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Abstract

The mechanisms of diffusion and segregation of carbon from a solid carbon-based film,
through a nickel film catalyst, was investigated using in situ, time- and depth-resolved X-ray
photoelectron spectroscopy. The graphene precursor was a carbon nitride amorphous film
obtained by pulse laser deposition. Changes in both surface and bulk sensitive carbon
components versus annealing time was investigated at temperatures between 200 °C and 500
°C. A model of carbon diffusion/segregation through the nickel film was implemented,
enabling the quantitative description of the graphene growth. Carbon diffusion through the
nickel film was shown to occur at low temperatures (200-300 °C) and to induce the growth of
graphene domains. The fine microstructure and high density of defects in the nickel catalyst
film accelerated the transport of carbon, faster than conventional bulk diffusion. At 500 °C,
bulk diffusion of carbon occurred, due to the recovering of the nickel grain microstructure.
The diffusion/segregation model developed in this study can be used as a support to a better
control of the growth and quality of the graphene. Our interpretations are discussed in relation

to similar approaches related to graphene growth by chemical vapor deposition.
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1. Introduction

Among the processes used for graphene synthesis, some use a solid carbon precursor instead
of a gas source as used in chemical vapor deposition (CVD). According to Weatherup et
al.[1], catalytic graphitization of a solid carbon source is as versatile as CVD but is potentially
simpler, cheaper and less hazardous. By monitoring the thickness of the carbon-based
precursor, located on the underside of the metal catalyst or underneath, layer-by-layer
graphene growth can be controlled by dissolution of carbon into the catalyst followed by
precipitation, during a thermal process combining heating and cooling. Various methods have
been explored to deposit and control the solid carbon source as a thin film precursor of
graphene. Weatherup et al.[1] deposited an amorphous carbon-based film (10 nm) by filtered
cathodic vacuum arc, followed by a nickel catalyst thin film, and focused on the role of an
ALOs diffusion barrier sandwiched between the carbon under-layer and the nickel catalytic
over-layer, to control the quality of a graphene monolayer obtained at temperatures as low as
600 °C. These authors observed that graphene growth mainly occurs during ramping up and
annealing, by carbon dissolution and diffusion through the metal catalyst, indicating that the
solid-state formation of graphene is not limited to carbon precipitation upon cooling.
Magnetron sputtering was used by Xiong et al.[2,3] to explore the growth mechanism of
graphene from a solid carbon source through a nickel metal catalyst layer. These authors used
rapid thermal processing (RTP) to form mono-, bi- and tri-layer graphene, with precise
control of the heating ramp, temperature and time of heating, depending on the thickness of
both the carbon film precursor and the metal catalyst. They showed a solid-state reaction
between metallic nickel and diffusing carbon forming a metastable nickel carbide compound
at temperatures as low as 400°C, followed by its transformation into graphene layers
associated with nickel sublimation at temperatures ranging from 800 to 1100 °C. Oldfield et
al.[4] also used filtered cathodic vacuum arc (FCVA) to subsequently deposit a catalytic
copper film and a carbon over-layer at a temperature of only 750 °C to induce graphene

growth.

A significant number of publications report that pulse laser deposition (PLD) is of particular
interest to control the composition of the carbon-based graphene precursor[S,6]. One of the
main advantages of the PLD process is its versatility, which makes it possible to obtain
specific compositions of carbon-based films, including incorporation of dopants or alloying
elements with precise control of their concentrations, including nitrogen, boron, silicon, and

metallic elements, as achieved by our group some years ago[7-12]. Compared to CVD
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processes, such versatility is of particular interest when the aim is to obtain precise
compositions of doped graphene for a variety of applications. As far as the incorporation of
nitrogen in graphene is concerned, to our best of knowledge, only three papers report studies
of the synthesis of nitrogen-doped graphene (NG) from a CN film obtained by PLD. Kumar et
al.[13] produced p- and n-type graphene films using PLD in the presence of argon and
nitrogen gas by ablating pyrolytic graphite. The electrical conductivity of the n-type NG film
depended on the nitrogen pressure during growth, and a diode-like rectifying behavior was
exhibited by p-n junction diodes produced using the graphene films. Ren et al.[14] controlled
the concentration of nitrogen between 1.7 and 3.3 at% incorporated in graphene, as well as the
nature of nitrogen hybridization by modulating the pressure of the nitrogen gas during
graphite ablation at a substrate temperature of 780°C. Recently, using thermal heating of a CN
film deposited by PLD, our group obtained nano-architectured tri-layer nitrogen doped
graphene with Bernal ABA stacking, with a nitrogen concentration up to 3at.% and dominant

pyridinic hybridization[15].

Despite several reports on graphene synthesis using a solid carbon source and a metal
catalyst, the atomic scale mechanism responsible for graphene synthesis requires more
detailed investigation, particularly when a dopant is introduced in the carbon-based precursor.
In the present work, we studied the growth mechanism of a nitrogen-doped graphene obtained
by thermal heating of a typical CN film deposited by PLD. We used a powerful method
consisting in coupling XPS acquisition during the vacuum thermal heating process at different

temperatures and for different times.
The questions we aimed to answer are the following:

e  What are the chemical forms of carbon and nitrogen, at the end of the high
temperature annealing process and before cooling, responsible for the N-doped
graphene growth (Part 3.1)?

*  What are the kinetics of diffusion, through the nickel catalyst, of the different
chemical forms of carbon during thermal annealing, at the range of temperatures and
times investigated (Part 3.2)?

* Can a diffusion model highlight the diffusion pathways of carbon, as a function of the

annealing conditions (Part 3.3)?

We compare our results and interpretations related to N-doped graphene growth from a solid
nitrogen-containing carbon source with the mechanisms of pure graphene growth on a metal
3



catalyst, investigated in particular by Weatherup et al., based on a CVD process[16-18], as

well from a solid carbon source beneath the nickel catalyst[1].
2. Experimental

Synthesis of a-C:N films by pulsed laser deposition (PLD). SiO, substrates ultrasonically
cleaned first in acetone then in ethanol and deionized water baths were introduced in a
vacuum chamber pumped at a base pressure of 107 Pa. Amorphous carbon films were
deposited by femtosecond pulsed laser deposition at room temperature with a nitrogen dose of
about 4%, as controlled by XPS. A femtosecond oscillator at the 800 nm wavelength, with a
pulse duration of 60 fs and a repetition rate of 1 kHz, delivered a laser beam focused at an
angle of 45° onto a high purity graphite target (99.9995% purity). The energy density
(fluence) of the laser beam was kept constant at 5 J/cm?, with a nitrogen gas pressure of 10 Pa
during the ablation process. The ablation time was adjusted to keep an a-C:N film thickness of
10 nm. The SiO; substrates were mounted on a sample holder placed at a distance of 40 mm

from the graphite target.

Synthesis of Ni catalytic films onto the a-C:N film. Following deposition of the carbon
film, a 150 nm thick nickel film was deposited by thermal evaporation on top of the a-C:N
film. High purity (99.99%) Ni was melted thermally in a tungsten nacelle and evaporated at a
base pressure of 10~ Pa towards the substrate. The deposition rate was set at 1.5 nm/minute

to minimize residual stress in the growing film, thereby limiting film delamination.

In situ thermal annealing coupled with X-ray photoelectron spectroscopy (XPS)
analysis. The Ni/a-C:N/ SiO> samples were heated at 200, 300 and 500 °C with a heating
ramp rate of 1 °C/s, in an ultrahigh vacuum pressure of 107’ Pa, inside the chamber of the
XPS apparatus, as summarized in Table 1. The samples being analyzed were subjected to
thermal treatment using a resistive heater incorporated in the sample holder in order to obtain
time-resolved recordings of Cls and Ni2p3. core levels. The temperature was controlled using
a combination of a thermocouple in contact with the surface of the sample, and a pyrometer.
For time resolved analyses, fast acquisition of Cls and Ni2p3» was performed in snapshot
mode using the 128 channels of the energy dispersive 2d detector axe. Before in-situ
annealing, a slight Ar™ sputtering was performed followed by a survey spectrum (0-1400 eV)
in order to check that only Ni was detected at the surface of the sample. For each thermal

treatment, no other elements were detected at this step.



XPS analyses were performed with a Thermo VG Thetaprobe spectrometer (Thermo Fisher
Scientific). XPS analysis was carried out with a focused monochromatic AlKa source (hv =
1486.68 eV, 400 um spot size) and photoelectrons were collected using a concentric
hemispherical analyzer operating in the constant AE mode and a 2D channel plate detector.
The energy scale was calibrated with sputter-cleaned pure reference samples of Au, Ag and
Cu such that Au4f72, Ag3ds,2, and Cu3ps,2 were positioned at binding energies of respectively

83.98, 386.26 and 932.67 eV.

Angle-resolved XPS measurements were performed at the end of each treatment just before
cooling, with an analyzer pass energy of 50 eV. This pass energy gives a width of the Ag3ds
peak measured on a sputter clean pure Ag sample of 0.55 eV. It is worth noting that these
measurements were acquired thanks to the ability of spectrometer to simultaneously collect
several photo-electron emission angles in acceptance range of 60° without tilting the sample.
Components of the Cls peak were adjusted using line shapes consisting of a convolution
product of a Gaussian function (75%) and Lorentzian function (25%) for Cais and Ccarbides and
asymmetric lines shapes for Cg: and Cg components for which parameters (tail percentage,

height, and exponent) were adjusted on analyzed pure HOPG reference sample.

Ni
- 2. Thermal Evaporation

Thermal Evaporation

Pulsed laser: 60 fs - 800 nm - 5 J.cm™2 => Ni 150 nm
N2 Pressure: 10 Pa
=2 a-C:N 10 nm

3.In situ XPS during heating

at 200—-300- 500°C
N-doped graphene synthesis

Thermal Heating 200-300-500°C

Figure 1. Synthesis process of N-doped graphene films, by thermal heating of a Ni/a-C:N/SiO; with in
situ XPS analysis.



Ex situ analysis. Raman spectroscopy was performed using an Aramis Jobin Yvon
spectrometer at 442 nm, with a spectral resolution of 2 cm™' as recorded on a CCD camera,
and a lateral resolution of ~1 um. The laser beam is focused with a 100x objective, consistent
with a laser spot diameter of less than 1 um for both wavelengths. The laser power was kept
below 3 mW to avoid damaging the film surface. A custom-made algorithm relying on the
SciPy python library was used to extract the intensity, width, and position of the Raman
peaks. Most peaks are fitted using Lorentzian functions, except for the G peak which is fitted
with a Breit-Wigner-Fano function accounting for its asymmetry compared to a classical
Lorentzian profile. When computing later intensities ratios, we will be referring, as is usually
the case in the literature, to the peak height (intensity maximum) as opposed to its area.
Complementary ex situ characterizations were performed by field-emission gun scanning
electron microscopy (FEI Novanano SEM 200) operating at 15 kV. Electron Back Scattered
Diffraction (EBSD) was carried out in an other scanning electron microscope (Zeiss Supra55

FEG-SEM) equipped with an EBSD system from HKL-Oxford Instruments.

Annealing temperature,

Time of annealing at

In situ analysis during

Ex situ analysis

T temperature T annealing

200 °C 23460 s XPS None

300 °C 22760 s XPS Raman, SEM, EBSD
500 °C 4980 s XPS Raman, SEM, EBSD

Table 1. Experimental conditions for thermal heating of Ni/a-C:N/SiO: films, with in situ XPS during
heating and ex situ complementary experiments. For each temperature, a ramp of 1°C/s was
scheduled to reach the annealing temperature indicated in column 1.

3. Results and discussion
3.1. Chemistry of carbon and nitrogen after diffusing across the nickel layer

The graphene films obtained by thermal heating at 300 °C and 500 °C were investigated by
Raman spectroscopy after the annealing process (performed inside the XPS spectrometer), in
order to check the typical signatures of graphene. The interpretation of the D (1,350 cm™), G
(1580 cm™) and 2D (2700 cm™) bands is based on the literature[19,20]. Figure 2a shows the
spectra and Table 2 lists the corresponding D, 2D and G band positions and ratios, as well as
the FWHM of the 2D band and the correlation length L., deduced from the Tuinstra-Koenig
relation[21]. At 300 °C (after 6 h 24 min of thermal annealing), a wide low 2D band was

detected, consistent with the presence of a high defective graphene-like structure, far from
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typical graphene whose signature is a high narrow 2D band, as well as a low D band. This
observation may be consistent with some carbon diffusing from the carbon underlayer
through the nickel catalyst (as it will be shown later by in situ XPS during the heating
process) and stabilized in the sp? hybridization on the top surface. At 500 °C (after 1 h 31 min
of thermal annealing), the 2D band was consistent with the formation of few-layer graphene,
considering a Ip/Ig ratio of 0.36, a FWHM(2D) of 96 cm™ and a Ip/IG ratio of 0.12 consistent
with a correlation length of 76 nm. Figure 2b shows the Raman mappings of the I.p/Ic and
Ip/Ig ratios for the graphene film obtained at 500°C. The region related to the spectrum
depicted in Figure 2a is localized by a white mark in the Raman mapping. Average values of
the ratios Iop/Ic and Ip/lIg are 0.30 and 0.23 respectively. The Lp/IG ratio is consistent with a
stacking of 3-5 layers (as confirmed further by XPS), rather homogeneous considering a
standard deviation of 0.09 deduced from the 100 Raman spectra of the mapping. However,
the distribution of defects over the probed area is more heterogeneous, considering a standard

deviation of 0.17 for the Ip/Ig ratio.
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Figure 2. a) Raman spectra of the N-doped graphene films after heat treatments at 300 °C (22 760 s)
and 500 °C (4980 s) in ultrahigh vacuum; b) Raman mappings (10 x 10 um?) of the 2D/G and D/G
intensity ratios related to the N-doped graphene film synthesized at 500°C. The white mark
corresponds to the location of the spectrum depicted in (a). The values 0.30 and 0.23 correspond to
the mean values of the 2D/G and D/G intensity ratios respectively, over each mapped area.

Annealing temperature 300 °C 500 °C

D position 1370 cm’! 1367 cm’!
G position 1587 cm’! 1574 cm’!
2D position 2714 cm’! 2742 cm’!
L/l 0.17 0.36

In/lg 0.51 0.12
FWHM(2D) 230 cm™ 96 cm’!
Correlation length L, 18 nm 76 nm

Table 2. Raman characteristics deduced from the spectra depicted in Figure 2.

The chemistry of carbon was investigated assigning four components in the Cls spectrum

based on previous interpretations related to graphene films obtained by using metallic
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catalyst[1,15] and the work of Weatherup and al.[17] who considered the graphene-catalyst
interaction on the basis of the binding energy shift of the graphitic (Csp?) component. Taking
into account this interaction, we consequently also considered two components for graphene:
a component Cg;, at 284.4 +/-0.1 eV for weakly interacting graphene layers and a component
Cp at 284.8 +/- 0.1 eV for graphene that strongly interacts with Ni catalyst. The function and
parameters (binding energy, full width at half maximum, peak asymmetry) for the Cs: and Cg
components were determined using Cls spectrum measured on pure HOPG reference sample.
The two other contributions considered in the Cls peak were a component Cgis at 283.8 +/-0.1
eV corresponding to carbon in solid solution Ni(C) interstitially dissolved in the metal
catalyst, and a component Cecamide at 282.9 +/-0.1 eV associated with the precipitation of nickel

carbides.

Figure 3a shows typical adjustment using the four previously described components of Cls
spectra recorded in XPS angle resolved mode for two photoelectron take-off angles at the end
of thermal annealing at 500 °C (i.e. before cooling). Similar analyses were carried out for
annealing treatments at 200 °C and 300 °C. Comparison of the Cls peak fitting for a
photoelectron take-off angle of 35° with the one at a take-off angle of 65° for which the depth
of analysis is reduced, indicates a difference in the proportions of the component and rules out
inhomogeneous distribution. Figure 3b shows the logarithm of the ratio of 35° “bulk
sensitive” and 65° “surface sensitive” emission angle intensities for each Cls components.
Considering that the signal from a species arises from a layer buried beneath a layer of depth

d, this value can also be expressed as follows:

—ln[%j :d[(l/A cos (35))—(1//1 cos (65))] (Eq.1)

65°
Assuming the same electron inelastic mean free path A for the different components, the
logarithm of the intensity ratio gives a direct measurement of the relative value of d. Figure
3b presents the relative depth plot of the four Cls components and shows that Cg: and Cg
components are surface sensitive, while Ccavide and Cgis components are bulk sensitive (the
Ccarbide component being more bulk sensitive than the Cgis component). Similar results were
also found for angle-resolved measurements after annealing treatment at 200 °C and 300 °C.
Based on these observations, a schematic distribution of the different carbon species is
proposed in Figure 3c. The Cg: and Cg surface sensitive components are associated with the

segregation of carbon and the growth of graphene layers at the surface of the sample. The



weakly interacting graphene layers tied to the Cgr component is considered as additional
graphene layers or rotated graphene, while Cg is considered as strongly interacting epitaxial
graphene[17,22]. This difference in interaction is confirmed on the relative depth plot of the
Figure 3b, with a component Cg; slightly more sensitive to the surface than Cg. On the other
hand, the Ccamige component is clearly bulk sensitive and may arise from the formation of
nickel carbides homogeneously distributed on the XPS depth of analysis. It is worth noting
that at the binding energy of the Ccamide cOmponent, i.e. close to 283 eV, these carbides are
generally assigned to metastable Ni3C[23] from which graphene growth mechanism can be

involved in solid state[3,24].
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Figure 3: Angle-resolved XPS analyses of Cls at the end of annealing treatment at 500 °C before
cooling: a) adjustments of CIl peaks at two photoelectron escape angles using the components
described in [17], b) relative depth plot based on the logarithm of the ratio of intensities at 6=35° and
6=65° and indicating the relative sensitivity to the surface of each component used to adjust Cls, c)
Schematic in-depth distribution based on the relative depth plot results of the carbon species:
graphene weakly interacting with Ni “component Cg,” represented by orange lines, graphene strongly
interacting with Ni “component Cg” represented by purple lines, carbide “component Cecarvide”
represented by black spheres, and carbon dissolved “component Cg;;” represented by black spheres.

Figure 4 shows a typical adjustment, using four components, of N1s spectra at the end of

thermal annealing at 500 °C (i.e. before cooling). The N/(N+C) ratio deduced from XPS
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analysis is 4 at.%. The four components observed on the N1s spectrum are interpreted based
on[25] and our previous work[15]. Pyridinic, pyrrolic, and quaternary (or graphitic) nitrogen
configuration in the N-doped graphene films were detected at 398.2, 400.1, 401.5 eV
respectively, with a predominance of the pyrrolic configuration. An additional pyridinic oxide
configuration was detected at a higher binding energy of 403.9 eV. The C and Cg:
components certainly include the carbon-nitrogen bonds, but the low nitrogen concentration
of 4 at.% did not enable identification of their contribution. It is also worth to mention that
nickel nitrides which were evidenced by a Nls peak at a binding at 395.8 eV[26] were not
detected which involves that no or few amount of nitrides (< 0.1 %at) was formed during

thermal annealing.

The analysis of the chemistry of carbon and nitrogen diffusing from the a-C:N film across the
nickel layer revealed that the model of carbon diffusion and interaction with the Ni catalyst,
the presence of carbides and subsurface carbon species described in the case of pure graphene
growth obtained from chemical vapor deposition[17] is in accordance with what we observed
in the case of growth mode using a solid carbon based source. Moreover, the presence of
nitrogen in the source made it possible to produce 4% nitrogen doped graphene. N1s signal
shows the chemical compositions at different energy levels: pyridinic N bond at 398.2 eV,
pyrrolic N bond at 400.1 eV, quaternary N at 401.5 eV and pyridinic oxide N at 403.9 eV in
agreement with References[25,27-29]. Our nitrogen content is comparable with what was
found using hydrothermal method[29] and thermal exfoliation of graphite oxide for graphene

doping with nitrogen[27].

In order to evaluate the kinetics of graphene growth and also to consider the changes in and
interactions between the carbon species highlighted above, time-resolved XPS analyses were

performed.
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Figure 4: Nls peak recorded at the end of annealing treatment at 500 °C before cooling.

3.2. Kinetics of carbon diffusion across the nickel film

Fast acquisition of Cls and Ni2ps» photoelectron peaks, using the snapshot spectrometer
detector mode, were performed during in situ thermal annealing. Unfortunately, the low
concentration of nitrogen in the graphene film (4 at.%) could not record the Nls
photoelectron peaks using the snapshot mode due to a too low intensity during the thermal
annealing process. In the case of the Cls peak, the same function parameters defined
previously for analyses of the angle resolved spectrum were used to fit the components Car,
Cg, Cuais and Ccamide. Considering the distribution of the different carbon species presented in
Figure 3, the Cg: and Cg components intensities were converted into monolayers using the

following equations (In (Eq.2), Ccomp represents either Cgy, either Cg):

ICmmp
C_ (monolayer) = Cls (Eq.2)

comp —d
As cos @
IHOPG

where [, is the intensity of the Cls peak measure on a pure HOPG reference sample, d=

0.335 nm is the thickness of a graphene monolayer, /lé“lyj’ the inelastic mean free path of a

photoelectron coming from the core level Cls and travelling through a graphene layer for
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which we chose a value of 1.2 nm based on the work of Tyagi et al.[30] and6 the

photoelectron escape angle with respect to the normal of the sample surface.

As the Cgis and Cearvide components were assumed to be only distributed in the catalyst
substrate, the intensities were converted into atomic percentage using the intensity of Ni2ps/2

and the following expressions equations (In Eq.3, Ccomp represents either Cais, either Cearbide):

C,
I comp /F
— Cls Cls
Ccr)mp (%at) - C

Icivsmp /FCls + IN[2P3/2 /FNi2p3/2 (Eq 3)

— ) sub _d —
FA—/]A XJAXTAX{TX(eXP(W 1[+1

b, . . .
where /L(,s )15 the inelastic mean free path of a photoelectron coming from the core level A

(Eq.4)

(A being either Cls, either Ni2ps/2) in the substrate “sub” or in the carbon segregated surface

film “layer”, O, is the Scofield ionization cross section of core level A, TA the transmission

function at the kinetic energy of the photoelectron coming from the core level A, d is the
thickness of the carbon segregated layer and 6 is the photoelectron escape angle with respect
to the normal of the sample surface. The values of the inelastic mean free path in the
segregated carbon film were chosen based on the work of Tyagi and al.[30], and those in the
substrate were estimated with the TPP2M method[31]. The results are presented in Figure 5
which represents the fraction of monolayer or atomic percentage of the four Cls components
as a function of the square root of the time since we can consider that the kinetics of the four

components are driven by the diffusion of carbon across the Ni layer.
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Figure 5: Changes in function of the square root of the time of surface sensitive components Cg, and
Cg of Cls core level expressed as a fraction of the monolayer using Eq.2 and bulk sensitive
components Cearpidze and Cis expressed in atomic percent units using Eq.3.

Figures 5a-b show changes in the fraction of monolayer of graphene weakly interacting with
the nickel catalyst (Cgr) during annealing, and graphene which interacts strongly with the
nickel catalyst (Cg). These changes indicate the presence of both types of carbon components
even at a temperature as low as 200 °C. It is worth noting that unambiguous graphene Raman
signature was only detected at 500 °C (Figure 2). This can be explained by the small spatial
extent of sp? regions at low temperature and the fact that XPS is more sensitive to local
bonding than Raman while the latter is sensitive to the organization, extent and crystallite size
of graphene domains[32]. The changes in Cgr and Cg also suggest that at low temperatures,
the diffusion is abnormally fast since the Cg component was detected at the surface after less
than one hour (< t'2 = 60 s!2) at T=200 °C. This point is discussed in the following section.
We also note that the fraction of monolayer for each component never exceeds a complete

monolayer even when both contributions are summed, which can be partly explained by the
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distribution of surface crystallographic orientations some of which are more favorable for the
growth of graphene. In particular, with weak lattice mismatch of 1.3%, Ni(111) is ideal for
growing epitaxial graphene[33]. Electron backscattering diffraction orientation map along
sample’s Z direction of sample annealed at 300°C and 500°C are presented in Figures 6d) and
e) indicating a similar average grain size of 200 nm and a (111) texture for both thermal
treatments. Finally, at 500 °C, the presence of a plateau highlights a self-limited reaction that
can be described by the diffusion/segregation model. The changes in Ccarbide, Shown in Figure
Sc, show the progressive formation of carbides at 200 °C and 300 °C that tends toward a value
of 4%. At 500 °C, Ccamide first exceeds this value and then starts to decrease due to
decomposition of the metastable carbide. Note that the Cqis component appears to be stable
when the carbides start to decompose, suggesting that the released carbon does not remain in
solid solution but is probably used for graphene growth. Compared to the Cg: component,

t12= 30 s, Cp appears to increase slightly, suggesting that

which clearly shows no change at
the released carbon is used for growing graphene strongly interacting with Ni. Figure 5d
shows changes in the Cqgis component that exhibits atomic percent values in the order of few
percent at the three thermal annealing temperatures (7% at T=500 °C) which represents a
large amount of carbon if we consider that this component reflects the presence of dissolved
carbon. In particular, the expected equilibrium carbon in solid solution for Ni at room
temperature is <0.01 at% and in the order of 0.1 at% at 500 °C[34,35]. As we already
mentioned, one assumption is to consider that carbon is segregated at Ni grain boundaries.
Analyses of Ni grain size using scanning electron microscopy and electron backscattering
diffraction Figure 6 b-e) showed an average grain size of 200 nm at the end of 300°C and
500°C thermal treatments. Considering the thickness of Ni film with surface equiaxed grains
is 150 nm, if the carbon fills all the grain boundaries, this gives an average value of 0.1

atomic percent. This assumption consequently fails to explain the large values associated with

the Cgis component.
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As deposited

Figure 6: SEM pictures of: a) the as-deposited Ni/a-C:N/SiO- before annealing b) after annealing at
300 °C and c) after annealing at 500 °C performed in ultrahigh vacuum in the XPS chamber. Electron
backscattering diffraction orientation map along sample’s Z direction of d) sample annealed at 300°C
and e) 500°C.

Another possible explanation for the high concentration of dissolved carbon is the type of
carbon source used in this study, which was amorphous carbon. The measurements of carbon
solubility in nickel available in the literature are based on systems in which the source of
carbon is graphite[34,35], not amorphous carbon. It has been demonstrated that the chemical
potential of carbon is significantly higher in amorphous carbon than in graphite[35], which
means that the amount of carbon expected to dissolve into nickel is higher when amorphous
carbon is used, rather than graphite. This could explain why the concentration of carbon

dissolved in nickel is so large in our study.

The amount of dissolved carbon in the nickel catalyst is of prime importance because of its
interaction with graphene. In particular, using in-situ XPS measurements and grand canonical
Monte Carlo simulation, Weatherup et al.[17] showed that, depending on the amount, the

dissolved carbon can:
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* weaken the interaction between an epitaxial graphene layer and the catalyst leading to
the growth of an additional second layer at the interface between the catalyst and the
existing graphene layer,

» affect the interaction and thus the epitaxy of the graphene as it forms.

Since the work of Weatherup et al.[1] was based on a chemical vapor deposition method, we
wanted to see if this behavior applies equally to graphene synthesis via a solid carbon source.
Figure 7 shows the influence of the amount of carbon in solid solution on the growth of
graphene layers. The figure plots the Ca,/Cs ratio of the fraction of the monolayer of weakly
interacting graphene with the nickel catalyst, to the one strongly interacting graphene, as a
function of the atomic percentage of carbon in solid solution Cgis associated with this ratio at

each time of the kinetics, at the three annealing temperatures. The plot shows three domains:

¢ a domain for an amount of dissolved carbon < 2 at% where the ratio is weak, and
consequently most of the growing graphene is in the form of islands of monolayer
epitaxial graphene, with the main contribution coming from Cg (inset (a) in Figure 7).

* adomain for an amount of dissolved carbon between 2 and 4 at% where the ratio is in
the range of 1.3 to 1.5. If we consider a second layer growing between the catalyst and
the original islands of graphene monolayers, the ratio of Cg: to Cp should be equal to
exp(d/AMcosB) = 1.54. This suggests that in this domain, additional dissolved carbon
promotes the progressive growth of bilayer islands (insets (b) and (c) in Figure 7).

¢ adomain for amounts of dissolved carbon > 4 at% where the Cg;, to Cg ratio is close to
2.5. Such high concentrations of dissolved carbon in Ni additionally favor the
formation of weakly interacting graphene (Cg;) (inset (d) in Figure 7), as observed by
Weatherup et al.[17] by using CVD synthesis (and called “rotated graphene” by these

authors).

In summary, the analysis of kinetics of carbon diffusion highlights the following points. The
diffusion of carbon across the Ni catalyst layer is very fast, giving rise to the formation of
small graphene islands on the surface of the nickel grains, even at low temperatures. The
diffusion of carbon triggers the formation of metastable nickel carbides that quickly reach
equilibrium at low temperatures but start to decompose at 500 °C, implying that nickel
carbides are not the major source involved in the formation of graphene at temperature <
500°C. The behavior of the Cqis component reveals that the Ni subsurface is oversaturated

with carbon with amounts than can reach 7at% at 500 °C. Even though it is impossible to
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unambiguously define the nature of these subsurface carbon atoms (interstitially dissolved or
Ni2C), their presence appears to influence the graphene growth mechanism as already
reported in the chemical vapor deposition method[17]. In particular, three domains of
subsurface carbon content were identified at a low temperature (T< 500 °C). Because the
presence of graphene and subsurface carbon atoms originate from carbon of the a-C:N source

diffusing across the Ni layer, a diffusion/segregation model was developed to fit the XPS

measurements.
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Figure 7: ratio of the fraction of the Cg, to the Cg component as a function of dissolved carbon based
on the kinetics data at 200, 300 and 500 °C (Figures 5 a, b and d). The sketches a,b,c, and d indicate
the effect of C dissolved on the growth of strongly catalyst interacting graphene layer (purple) and
weakly catalyst interacting graphene layer (orange) for the ranges delimited by dotted lines: a domain
for an amount of dissolved carbon < 2 at% where most of the growing graphene is in the form of
islands of monolayer epitaxial graphene (sketch a), a domain between 2 and 4 at% where additional
dissolved carbon promotes the progressive growth of bilayer islands (sketch b -> sketch c) and a
domain for amounts of dissolved carbon > 4 at% where the formation of weakly interacting graphene
is promoted (sketch d).

3.3. Modeling the diffusion and segregation of carbon through the nickel film

3.3.1. Background
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The model is illustrated in Figure 8. Amorphous carbon located below the nickel film is
considered as an infinite source of carbon. The concentration of dissolved carbon C; on the
underside of the nickel film, i.e. close to the a-C/Ni interface, is fixed (Dirichlet boundary
condition). This term is adjusted for each temperature but is considered constant over time
during annealing at a given temperature. Carbon diffusion across the nickel film is calculated

using the usual 2™ Fick’s law (Eq.5):
oC _ 0°C
—=D >
ot 0x

Where C is the carbon concentration (m™) at depth x and D is the carbon diffusion coefficient

(Eq.5)

in nickel (m? s™"). The formation of a carbon-rich film on the surface of nickel is treated here
as a surface segregation phenomenon. The two types of carbon located at the surface (Cc, and
Cp) are considered here as "surface segregated" carbon. The model used here to describe
carbon surface segregation is based on the Darken-du Plessis approach for interface
segregation, which is described in details in several refs[36,37]. This approach has been
successfully tested in various complex surface segregation conditions[38-41]. The flux J of

carbon (m s!) from nickel to the segregated layer is given by (Eq.6):

