gradually decreases down to 0.88 kQ/sq, which
indicates the growing network of high quality and particularly conductive few-
layered VGN which starts to prevail over the relatively highly resistive NG film.
The sample VGN 140 min does not follow this progressive tendency and shows a
slightly elevated Rs value of 0.90 kQ/sq because of a less developed vertically
standing graphene net, as can be seen in the SEM micrographs (Figure 36) and in
the AFM measurement scans (Figure 37 e). Such electrical investigation is
particularly sensitive to the most conductive parts of these complex VGN layers (as
the current flows along the shortest path) which are crystalline vertical graphene
sheets and are not affected by the presence of 3D carbon structures which develop
on the samples’ surfaces as out-of-plane defects.
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Figure 42. Sheet resistance dependence on the growth duration of VGN 20-140 min
samples. The inset depicts the schematics and a photo of a typical sample with electrodes
used in TLM measurements [Al]
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4.2.4. Optical properties

The steady-state absorption spectra of VGN samples are shown in Figure 43
a. One can see that, for VGN samples grown for 20-100 min, the absorbance
(optical density) increases with an increase of the processing duration. This can be
explained by the growth of the effective thickness of vertical graphene nanosheets
with a longer deposition time (Figure 13, Figure 36). Surprisingly, VGN 140 min
does not show an increase in absorption at a wavelength of 270 nm and is even
lower compared to VGN 100 min (Figure 43 a). Nevertheless, the integrated
absorbance of VGN 140 min is larger than the one of VGN 100 min because
VGN 140 min has larger absorption at the spectral area of ~320-600 nm. The
relative increase of the absorbance of VGN 140 min in the long wavelength region is
even more visible from the normalised absorption plot (Figure 43 b). This increase
of absorbance at the ~320-600 nm wavelength range could mean the formation of
new carbon derivatives [198,199].
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Figure 43. Steady-state absorption spectra of vertical graphene nanosheets (the fused silica
extinction spectrum was subtracted (a); in the inset: the received absorption spectra were
normalised (b)), and the steady-state absorption values at 270 nm of samples VGN 20-140
min and commercial planar graphene (the horizontal line) in the inset (c) [A1]

The Raman spectroscopy (Figure 38, Table 9) and morphology analysis
(Figure 40, Figure 41) support the idea about an increase of carbon allotropes in the
VGN 140 min sample in comparison to the other samples. It is known that the
absorption peak at 270 nm corresponds to excitonic Fano resonance which reflects
the interband transition at the M-point (the saddle-point) in the Brillouin zone of
graphene; therefore, this peak can be associated directly with graphene absorption
[10,37,180]. Thus, the VGN 140 min sample has less graphene (sp? bonded carbon
atoms) than the VGN 100 min sample.
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4.2.5. Nonlinear optical properties

The TAS measurements of VGN and commercial graphene were performed in
order to investigate the correlation between the excited state relaxation dynamics
and the defects of VGN samples (Figure 44). It should be noted that only a negative
TAS signal was observed for all the samples (Figure 44). It is known that a negative
TAS signal is typical for graphene [189] and it appears because of the Pauli blocking
principle [184]. Commercial planar graphene TAS results confirm that VGN
samples comprise sp? bonded carbon atoms (Figure 45).
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Figure 44. TAS spectra (a, ¢, €, g) and traces (b, d, f, h, j, i) measured for VGN deposited
when using different durations: 20 (a, b), 40 (c, d), 60 (e, f), 80 (g, h), 100 (i, j) and 140 min
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Figure 45. Transient absorption (pump-probe) spectra (a) and traces (b) of commercial
planar graphene (pristine graphene) transferred onto fused silica
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The TAS signal amplitude values were picked from the trace 750 nm (at the
peak of the negative TAS spectra) at O ps and presented in Figure 46, where one can
see that this value depends on the growth time. The graph depicts almost perfect
linear TAS signal dependence on the VGN growth time except for the sample
VGN 140 min, in which case the amplitude decreases dramatically. This dependence
correlates with the steady-state absorption data presented in Figure 43 ¢, except that
VGN 140 min TAS signal amplitude decreases more in comparison to the
absorption spectrum. It should be noted that the dependence of the roughness of
VGN measured with AFM on the growth time (Figure 37 f) exhibits some
similarities to the variation of the steady-state absorption amplitude at 270 nm
(Figure 43 c) and the amplitude of TAS traces 750 nm at 0 ps (Figure 46).
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Figure 46. TAS signal amplitude at 750 nm; 0 ps delay line of VGN 20-140 min samples
and commercial graphene

