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On the Mechanisms of Ni-Catalysed Graphene Chemical Vapour Deposition
Robert S. Weatherup,*[a] Bernhard C. Bayer,[a] Raoul Blume,[b] Carsten Baehtz,[c] Piran R. Kidambi,[a]
Martin Fouquet,[a] Christoph T. