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Introduction

The single layer graphene (SLG) shows exceptional electronic propertiegyritatne of the most
advancedmaterial nowadays. Due to thedti charge carrier mobility [1] it has huge functional
ability in many applications, especially in high frequency electroiiigs. electronic properties of
graphene layers depend on staking order [Epr example, Bernastacked graphene shows a
quadratic eergymomentum dispersionnear the Dirac pointdue to the strong interlayer
interaction [3,4. Moreover, contrary to the monolayer graphene in Berslcked graphene
multilayers electron backscattering is allowed ][SHowever, when the layers of grapheaee not
strongly electronically coupled, this scenario ist radways realized. Indeed, foturbostratic
graphite where the Bernal stacking is destroyed, even for very large number of |ageranique
properties of graphene can be preserved][@ouble (triple) layer turbostratic graphite ialso
known astwisted graphene (TG). This term reflects the fact that both the electronic and structural
properties of double layer graphene can be well described by thplane rotation angle—
between the graphene layersee Figuré.1.

FIGURBE.1
Twisted graphene and angiebetweentwo graphene layersGraphene is doped by nitrogen atoms

Many theoretical and experimental studidmve focused m the unique properties of TG J[7In
particular, it was demonstrated that for angles> 1@, the layers are eleabnically decoupled, and

the low-energy band structure looks like a simple superposition of the Dirac conée dfidividual
graphene planes [8 Moreover, the Fermi velocity reachdése value for SLG (i@n/s) for— 10,

and drastically decreases fer< 5 [8]. In addition, one of the most attractive characteristic of the

TG is the pair of logarithmic divergence in the density of states, known as the van Hove singularities
(vHS)which are formed due to the overlap of the Dirac cones in thepkce. The energy of these
singularities is symmetrically (withit 1 eV) built up with respect to the Dirac point. The energy
separation of the vHS increases with the angi9,10]. Many aher interesting phenomena are
associated with the TG, like the enhanced optical absorptidrilP], nondispersive flat bands at
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the charge neutrality point related to confinement314], enhanced photochemical reactivitydJl

etc.

The controlled injedbn of defects, which cause strain, is extra degree of freedom iadditionto

the number of layersThis mayaccount for the unique properties afG. In particular, it was shown

that the strained TG bilayer could be an ideal platform for the realizatfoilie hightemperature
zerofield quantum valley Hall effect §1 From a practical point of view, the band gap opening in
the electronic structure of graphene is quite attractive. It is expected that this will result in a new
approach for application afraphene in digital electronics. It was also theoretically predicted that,

in TG with small uniaxial strain, which comprises only a few percent, a finite conduction gap as
large as hundreds of meV can be obtained][IThus, the study of the defects impgaan the TG
properties is quite motivating topic from both fundamental and applied aspects.

TG can be obtained by different methods, e.g., by means of graphene folding, graphene layers
stacking, thermal decomposition of Si@]br chemical vapor deposith (CVD) on metal catalysts
[19,20]. Generally speaking, CVD is one of the most common methods to obtain large area and high
quality graphene Z1]. Moreover, TG may be grown at ambient pressure applying atmospheric
pressure CVD (APCVDY][1The use of diérent hydrocarbon sources to explore the growth
mechanism and properties of TG is a hot topic nowadays. Generally, methageigGht most
common hydrocarbon used in the CVD process to grow graphene. However, the use of other
hydrocarbons rather than Gldompounds is a challenging task. It may offer the possibility to tune
the growth process and to pave the way to graphene synthesis with desirable parameters, such as
type of defects and their concentration.

The generally accepted pathway of graphenevgioby the APCVD on the catalyst is as follows.
Carbon species diffuse through the boundary layer and reach the surface, where they are adsorbed
and decomposed to form an active carbon species, which diffuse onto the surface of the catalyst or
into the catlyst close to the surface and form the graphene latticective species (such as
hydrogen) are desorbed from the surface, forming molecular hydrogen, diffuse away from the
surface through the boundary layer and are eventually swept away by the bufloga2?2].

All of the above stages depend essentially on the hydrocarbon precu2spr At this point, a
precursor that has similar chemical properties but different molecular mass looks attractive for
deeper understanding of the graphene growth kineti€@ne of such candidates isdecane
(GoHz2), @ member of the homologous series of alkane hydrocarboftecane has a molecular
mass on the order of magnitude greater than that of methane that influences the growth kinetics
of graphene. As a representa#i of nalkanes, rdecane forms during thermal decomposition
chains of radicals with high reactive nature. This provokes numerous chemical reaction pathways
and promotes doping. In fact, the CVD makes it possible to dope graphene by nifrogén,
whichnot only tolerates the ground state of graphene via additional electrons but also introduces a
strain to graphene because of the difference in ionic radil.[Zhe radicals resulting from the
decomposition of rdecane, could lead to the decomposition thie nitrogen molecule, which in

fact has one of the strongest binding energy. The resulting atomic nitrogen can be embedded into
the graphene lattice. The nitrogen doping of graphene causes the band gap opening]nThias,

the nitrogen doped TG lookss a very promising object to study fundamental aspects of the strain
induced behavior. In thishapter, we presentexperimental conditions at which the APCVD growth

of large area nitrogen doped TG can be realized utilizidgcane as a precursor in theesence of
nitrogen flow.
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Sampledrabrication andExperimental Technique
Synthesis and transfer

Custommade APCVD facility with 14 mm diameter tubular quartz reactor was employed for the
experiment. Polycrystalline copper foil (99®purity proved ly the EDX study) having a thickness

of 60 um was used as the catalyst. Prior to the APCVD, the foil was electrochemically polished for 5
min in 1M phosphoric acid atias voltage of a 2.3 V. Thé 345 mnf sample was placed in the
middle of the reactorOne side of the copper foil covered the inner wall of the reactor. Copper foil
was annealed for one hour at the temperature of 108D in the presence of Mind H gas flow

with the rate of 100 and 150 cimin, respectively. The purity of the nitrogen gass 99.95 %. We
utilized commercial hydrogen generator GVIL2D as a FHsource. The resulting purity of the
hydrogen gas was 99.99 %. The temperature was controlled by a thermocouple placed inside the
heating block, next to the reactor wall.

In thischapter, we present the results related to two samples: sample A and sample B. Sample A
was prepared at théemperature of 1050C in the presence of Mnd H gas flow with the rates of

100 and 60 crifmin, respectively. Sample B was prepared under similar iiond, except the K

gas flow rate- it was reduced to 6 cfimin. The decane was introduced into the tubular quartz
reactor via barbotage system for 30 min. The feeding ratdeziane was estimated to be 4 plin

(for both samples). Afterwards, the tulaul quartz reactor was cooled at a rate of &Ymin in the
presence of Bl gas flow. The obtained properties of samples A and B are typical for samples
synthesized under similar conditions.

The transfer of graphene from the original catalyst to the arbitrambstrate without deteriorating

the crystallinity of graphene is still a challenging task].[2ZCurrently, there are two main
approaches to the transfer of graphene. The first one consists in a mechanical exfoliation, which
imposes severe mechanical umtmlled defects in the sample. The most common and preferable

is a wetchemical etching of the catalyst (substrate). Usually a poly(methylmethacrylate) (PMMA)
scaffold is applied to coat the graphene surface and support it during the catalyst consumption,
underside contaminant cleaning, placement on the destination substrate. However, the PMMA
removal from graphene after the film transfer that is followed by high temperaturéiAiorming

gas annealing [@, O, based annealing B, andin situannealirg [29], deteriorates the graphem
crystallinity. Additionally, these processes are operated at high temperatures, which restricts the
application of graphene, including its use in flexible electronics and biomolecule encapsugétion [
Therefore, in this wdt we employed a wethemical room temperature transfer process onto
SiQ(598 nm)/Si substrates without using any polymer support. It was performed in two steps.

First, one side (the one that was next to the reactor wall) of copper foil was treated fon &rai
solution of HNG; and HO mixed in a volume ratio of 1:3, and then the copper foil was totally
dissolved in a water solution of FgGBraphene film was gently washed several times in a bath with
distillated water prior to the transfer onto the sutate.

Characterization

Graphene samples were analyzed by Raman spectroscopy technique. For that, we utilized the
Nanofinder HE, with 532 nm and 473 nm excitation wavelengths, and Confotec NR500 confocal
micro-Raman spectrometer, with 473 nm excitatiomvelength. The sprral resolution was about

3 cmi' for both spectrometers.Threedimensionalscanning laser confocal Raman microscope
Confotec NR500 provides the acquisition of two kinds of images within a single scan: a Rayleigh
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image, using laser lighlieflected from a sample, and a spectral image by Raman scattering. More
details about the laser beam size and spectra accumulation time are presented further in the text.
Thermo Scientific ESCALAB 250Xi spectrometer with a monochromaliaadiétion (Q =1486:6

eV) was used for -¥ay photoelectron spectroscopy (XPS) measurements. Base pressure in the
analytical chambemas better than 2 x T0Pa. The 20 eV and 40 eV pass energy values of a
hemispherical electron energy analyzer were uded survey and detailed spectra acquisition,
respectively. Energy scale of the system was calibrated according to;AuA4f 3d, and Cu
2pgposition of the peaks. Original ESCALAB 250Xi Avantage software was used for peaks
deconvolution and fitting ppcedure using a sum of Lorentzi@aussian (70:30) functions. The
samples were analyzed as received, no surface cleaning procedure was applied. Finally, the
transmittance spectra were acquired using the PROSCAN2¥IGpectrometer.