Excited state relaxation dynamics was extracted from the TAS traces depicted
in Figure 45 while fitting them by the two exponential decay functions:

t t
1(t) = Aje 1+ Aye 2+ I; (Eq. 7)

where Ai; A; are the amplitudes, and 71, 7, are the decay time constants, while o
represents the TAS signal background [152].

The fitting results are summarised in Table 11 and Figure 47. The differences
in the relaxation dynamics of different VGN samples are highlighted in the semi-
logarithmic plot of the normalised TAS signal traces depicted in Figure 48. From
the analysis of the data presented in Table 11 as well as Figure 48, one can
conclude that the sample of VGN 140 min does not follow the general tendency
similarly to what was expected from the morphology and Raman scattering
spectroscopy analysis. Its integrated steady-state absorption is the largest, but the
TAS signal is less intense than that of the samples VGN 100 min and VGN 80 min.
It seems that VGN 140 min has less graphene in comparison to VGN 100 min and
even VGN 80 min. According to the TAS results, it is most probable that
VGN 140 min has a larger amount of other carbon derivatives. This explains the
obtained largest integrated steady-state absorption of this sample.
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Table 11. Decay times and amplitudes of VGN 20-140 min samples based on TAS

data*
Sample (trace at
665 r?m)( 71 (pS) A1 72 (ps) A R?
VGN 20 min 0.15+0.01 0.96%0.03 2.33+2.41 0.04+0.02 0.9748
VGN 40 min 0.16%0.01 0.95%0.02 4.82+3.27 0.05+0.01 0.9860
VGN 60 min 0.16%0.01 0.9+0.02 1.93+0.62 0.1+0.02 0.9913
VGN 80 min 0.16%0.01 0.94+0.02 1.71+1.22 0.06+0.02 0.9913
VGN 100 min 0.16%0.01 0.96%0.02 2.44+2.04 0.04+0.01 0.9898
VGN 140 min 0.13+0.01 0.98+0.02 4.55+11.93 0.02+0.02 0.9892
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Figure 47. Decay amplitudes (a, b) and times (c, d) of VGN 20-140 min samples based on

Figure 48. Normalised TAS traces at 665 nm of samples VGN 20-140 min

80

AA (normalized)

TAS data [Al]
—— VGN 20 min
10 —— VGN 40 min
—— VGN 60 min
—— VGN 80 min
1 —— VGN 100 min
—— VGN 140 min
—— Commercial graphene
0.1
0.01

-05 00 05 10 15 20 25 30
Delay time (ps)



The decay times of pristine (commercial planar) graphene are shown in Table
11. Both TAS and Raman scattering analysis indicate that VGN 60 min has the best
quality graphene based on the Io/lg and TAS signal decay data (Figure 38 e, Table
9, Table 11). For the quality of the VGN analysis, the most interesting parameter
from Table 11 is A,. The values of A, which correspond to samples VGN 60 min
and VGN 80 min, have the largest relative amplitudes of 0.1 and 0.06, respectively.
Meanwhile, for other samples, these amplitudes are 0.05 or less. Keeping in mind
that A, for the measured commercial graphene is 0.26, it can be suggested that the
increase of A, for the samples of VGN 60 and 80 min is because of better quality
graphene in these samples. That partly corresponds to the Raman measurement
result (Table 11, Table 9). Most likely, the difference can be explained by the
different laser beam spot diameters used for the TAS (500 pm) and Raman (4 um)
scattering spectroscopy measurements. In the previous research (see Section 4.1.7.)
[A2], the TAS relaxation traces of VGN had no A, component, but, at the same time,
VGN also showed a higher defect level in comparison to the ones analysed in the
present Section 4.2.5.

Based on the proven research, the TAS relaxation signal of pristine graphene
consists of two exponential decay components: the fast one ~150 fs, and the slower
one at ~2 ps [36,75,184,189], which can even reach ~4 ps in some cases [37]. In the
previous VGN TAS measurements, only the fast TAS signal decay time was found
(see Section 4.1.7.) [A2], thus indicating a relatively low quality or major disorder
of the graphene samples. In those cases, it was confirmed by the Raman scattering
data (see Section 4.1.4.) [A2].

To conclude this Section 4.2., the synthesis of vertical graphene nanosheets
employing MW PECVD at a constant power and fixed working gas (methane and
hydrogen) ratio with varying growth durations from 20 min to 140 min yielded
samples of continuous films of a nanographitic base layer and vertically standing
graphene nanostructures of different development levels. According to the
morphology analysis, the increase of the deposition duration results in the growth of
the height of VGN up to some critical thickness (or deposition time) when, most
probably, plasma instability and conditioned electric field alterations through plasma
jumps or new flashpoints ignition take place deteriorating further the VGN growth
in height.

Both steady-state and transient absorption spectra intensity amplitudes for the
VGN samples increase linearly along with the growth duration up to some critical
time when various other carbon allotropes start to be deposited thus illustrating that
very long deposition times make the VGN formation unstable.

It has been shown that TAS signal decay times can provide information about
the defects and the disorder of VGN films. The increase in the defects of VGN
layers determines the decrease of the relative amplitude of the longer TAS signal
relaxation component. The VGN transient absorption spectroscopy and Raman
scattering spectroscopy spectra show similar tendencies in terms of disorder. The
TAS data corresponds very well with the I.p/lg, Io/lc dependences on the growth
time thus indicating that TAS can be used as an efficient tool for graphene quality
evaluation.
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4.3. Investigation of the electrochromic device with graphene electrode
performance

4.3.1. Investigation of the graphene electrode structure and its optical properties

The formation of graphene layers by using the MW PECVD technique was
examined by Raman scattering spectroscopy. In Figure 49, the Raman spectrum of
graphene deposited on a double copper foil is presented. Three well expressed
characteristic peaks are monitored in the spectrum: peak D at 1349 cm™ (which is
observed due to point defects), peak G at 1582 cm™ (vibrations of carbon atoms
connected by sp? bonds in the plane), and peak 2D at 2698 cm* (the second order of
the D band). In order to determine how many graphene layers have been formed, the
2D peak was approximated by one Lorentzian peak, and a peak half-width of
~46 cm™ was obtained. The determined Ip/l ratio was equal to 1.05. Based on
these results of Raman scattering spectroscopy, it can be stated that the graphene
film consists of 2-3 layers. Few-layered graphene features higher conductivity than
a monolayer, but at the same time it is very important to maintain high transparency
of the film as well. Such graphene films were used to form electrodes for organic
electrochromic devices.

2D
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Figure 49. Raman scattering spectrum of graphene formed on a double copper foil

The Raman scattering spectrum of graphene transferred on a flexible PET
substrate is shown in Figure 50. Due to the strong signal of PET, the graphene-
specific peaks are of low intensity, some of them overlap with the PET peaks.
Graphene Raman characteristic bands are indicated by dashed squares in the
spectrum. The only peak that does not overlap is the 2D peak, which can be used to
describe the quality of graphene transposition. Since it was registered for all the
transferred graphene layers, it can be stated that the transfer was successful.
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Figure 50. Raman scattering spectrum of a graphene layer transferred on the PET substrate

Conventional ITO electrodes are widely used for the formation of pellucid
electrochromic devices not only because of their good electrical properties, but also
due to their transparency. Graphene films distinguish themselves for their high
transparency as well, which varies depending on how many layers have been
formed. Figure 51 represents the transmittance spectrum of the PET substrate and
the change in its optical properties after graphene transfer. As it can be seen, the
transmittance of the substrate decreases slightly with the graphene layer placed on
top. In the visible range (400-600 nm), the transmittance of PET with a graphene
film decreases by 4-7%, and, at longer wavelengths, the impact of the added

graphene layer on the optical permeability of the substrate becomes even more
insignificant.
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Figure 51. Optical transmittance spectra of PET substrate before and after graphene layer
transfer