_ DG
RT 0x

where T is the temperature (K), R is the gas constant (R = 8.314 J mol K!), C; is the carbon

(Eq.6)

concentration (m™) in nickel in contact with the segregated carbon (see Figure 8) and du/0x is
the gradient of carbon chemical potential at the interface between the nickel and the
segregated layer. dx depends on the mesh size chosen in the calculation. du is given by

(Eq.7):

_9
Xl(l_e) ’

where AG is the surface segregation free energy of carbon, X; and C; are respectively the

Ou =-AG - RT In with X, =C,/C,, and 6 =C,/C,,,, (Eq.7)

molar fraction and the concentration (m™) of carbon in nickel in contact with the segregated
carbon, Cy; is the number of nickel atoms per unit volume of nickel (m™), Cs is the carbon
concentration in the segregated layer (m™2), Cumax is the maximum carbon concentration
possible in the segregated layer. The structure of the segregated layer is treated here as a
graphene layer so that Cuyax is the number of carbon atoms per unit surface in a full graphene

layer (3.82 10" m?). @ is the coverage ratio. Eq.7 is derived from the expressions of the
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chemical potential of carbon dissolved in nickel and carbon in the segregated layer. Finally,
the time-dependence of the carbon concentration in the segregated layer is simply obtained
using the following equation (Eq.8):

oC

o1 (Eq.8)

The differential equations above were solved using a finite difference method implemented in

a bespoke Matlab program. The odel5s solver[42] was used.

Fitting was performed. On one hand, the calculated C; concentration (concentration in the
bulk just below the segregated layer) was compared to the dissolved carbon content Cuis
measured by XPS. On the other hand, the calculated C; concentration (carbon concentration in

the segregated layer) was compared to the XPS experimental values of Cg, + Cs.

It should be mentioned here that only the carbon diffusion/segregation is addressed by the
model. In contrast, nitrogen is not taken into account. Indeed XPS measurements show that
the total apparent concentration of nitrogen is only of a few at.% at maximum. This includes
the actual surface content (in the graphene layers) as well as possible nitrogen dissolved in the
nickel bulk (subsurface). This means that both of these contents (surface and bulk) are below
a few at%, even for long annealing times, which is very small. As a consequence, no
particular effect of nitrogen on the diffusion/segregation behaviour of carbon is expected. In
other words, the assumption of "infinite dilution" is fulfilled here as only about a few percents

of the carbon atoms have a nitrogen atom located in a first neighbour interstitial site.
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Symbol Value Comment
Nickel thickness 150 nm
Annealing temperature T 500, 300 and 200 °C
quber of n.1cke.l atoms per Cui 91 10 m
unit volume in nickel
Maximum carbon
concentration in the segregated  Cha 3.82 10" m? See text
layer
7.0%at. at 500 °C
Fixed carbon concentration on o .
the underside of nickel Ci 6.2% at. at 300 °C Adjusted
4.5% at. at 200 °C
. . . . -1
Carbon diffusion coefficient in D 2.48 10~ exp| - 168 kJ.mol m’ s Lander[43]
well crystalized nickel RT ( K )
P 1.1 10"¥ m? s at 200 °C
Accde.rated carbon diffusion D Adjusted
coefficient 3.0 108 m2 s at 300 °C
-18.8 kJ mol™! at 500 °C
Surface segregation free energy - -13.6 kJ mol"! at 300 °C Adjusted
of carbon in nickel
-9.8 kJ mol™! at 200 °C
Table 3: Model inputs.
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Figure 8: Principle of the diffusion/segregation model used to fit the experimental kinetics measured
using XPS. C; is considered to be constant over time at a given temperature (Dirichlet boundary
condition). Meshing: one hundred slices in the 150 nm nickel film.
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3.3.2. Model results

In the first step, bulk diffusion of carbon in nickel was assumed. Lander’s temperature
dependent diffusion coefficient was considered (see Table 3). The time dependences
calculated for segregated carbon and for dissolved carbon at 200, 300 and 500 °C are shown
in Figure 9a and 9b, respectively, together with the corresponding experimental
measurements. It should be recalled that the ramping rate used to reach the annealing
temperature is 1K/s. The time at which the annealing temperature is reached is indicated by

the arrows in Figure 9.
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Figure 9: (a) Surface segregation kinetics of carbon during annealing at 200, 300 and 500 °C. The
circles represent the experimental carbon surface concentrations (Cgr + Cg) measured using XPS. The
lines are calculated from the model using the bulk diffusion coefficient of carbon in nickel. Note that at
200 and 300 °C, the model predicts practically no carbon segregation (see blue and green lines close
to zero concentration); (b) Time dependence of dissolved carbon concentration just below the
segregated layer during annealing at 200, 300 and 500 °C. The circles are the experimental
measurements (Cgis) using XPS. The lines are calculated from the model using the bulk diffusion
coefficient of carbon in nickel. Note that at 200 and 300 °C, the model predicts practically no
dissolved carbon (see blue and green lines close to zero concentration). In both figures, the arrows at
the top indicate the time at which the annealing temperature is reached. Note that the temperature
ramp (1 K/s) used to reach the annealing temperature was taken into account in the model.