Resultsof RamanSudy

The optical images of samples A and B on a copper foil are shown in &2mrand Figuré.2b,
respectively. The surface of sample A contains randomly distributed hexagshapgd spots
(brighter areas), while the surface of sample B looks relatiwzemogeneous.

FIGURE.2
Optical images for (a) sample A, (b) sarlas deposited on copper foil

Important information about the structure of graphene can be obtained from the Raman
investigations. Indeed, the resonance nature of Raman spectra phgree makes them a versatile

tool for studying both structural and electronic propertie31]. In Figure5.3a we show the
individual Raman spectrum of sample A acquired in the darker part, see EigareFigure5.3b
presents the Raman spectrum characs#id of sample B. In the insets to FiguBe3a and5.3b the

2D peaks are shown revealing the symmetry of the 2D band. The latter indicates the weak
interlayer interaction, which will be discussed later.



Advanced Materials and their Applicationilicro to nano scale 97

750 Position IZD 2735 cm’’ : 4
G FWHM 2D 83 cmi Position 2D 2716 em” g
o FWHM 2D 47 e’ ¢y
200 9
2] o
E5001 18
=
=] 100 o
3 (a) o
z n| &
W —Lorentz fit ‘7
§250 P50 2700 2850 1 &
= D Raman shift, cm =
— ? —
1 1
1500 2000 2500 1500 2000 2500
. -1 . N
Raman shift, cm Raman shift, cm
FIGURB.3

Individual Raman spectrum for (a) saie A, (b) sample B on copper foil acquired at a laser wavelength of 473
nm. Insets: Measured 2D pealyifsbols) with Lorentz fit (line)

In Figure5.4a we demonstrate the Rayleigh image of sample A transferred tg SiGubstrate.
Raman mapping (1600 pa#) was performed for the same sample area as in Figuta. A single
spectrum was accumulated for 1 s with a laser excitation wavelength of 473 nm and a beam
diameter of about 600 nm. The results of this study are presented in Figdfed) and Figuré.5,

in which we show the relation between the intensities of the 2D and G bgnd% (Figure5.4b),

full width at the half maximum (FWHM) map of the 2D band (Fi§ute), the 2D band map (Figure
5.4d) and corresponding Raman mapping histogsaior the G band position (Figue5a), &/

“eratio (Figure5.5b), FWHM of the 2D band (Figusebc) and, finally, histogram for the 2D band
position (Figures.5d).
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FIGURB .4

(a) The Rayleigh image. (byHls ratio map. (¢) FWHM map of theb2band. (d) 2D band position map. All
data are for sample A on SKSBi substrate acquired with a laser excitation wavelength of 473 nm. Color
coding representshte amplitude of measured values
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The correlation between th®ayleigh image (Figuieda) and@y/ '@ ratio (Figure5.4b) isclearly
seen. The domains witthe @,/ "@ratio greater than 0.6 correspond to the dark spots in the optical
image. The FWHM map of the 2D band (Fighie) and corresponding histogram (Figusé&c)
suggest hat a significant part of the sample is associated with the domains in whislpanameter

is less than 40 cify which is typical for a SLB2. However, the Raman map of the 2D band
positions (Figur&.3d) and corresponding histogram (Figirdd) indiate that only negligible part
of the film surface is associated withe values smaller than 2710 &mit is important to note, that
the 2D band position of graphene transferred on S#dd measured with the 473 nm laser
excitation wavelength shoulde ecual to 2703 crit [33]. It means that the position of the 2D band
is blue shifted in sample A. The significant blue shift in the position is also obsertbéd fdrband
(Figure5.5a), 1585 crif and 1588 cnf against 1580 cihfor SLG34].
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Ranan mapping histograms for sample A on,58Dsubstrate as obtained from Raman maps of Figure(a)
G band position. (b}d=ls. (c) FWHM of the 2D band. (d) 2Dnhdgosiion

Figure5.6(a-d) shows Raman maps (400 points) of sample B transferred onSSi€ubstrate.
Despite the lower number of points compared $ampleA the main characteristic features of the
spectra are well understoodnd distinguishableThe corresponding histograms are presented in
Figure5.7(a-d). A single Raman spectrum was aociated for 10 s with a laser wavelength of 473
nm and a beam diameter of about 600 nm. T&g/ "@ratio map (Figuré.6b) shows the existence

of domains with relatively uniform distribution. Moreover, correlation between tig/ '@ ratio
(Figureb.6b) and 2D band position (Figubesd) maps is observed.