4.3.2. Graphene electrode electro-optical properties

Ultrafast excited state relaxation dynamics in graphene were investigated by
employing transient absorption spectroscopy (Figure 52). The samples were excited
with laser pulses of 350 nm, 20.8 wJ/cm? 200/3 kHz. The dynamics of the
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amplitudes of these transient absorption signals over time can be used to describe
the processes that take place in the excited state. The data received during these
measurements indicate that ultrafast TAS relaxation traces consisted of two parts,
the faster one (~1 ps) and the slower one (~100 ps). The first duration of decay can
be attributed to electron cooling by thermal equilibration with the lattice, while the
second one could be assigned to the cooling of the lattice. It is important to note that
the fast process can be assigned to the formation of the charge transfer state. It was
also observed that the TAS relaxation dynamics of graphene depend on the dielectric
constant of the substrate. An increase of the dielectric constant of the substrate
causes a decrease of the TAS relaxation time constant.
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Figure 52. TAS spectra (a) and traces (b) of graphene on PET. Excitation 350 nm, 2 mW
4.3.3. Performance of electrochromic device

The PET with transferred graphene and ITO was used as one of the electrodes
in an electrochromic device with Prussian blue as the active material. The influence
of the graphene layer on the device performance was investigated.

The electrochemical reduction of PB induced by an external voltage (-3 V to
the graphene/PET) yields colourless or bleached EC layers (Figure 53 a). The
application of a reverse external field (3 V to graphene/PET) induces an oxidation
process which generates mixed valence compounds and yields the blue colour of the
EC layers (Figure 53 b). A longer application of 3 V external voltage yields the
yellow colour of the EC layer (Figure 53 c).

Figure 53. Bleached state (-3 V) (a), blue state (3 V) (b), and yellow state (3 V) (c) of
electrochromic device performance
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The influence of the applied voltage on the transmittance of the system was
tested. The recorded transmittance spectra of PB/Graphene/PET in all the stages are
given in Figure 54. The optical transmittance varies within ~20 percentage points
from the bleached state value: Tzomm = 32%, coloured: Tzeonm = 10%, and
intermediate yellow colour state: Tzoonm =17%. The typical bleaching and
colouration times are 39 s and 20 s, respectively. These values were much higher
compared to that of an EC device using the same PB EC film and the same
electrolyte, but featuring an ITO electrode: bleaching — 3 s, colouration — 10 s. Such
results were most likely conditioned by the 100-time higher sheet resistance of the
graphene layers (~1200 Q/sq) comparatively to ITO films (<10 Q/sq).
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Figure 54. Transmittance variation of the PB/Graphene/PET system with the switch of
voltage from -3 Vto 3V

In conclusion, such application-oriented experiments demonstrate the great
potential of MW PECVD synthesised graphene layers to be integrated as
conductive, chemically stable, transparent and flexible electrodes into organic
devices. Further cases of application of planar graphene as an electrode material in
organic solar cells are presented in the next chapter.

4.4. Investigation of organic solar cell performance

A number of graphene layers synthesised with the MW PECVD technique
under identical conditions and transferred onto PET and fused silica substrates were
investigated by Raman scattering spectroscopy. In Figure 55 a, the Raman spectrum
of one of the graphene samples on fused silica confirms the graphitic structure (the
characteristic G and 2D bands are well expressed) of a single layer (Iop/lg = ~3 in
most of the area).
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Figure 55. Raman scattering spectrum of planar graphene transferred onto a quartz substrate
(a), transmittance spectra of PET foil, ITO on PET, graphene on PET (b)

The sheet resistance of graphene layers transferred onto a quartz substrate is
about 1.2 kQ/sq. This value is significantly higher than the sheet resistance of the
commercially available 1TO on PET, which is <10 Q/sg. As seen in the Raman
scattering spectra of one of the graphene films, there is a D peak indicating the
presence of defects causing a decrease in conductivity. In Figure 55 b, the
transmittance spectra of graphene and ITO layers on PET foils are provided. As it
can be seen, the transmittance of graphene layers on PET is comparable to or
slightly better than ITO on PET in the visible range. Graphene films are suitable for
applications as transparent flexible electrodes, but their relatively high conductivity
remains an issue.