The temperature dependence of the diffusion coefficient was taken into account in the model.
The C; and AG terms were adjusted to 7% at. and -18.8 kJ mol™! respectively so as to obtain
the correct dissolved and segregated carbon concentration at equilibrium at 500 °C. The
model is in good agreement with the measurements of the specimen annealed at 500°C: a
sudden rise in the concentration of dissolved and segregated carbon is observed at
t2=205s'"2, ie. t=400s, which corresponds to the very end of the temperature ramp

(T =450 °C). The good agreement between the model and the measurements suggest that the
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assumption of bulk diffusion of carbon is correct for the specimen annealed at 500 °C.
However, this is not the case at all at the two other temperatures. The model shows almost no
carbon segregated, or dissolved, even after 20,000 s at 200 °C or 300°C (Figures 9). This is in
strong disagreement with the experimental data showing a significant amount of segregated
and dissolved carbon at those temperatures. We can conclude that the effective diffusion
coefficient of carbon in the nickel film at 200 °C and 300 °C is certainly far larger than the
bulk diffusion coefficient used in the model. The diffusion behavior observed here is related
to the nanostructure of the nickel deposit and the density of defects contained in it (vacancies,
dislocations, grain boundaries). In the specimen annealed at 500 °C, the nickel deposit is
likely to recover (or even recrystallize) very fast[44,45] so that carbon diffusion proceeds
mainly in a recovered microstructure with a low defect density. However, at 200 °C and 300
°C, recovery apparently does not take place, or at least is much slower than at 500 °C.
Consequently, the nickel continues to display a high defect density for longer, which strongly

accelerates carbon diffusion[45,46].
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Figure 10: (a) Surface segregation kinetics of carbon during annealing at 200 and 300 °C. The circles
represent the experimental carbon surface concentrations (Cgr + Cp) measured using XPS. The lines
are calculated from the model using an accelerated diffusion coefficient of carbon in nickel; (b) Time
dependence of dissolved carbon concentration just below the segregated layer during annealing at
200 and 300 °C. The circles are the experimental measurements (Cy;s) using XPS. The lines were
calculated from the model using an accelerated diffusion coefficient of carbon in nickel. In both
figures, the arrows at the top indicate the time at which the annealing temperature is reached. Note
that this time, the temperature ramp (1K/s) used to reach the annealing temperature was not taken
into account in the model.

In the second step, accelerated carbon diffusion was included in the model at 200 °C and 300
°C. Three terms had to be readjusted at each temperature to fit the time dependence of

segregated (Cgr+ Cp) and dissolved (Cais) carbon: accelerated diffusion coefficient,
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segregation free energy, and the C; term. The adjusted values are listed in Table 3 and the
plots are shown in Figure 10. The diffusion coefficient obtained by fitting at 200 and 300 °C
is by one or several orders of magnitude higher than the Lander diffusion coefficient (bulk
diffusion). The accelerating factor (ratio of the actual diffusion coefficient to the bulk
diffusion coefficient) is 25 at 300 °C and is as high as 16,000 at 200 °C. This shows that the
acceleration of diffusion due to the crystal defects in the nickel deposit is more efficient at

low temperature, which is consistent with a higher defect density in the nickel deposit.
The following conclusions were inferred from modeling:

* In the specimen annealed at 500 °C, the transport of carbon across the nickel deposit is
mainly governed by bulk diffusion. This can be explained by a very fast recovery of
the nickel microstructure so that carbon diffusion takes place in a fully recovered
microstructure.

* In contrast, the transport of carbon at 200 and 300°C is faster than bulk diffusion by
one or several orders of magnitude. This is consistent with a very slow recovery of the
nickel deposit. Consequently, the defect density remains very high, which allows

accelerated diffusion of carbon.
4. Conclusion

Nitrogen-doped graphene growth was obtained by thermal heating using CNx feedstock
elaborated by pulsed laser deposition (PLD), covered by a thin layer of nickel catalyst. Our
work demonstrates the elaboration of dominant pyrrolic nitrogen doped graphene with doping
level close to 4 at.%. The aim of this work was focused on the understanding of the kinetics
and mechanisms of carbon diffusion and segregation investigated by in situ XPS probing
during the thermal heating process. XPS data were used to implement a model of
diffusion/segregation of carbon through the nickel catalyst film. This study shows that in the
same way than CVD method, growth of graphene domains from Ni atop carbon source at low
temperature (T<500°C) is driven by the presence and content of subsurface carbon changing
the interaction between graphene and catalyst, resulting in growth of domains of epitaxial
monolayer to bilayer and rotated graphene as the amount of subsurface carbon increases. For
T>500°C, our study points out the decomposition of metastable NisC which can act as another

catalyst phase in graphene growth.

Time resolved XPS measurement allowed to show also the primary role played by the

microstructure and density of defects of the catalyst in the case of synthesis from a solid
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carbon source. At low temperatures, the high defect density due to slow Ni microstructure
recovery gives rise to accelerated transport of carbon, whereas at T=500°C the transport of
carbon is mainly governed by bulk diffusion due to a fully recovered Ni microstructure. This
aspect is of main importance as the amount of subsurface carbon, which influences the
mechanism of graphene growth, is provided by the diffusion across the Ni layer catalyst. The
diffusion/segregation model developed in this study can thus be used as a support to improve
the graphene quality by a control of the amount of subsurface carbon, which is governed by

the carbon diffusion across the nickel layer.
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