The same area odampleB was analyzed with a different laser excitation wavelength, 532 nm,
utilizing the same conditions of laser beam as for 473 nm. By analogy with the previous Raman
maps, the normonotonic distribution of mapped values was observed. Asxammle, in the iset

to Figure5.7d we show the histogram for the 2D band position obtained with a 532 nm excitation
wavelength. The similarity of the results for two different wavelengths is obvious.
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Raman maps of sample B on $8Dsubstrate acquired at las excitation wavelength of 473 nm. (a) G band

position. (b)&y/ @ ratio. (¢) FWHM of th@D band. (d) 2D band position
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99

Raman mapping histograms for sample B on/SiGubstrate agbtained from Raman maps of Figls®. (a)

G band position. (blgh/ @ (c) FWHM of the 2D band. (d) 2D band position. Inset: 2D band as measured for
the laser excitation wavelength of 532 nm. The vertical dashed lines on panel (d) show the position of the 2D
band of SLG on Si@ccording to Bf. [30]
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Splitting of RamarData

In many aspects, the theory of Raman scattering in graphene is very well elaborated and
guantitative analysis of Raman spectra parameters provides sufficient information about structural
and electrical properties of graphe. For example, analysis of the line shape of the 2D band along
with its position can provide important information about the number of layers in graph8gg [

From the G band position the carrier concentration can be obtained with high accu@ciifially,
analysis of the@/ "@ratio is getting to be a common method for the point defect concentration
evaluation B7,38].

From Raman spectroscopy applied in the current research it follows that themumotonic
distribution is inherent for almst all data histograms presented in the section Results. For instance,
two sharp maxima are observed in the FWHM of the 2D band histogram of sampleie §5g),

at approximately 38 cihand 67 cnf, respectively. It suggests the presence within the sam
sample of at least two graphene "systems" with quite different number of layers. Indeed, the
presence of two maxima in the 2D position distribution (Figu#el) is in good accordance with the
observation of thicker and thinner domains in optical imagEmgure5.2a). Consequently, it is
reasonable to analyze Raman spectra separately applying the criterion for data belonging to a
particular peak.

Following this idea, we split the Raman data of sample A into two sets, one of which contains data
where the D FWH/ values are smaller than 50 énand another is for data witthe 2D FWHM
greater than 50 cil.

T T
(a) A (el (e)
60+
. 60 L
i '
& 100} A 1 2wl . . h
g / ER
o = . =]
o _ ] | - o
20 I 20
4
/ bl i
R - . i . ...
1585 1590 1595 2710 2120 2730 00 05 1.0 1S 20 25 30
Position G, cm’ Position 2D, em’” L1,
SO — . r r .
b ! — 750 ]
b () N @ 300}
77 -
w 104 | 4
= 1k Z M 2 00 & 200p
3 2 E E
50 - v L 1~ 100}
i1
0 Y o mmﬂﬂ (A1 o o Eza, ,[
1584 1585 1586 1587 1588 2728 2732 2736 2740 00 D2 04 06 08 L0 400 500 800 1004
e .
Position G, cm Position 2D, cm”' LT, Intensity G, counts

Replotted histograms of sample A on $i§ substrate for laser excitation wavelength of 473 nm using 2D
FWHM = 50 cfhas a splitting critédon. (a) and (b) G band position. (c) and (d) 2D band position. (e) and (f)
&/ "Gyatio. (g) and (h)dvalue. Data shown in (a), (c), (e) and (g) plots are for 2D FWHM <5Data
shown in (b), (d), (f) and (h) plots are for 2D FWHM > 50 cm

Histograms replotted per this criterion are shown in Figu&8(a-h). Data forthe 2D FWHM smaller
than 50 cni are shown in Figures.8a, 8c, 8e and8g, while data fothe 2D FWHM greater than 50
cm’ are presented in Figures.8b, 8d, 8f and 8h. Itis clearly seen that the histograms exhibit
relatively monotonic distribution with one distinct maximum. Tig/ @ratio has the maximum

with the value roughly equal to unit for the Raman data wle 2D FWHM smaller than 50 ém
(Figure5.8e). Domains of sample A, which correspond to this set of Raman data can be attributed
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to a single or double layagraphene. According to Costa et @3], the single layer graphene on
SiQ substrate for laser excitation wavelength of 473 nm should exlhitgt 2D band position at
2703 cni. The significant blue shift fahe 2D band position (2718 éhhcould be causkby double
layer structure of graphenedp] and/or doping effect24]. The G band position at 1590 &r(Figure

5.8a) is also blue shifted from the ated standard value of 1580 éhior the undoped graphene
[34]. Further, Raman data witlhe 2D FWHM grater than 50 crit (Figures.8b, 8d, 8f and8h) also
exhibit rather monotonic distribution of values with a single maximum. The G band position
together with the blue shifted 2D position and a sharp peak at 0.3 of @é"Qatio allow
associatig these domains of sample A with a larger thickness. Indeed, the significant difference of
the G band intensity between these two sets (Figls@g and5.8h) confirms this statement.