The main characteristics describing the performance of OSC are the short
circuit current density (Jsc), the open-circuit voltage (Voc), the fill factor (FF)
estimated from the measured volt-ampere (J-V) curves, and the power conversion
efficiency PCE calculated according to the following Equation 8:

Pmax Jsc Voc - FF
PCE = Py Pr (Eq. 8)
These parameters of fabricated OSC with graphene electrodes (see Section
3.6.2.) are depicted in Figure 56. The highest values of all the characteristics (PCE,
Jsc, Voc, FF) were found for the OSC featuring the PET/Gr/MoOs;
(10 nm)/PCE12:ITIC/Bphene (20 nm)/Ag configuration. In the inverted version, the
same configuration was described by one of the lowest values. In order to increase
the conductivity of graphene electrodes, a thin silver layer of 3 nm was evaporated
on the surface of graphene. Another way to improve the conductivity of graphene
electrodes is to form a layer of spherical silver NP of 20 nm diameter on top of
graphene. As it can be seen in Figure 56, the performance of OSC with these
additional layers did not show significant improvement.
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Figure 56. Diagrams of power conversion efficiency PCE (a), short circuit current density
Jsc (b), fill factor FF (c), and open-circuit voltage Voc (d) of OSC with graphene electrodes

Figure 27 represents the main volt-ampere characteristics and PCE of OSC
with graphene and their analogous devices with ITO electrodes. Conventional OSC
including ITO demonstrated notably better performance. The reference sample
involving the ITO layer produced the highest PCE value of 10%, while the PCE of
photovoltaic devices with a similar configuration based on the PCE12:ITIC active
layer can reach >12% [200].

What is more, an additional layer of Ag NP on ITO in the device configuration
Glass/ITO/20 nm Ag NP/MoOs/PCE12:ITIC/Bphene (20 nm)/Ag resulted in the
highest Jsc and Voc.

What concerns the fill factor, it essentially shows the quality of solar cells. A
greater factor implies a greater fraction of the theoretical power that can be
produced. The FF of all OSC with graphene electrodes did not vary significantly,
and it was close to the value of 0.25 (Figure 27 c¢). The devices with ITO yielded an
FF greater than 0.62 (going up to 0.67), which is more than twice as much as the FF
of OSC with graphene. The best FF (0.67) was obtained for the inverted
configuration:  Glass/ITO/ZnO+77 nm  Ag@TiO, NP/PCE12:ITIC/M0O;
(20 nm)/Ag, where cubic silver nanoparticles (NP) with TiO- shell (Ag@TiO,) of
77 nm size were mixed with ZnO solution that was used for ETL formation so that
to improve the charge carrier transport. Detailed analysis of the properties of the
used Ag@TiO, NP is presented in [152].
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Figure 57. Diagrams of power conversion efficiency PCE (a), short circuit current density
Jsc (b), fill factor FF (c), and open-circuit voltage Voc (d) of OSC with graphene and ITO
electrodes

In conclusion, organic photovoltaic devices with integrated transparent flexible
graphene electrodes do not outperform the ones with the conventional ITO
electrodes; however, graphene electrodes are promising for the flexible electrode
configuration which is not possible with ITO [9,201,202].
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V. CONCLUSIONS

1. The complex analysis performed by scanning electron microscopy, atomic
force microscopy, X-ray photoelectron spectroscopy, Raman scattering
spectroscopy, the transmission line model, transient absorption spectroscopy and
other methods has revealed that the properties of graphene layers formed by the
microwave plasma-enhanced chemical vapour deposition on catalytic copper foil
and transferred onto fused silica (planar graphene) and directly deposited vertical
graphene nanosheets onto fused silica are relatively different in terms of the
morphology, structure, and defects. It has been determined that the main type of
defects in vertical graphene nanosheets together with the nanographitic layer were
edges and boundaries, whereas the defects in planar graphene were mostly present
because of vacancies.