As we already mentioned above, the nonmonotonic distribution is a caratic feature of the
obtained histograms. Thus, the splitting of the Raman spectra could be based on different
parameters, @,/ @ FWHM 2D, position of the 2D or G band. For sample A we performed the
splitting procedure following different parameters (this result is not shown here). The obtained
results are in reasonable agreement with each other. However, for saBifile splitting procedure
may leave some nonmonotonicity in histograms associated with the thicker fraction of the film.
Figure5.9 presents histograms for sample B on Z0Dsubstrate after splitting procedure where
the splitting was based on anotheriterion, namely, the 2D band position with the splitting value
of 2712 cnt (Figure5.9(ah)). At that it was used the same laser excitation wavelength as for
sample A (473 nm). Data for the 2D band position smaller than ZYmempresented in Figures
59a, 9c, 9e and 9g, while data for the 2D band position greater than 2712acenshown in
Figures5.9b, 9d, 9f and 9h. All distributions presented in the top panel of Fi§i@@re monotonic

and the values of FWHM 2DQy/lg, allow associating domaingith the 2D band position smaller
than 2712 crif with the SLGJ9).
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Replotted histograms of sample B on i€ substrate for laser excitation wavelength of 473 nm using the 2D
band position of 2712 cihas a splitting criterion. (a) and) FWHM of the 2D band. (c) and (d) G band
position. (e) and (figy/ "Qatio. (g) and (h)@ value. Data shown in (a), (c), (e) and (g) plots are for the 2D
band position tharsmalle2712 cm'. Data shown in (b), (d), (f) and (h) plots ame the 2D band position
greaterthan 2712 crit
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Almost two times difference ithe G band intensities (see kig 5.9g Figure5.9h) could relate
histograms presented ithe bottom panel of Figuré&.9 to the double layer grapherfeaction [40].
However,in contrast to the SL@he double layer fraction has ratheron-monotonicdistribution of
FWHM2D with significant parf it below 50 crit. To verify impact ofthe splitting criteria on
resulting histograms we perform another splitting proceduséince G bash position is sensitive to
the number of layers40], we usehe G band psition asa criterion with the valueof 1584.25cm™*
(see Figuré.7a). Data for the G band position greater than 158486 are presented in Figures
5.10a, 10c, 10e and 10g, whillata for the G band position smaller than 158426" are shown in
Figures5.10b, 10d, 10f and 10tAs in the previous case the top panel contains manly monotonic
distribution whereas thebottom panel contains nomonotonic distribution.Some smearing of
distribution is related to the ovelap of distributionswhich is caused bthe SLG andouble layer
fractions and relatively low spectral resolutions of our measurementsvever, the difference in
the G band intensitypbetweenthe SLG and double layer ftans is still remaining, meaning that

smearinghasdeeperphysicainaturewhich wediscuss\ y G KS &aSOGA 2y a¢gAaiSFH
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FIGURE.10

Replotted histograms of sample B on &8l substrate for laser excitation wavelength of 473 nm usingGhe
band position of 158425 cm'as a splitting criterion. (a) and (b) FWHM of the 2D band. (c) an2lXdand
position. (e) and (figy/ "@ratio. (g) and (hje value. Data shown in (a), (c), (e) and (g) plots are for the 2D
band position greatethan 158425 cm*. Data shown in (b), (d), (f) and (h) plots are for thba®d position
smaller than 15825cm*

XPS Results

In this section, we carry out the comparison of the parameters of Raman spectra which we
attribute to the SLG domains in saraplA and B (473 nm excitation wavelength). The maxima of

the G band position distribution for the SLG fraction aiple A and B are centered 1590 cnt
(Figure 5.8a) andl 1585 cni (Figure 5.9c), respectively. The maxima of tHg/ ‘Qatio are
centeredat a1 (Figures.8e) anda 1.2 (Figures.9e) for samples A and B, correspondingly.
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XPS survey spectruafi sample B

Both these facts indicate that sample A has higher carrier concentration with respect to sample B
[36,41]. Considering that for both samples the substrate material, transfer method and conditions
of store were the same, it is reasonable to suppose that thennsaiurce of the charge may be
originated from doping during the growth. Since we use nitrogen as a carrier gas, the probability of
this scenario could be high. XPS results can give useful qualitative and quantitative information
about graphene doping. Thudo check the importance of nitrogen doping we performed
exhaustive XPS study of both samples.

In Figure5.11 we show the XPS survey spectrum of the studied sample B transferred g8iSiO
substrate.The survey spectrum for sample A (not shown here) dosiknilar as for sample Bhe

main core level peaks for carbon, nitrogen, silicon and oxygen are indicated. It is important to note,
that due to small thickness of samples the contribution from substrate with strong silicon and
oxygen signals was detecte@ihe quantified surface atomic concentrations determined by XPS for
samples A and B are summarized in T&hle Figure$.12a and5.12b present the high resolution

XPS for N1s spectrum of samples A and B, respectively, in which the spectra coulditte fitte
components of the binding energ¥f), namely atQ, = 399.7 eV and 402.1 eV (sample &) £

401.8 eV (sample A)). Peak@ = 399.7 eV observed for both samples is related to the adsorbed
nitrogen. The position of the adsorbed nitrogen was quantified by the measureomethe bare
substate area, see inset of FiguBel2a, indicating that nitrogen dope both samples with a single
status. From literature, it is known that it is rather difficult to associate the binding energy with the
specific configuration of nitrogen anusually it requires additional structural measurements.
Indeed, the energy range 398404 eV can be related to the different nitrogen configurations, such
as pyridinetype, pyrrolictype, graphitetype, and pyridine Poxide (see, e.g.,4p]). We cannot
exclude also the formation of very stable nitrile CN bond (sp configurad@h)Based only on the

XPS data we cannot make unambiguous assignment concerning nitrogen configuration. For
example, the binding energy for graphitic nitrogen is varied betw4@0.0 eV 44] and 402.7 eV

[45]. However, two solid conclusions can be announced ftieenobtained XPS datéQnitrogen is
incorporated into graphene in a single stat(¥Pthe concentration of nitrogen associated with the
energy of aboth,éAOZ eV is greater for sample A. We would like to emphasize that these
observations are consistent with the dath Raman spectroscopy, from which it follows that the G
band blue shift is greater for sample A.
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TABLBE.1
Quantified surface atomic concentrations for samples A and B ofiSSi€ubstrate a®btained from the XPS

study

Sample Atomic concentration, %
C N(399.74 eV) | N(~402 eV)

A 98.4 0.6 1.00

B 97.6 1.99 0.41

Comparative analysis of the defect concentration from the XPS and Raman data

The XPS measurements provide atomic concentration of nitrogestudied samples, see Table
5.1. For further discussn, it is more suitable to convert atomic concentration into the surface
concentration. For sample B thetrdgen atomic concentration is 0.4%, meaning about one
nitrogen atom per 250 carbon atoms. Taking into account the surface concemtraticarbon
atoms in graphene; 3.8 x 10 cm?, the average surface concentration of the nitrogen atoms in

sample B can be evaluated &g 1.5 10" cm2
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High resolution N1s XPS spectra of samples ofSSi€ubstrate. (a) Raw data for sample A (black crosses).
Blue line is the result of the fitting procedure. Red line corresponds to the envelope of the fitted peaks.
Inset: N1s XPS spectrum of a bare substrate (black symbols) together with the fitting curve (red). (b) Raw
data for sample B (black crosses). Blue lines are the result of the fitting procedure. Red line corresponds to
the envelope of the fitted peaks. InseXPS survey spectrum

On the other hand, the Raman integral intensity ra@p @ provides information about the
concentration of point defecta [38],

W& @ 2 7.3x10%kq 2.

Using from the experimen@/ @ 1, and the energy of las€y;q 2.33 eV, we get

n 22x10"cm?

The reason for lower defect density compare to thgvalue may be the following. The nitrogen
atoms could be located in such configuration that almost does not affecigivalue. In

particular, the pyrrolic nitrogen due tithe symmetry breaking of hexagon rings should have

strong impact on the intensity of the D band and cannot be considered as the main type of defect
in the studied films.
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TwistedGraphene

Now we focus on the Raman data associated with the double layehgregn Figures.13 we plot
selected spectraassociated wilte double layer (red line) an8LG (black line) setcquiredwith
different excitation wavelength473 nm and 532 nirfor the top and bottom panels respectively.

For the double layer spectra&hown in Figure5.13a and Figur&.13c one may notice X3 times
enhancement ahe 2D band intensity and its blue shift as compatedhe SGL sgctra, whereas
FWHMs othe 2D band remain the samemaller tharb0cmi*. Theseresults could be attributed to

the twisted double layer graphene with the rotation angte> 10° [46,47].