2. The synthesis of planar graphene on a catalyst by microwave plasma-
enhanced chemical vapour deposition resulted in a continuous film composed of 1-3
layers with a sheet resistance of 1.2 kQ/sq. It has experimentally been asserted that
the wet-chemical transfer process onto foreign substrates (fused silica, poly(ethylene
terephthalate)) can be successfully accomplished even without using the poly(methyl
methacrylate) support and plasma pre-treatment, thus avoiding additional
contamination.

3. The Kkinetics of the synthesis of vertical graphene nanosheet layers
employing microwave plasma-enhanced chemical vapour deposition at a constant
power and a fixed working gas (methane and hydrogen) ratio, but with a varying
growth duration from 20 min to 140 min, was explored. It has been shown that such
a deposition yielded samples of continuous films of a nanographitic base layer and
vertically standing graphene nanostructures of various levels of development. On the
grounds of morphology analysis, it has been determined that an increase of the
deposition duration results in the growth of the height of vertical graphene
nanosheets up to some critical thickness (or deposition time) when, most probably,
plasma instability and conditioned electric field alterations take place, thus
subsequently deteriorating further vertical graphene nanosheet growth in height.

4. Both steady-state and transient absorption spectra intensity amplitudes for
the vertical graphene samples increase linearly along with the growth duration up to
some critical time when other various carbon allotropes, such as out-of-plane
defects, start to be deposited, thus illustrating that very long deposition times make
vertical graphene nanosheet formation unstable.

5. It has been demonstrated that the decay times and the relative amplitude of
the longer relaxation component of the transient absorption spectroscopy signal can
provide information about the defects and disorder and serve as an efficient
characterisation technique to analyse the quality of both types of graphene;
therefore, it can complement the Raman scattering spectroscopy method which
suffers from some limitations in the analysis of the defects of vertical graphene
films. The transient absorption spectroscopy and Raman scattering spectroscopy
spectra of vertical graphene nanosheet layers show similar tendencies in terms of
defects. The transient absorption spectroscopy data corresponds very well with the
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I.o/lg, Ip/lc dependencies on the growth time, thus indicating that transient
absorption spectroscopy can be used as an efficient tool for graphene quality
evaluation.

6. The complex analysis of graphene layers, in parallel to the pump-probe
spectroscopy measurements, demonstrates that transient absorption spectroscopy
analysis of the excited state dynamics in graphene may potentially lead to the
creation of an effective methodology of the fast and reliable evaluation of the quality
of graphene. Unfortunately, an open question still remains how to describe the
density and the type of disorder by the data of transient absorption spectroscopy in a
quantifiable way. More studies on the influence of specific defects on the transient
absorption signal are necessary in order to make this method more versatile for the
quality assessment of various graphene films.

7. The application-oriented experiments demonstrate the great potential of
microwave plasma-enhanced chemical vapour deposited graphene layers to be
integrated as conductive, chemically stable, transparent and flexible electrodes into
organic devices. An electrochromic device based on Persian blue as the active
material and graphene electrodes showed bleaching and coloration durations 13 and
2 times longer than the values of an electrochromic device with indium tin oxide
electrodes, respectively.

8. What concerns organic photovoltaics, the highest values of the main
characteristics, specifically, a power conversion efficiency of 1.94%, and a fill factor
of 0.27, were found for the organic solar cell with graphene having the
PET/Gr/MoO3/PCE12:ITIC/Bphene/Ag configuration, which is 5 times and more
than twice less than the values of the solar cell with indium tin oxide (a power
conversion efficiency of 10.00%, a fill factor of 0.66), respectively. Although
organic solar cells with graphene electrodes did not surpass the ones with the widely
used indium tin oxide electrodes, graphene layers offer abundant promise for the
flexible electrode configuration, which is not possible with indium tin oxide.
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