Moreover, as we pointed out in the Introduction, the most attractive feature of the TG electronic
structure is presence of the vHS. In Raman spectroscopy, the presence of the vHS vyields the G
resonance 46]. It consists in more than onerder of magnitude enhancement of the G band
intensity when the excitation energy fits the vHS energy difference. Indeed, the domains with the G
intensity with an order of magnitude higher with respect to that of the SGL were observed for both
laser excitdon wavelengths, 532 nm (Figubel3b) and 473 nm (Figurg13d).
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Raman spectra of sample B on $8D substrate. (a) Raman spectra of SLG (black) and double layer
graphene (red) with the laser excitation wavelength of 532 nm. (b) Ramectrapof SLG (black) and
double layer graphene with the G resonance (red) with the laser excitation wavelength of 532 nm. (c)
Raman spectra of SLG (black) and double layer graphene with the G resonance (red) with the laser
excitation wavelength of 473 nm
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For the domains corresponding to the spectra presented in FighiEb and5.13d it is possible to
evaluate the rotation angle-Indeed, for smal-values one get46]
@— 2o
where Gis the lattice parameter of graphene (2.46 8)A & (G KS NBRAzOSR isthé y O ¢
Fermi velocity in monolayer graphene (10n/s) and ‘Qgiq s the laser energy. Within this
approach,we obtain—= 134° and 11.9 for the laser excitation wavelengths of 473 and 532 nm,
respectively. The estimatedvalues mean that in the investigad domains the layers of graphene
could be electronically decoupled,8].
The higher G band intensities were observed at different locations within the same probed area for
different excitation wavelengths. This fact allows confirming that the presenc& isonance is a
consequence of twisted nature of graphene. However, the ratio of integrated G band intensities for
the TG double layer and SGL~i$0 and~30 for excitation wavelengths of 532 and 473 nm,
respectively 46]. In ourcase,it is close to 10for both wavelengthsThe G band enhancement
factor is sensitive to structural disorddA8]. Therefore,sich a difference can be reasonably
explained by the presence of nitrogen in the graphene structure (as confirmed by XPS)
andaccompanying stress or potystalline nature of the studied thin filnBoth factors lead to the
decrease of the ratio intensity.
It is worth to underline that the above presented Raman mapping has been performed on different
sections of samples (not shown here). One of the masulteof this study is the uniformity of the
samples confirming their macroscopic homogeneity. For sample B we have provided sets of data
where SLG fraction was significanb0%) that helps to evaluate and compare structural properties
of SLG and TG. Howeyfor other sets of data the fraction of double layer TG dominates.
We also proved homogeneity directly by the light transmittance measurement of samples
transferred on a glass substrate, the diameter of probed area-w@s$ cm. In Figuré.14 we show
the transmittance spectrdor both samples recorded in the 406800 nm range. It follows from
Figure5.14 that the transmittancefor sample Bat 550 nm is 94%while for sample A it is only 87%
The value of 94%corresponds to the number of graphene layeetween 2 (95.5%) and 3 (93.3%)
[35]. It is worth mentioning, that the twisted nature of grapte slightly increasethe absorption
of the light [1112]. This fact could be the reason of a slight discrepancy while evaluating the
number of layers from the malt of Figureb.14. Less value dfansmittancefor sample A confirms
its greater thickness with respect to sample B, which is in agreement with the results of optical and
Raman investigations, see Fig2-5.4,5.6.
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FIGURBK.14
The transmittance spera of samples A andB on glass substrate. The vertical dashed line indicates the
wavelength at whichhe transparency was estimated
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Impact of theHydrogenHow on Sructural Properties of Graphene

Now we would like to discuss the two most prominent pheroa observed in our experiments:

("R the morphology change of grown films with hydrogen flow rate gif& nitrogen atoms
incorporation into graphene. We believe these two phenomena are related to each other.
Nevertheless, as a first approach, we witlaliss them separately.

Let us underline the main features that distinguish the morphology of studied samples. The
morphology of sample A is characterized by the presence of hexagonally shaped domains with a
few and single layer graphene domains. In tiganple B contains the mixture of single and double
layer domains where the double layer fraction dominates. Our studies do not indicate the presence
of any regularity in shape and distribution of SLG and double layer domains at measured scale.
Since the hgrogen flow value was the only technological parameter we have varied during the
synthesis, we will focus on the impact of hydrogen on the graphene. First of all, the hydrogen
partial pressure strongly affects the shape of the graphene edges. It was daatedsthat higher
hydrogen pressure favors the hexagonal shape whereas low hydrogen pressure makes dendritic
like growth preferable49,50]. Our observations, pointed above, are consistent with these findings.
The formation of a few layer graphene requiréhe formation of the additional graphene layer
(layers) on the top or underneath of a SLG. These processes are usually described by wedding cake
(WC) 51,52] and inverse wedding cake (IWGB,b4] models, respectively. Detailed experimental
studies strogly support the IWC model of growtb3-55]. It was shown theoreticallysf] that the
diffusion of C adatoms underneath of existing graphene top layer (GTL) is much faster than on Cu
surface free of graphene. Moreover, hydrogen pressure plays cruciainrofe growth activity of
graphene edges5p]. In particular, low pressure of hydrogeields the passivation of graphen
edges by copper, which prevents the diffusion of C adatoms underneath of GTL and thus
contributes to the formation of SLG. Conversalyhigh hydrogen pressure the graphene edges are
terminated by hydrogen atoms which inhibits the carbon absorption and few layer graphene
growth is favored§6]. Consideringhat double and few layer graphene is really synthesized under
our experimental onditions, it is possible to conclude that the partial pressure of hydrogen is still
above the threshold of H termination for copper catalyst. In addition, as it was shovi&T]irfiof
dendritically shaped graphene single crystals (low partial pressureyadfogen) multiple small
adlayers are favorable. Therefore, we believe that during theli&decomposition there is enough
amount of hydrogen to terminate the graphene edgb8][

Finally, we turn to the problem of nitrogen incorporation into graphene.rddign can be
incorporated into graphene she¢tQin sity, using ammonia as a component of gas carrier mixture
[25] or nitrogen containing precursor$9-61] and ("MMby post treatment, e.g., by treatment in
ammonia plasmaq8] or N ions irradiation§2]. To the best of our knowledge, there is only one
article where N gas was used as the nitrogen source during the CVD grd@8thlp our opinion,

the main difficulties in using jas as a nitrogen source arises from the fact that nitrogen molecule
possesses of one of the strongest bond with the energy of 226 kcal/mol, which means that the
temperature of the CVD process is not enough to decompose significant amount of nitrogen
molecules into atoms. The authors of the wolBd] did not explore the mechanis of nitrogen
incorporation.

We believe that in our case the efficient decomposition of nitrogen occurs due to the presence of
hydrocarbon in the reactive mixture. Indeed, as it was shown by C.P. Fenimore, c&moor (
hydrocarbon {CH,) radicals may &ack on nitrogen molecule$4]. Endothermicity of such kind of
reaction can be an order of magnitude smaller than for adidsociation process. For example,
forthe “CH+N=N+“CHN reaction this value was determined as 21.2 + 0.7 kcalBfpljloreover,
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as it was proved by timef-flight mass spectrometry experiments, various hydrocarbon radicals
can be formed from decane just by thermal decompositié®] [

CigHaz > Gy + “CHys
CioHaz >CaHo + “CeHuz
CioHaz > Gty + “GHy

However, the issue of thexact reaction route of decane decomposition at elevated temperature
over copper catalyst is beyond of our study. We can only reasonably assume that different partial
pressure of KHin gas mixture could favor some decomposition p&lnsequentlyit enhances the
concentration of radicals with specific configurations. Obviously, the enthalpy of the hydrocarbon
reaction with N depends on the hydrocarbon radical configuratid@¥][ Therefore, using these
arguments the variation in doping level for sampleandl B could be tentatively explained.

Conclusion

In summary, the graphene films have been studied by miRaman technique. Samples have been
grown on copper foil by APCVD using decane as a precursor and mixture of nitrogen and hydrogen
as a carrier gawith the use of different hydrogen flow rates. A special approach to the Raman data
evaluation based on statistical analysis of spectral lines parameters has been developed. This
approach allowed associating Raman spectra to fractions of the films Wfighesht thicknesses.

Based on the values of th® bandand 2D band positics) the double layer fraction of graphen

grown with the lower hydrogen feeding rate has been established. Moreover, the elaboration of
the Raman spectra revealed the presence oépipene spots with the @sonance for both
excitation wavelengths used in our experiments (473 nm and 532 nm). The observation of the G
resonance directly confirms the twisted nature of graphene. The obtained blue shift of the G and
2D band positions of #nSLG fractions is caused by nitrogen doping, which has been proved by the
XPS study. Moreover, the binding energy of incorporated nitrogen has been evaluated to be around
402 eV. The level of the G band shift for each sample is consistent with the XP& tias been
obtained that at the wavelength of 550 nm the transmission coefficient for the film grown with the
lower hydrogen feeding rate is equal to 94%, which corresponds3@taphene layers. This is in
good agreement with the mick®aman findingsWe suppose that the variation in the morphology

is presumably related to the variation of the hydrogen flow in our experiments, as it has been also
demonstrated in by other authors. Finally, the possible mechanism of tolerating of the nitrogen
concentraton embedded in graphene based on a variety of the endothermicity &dd, + N
reaction has been proposed.
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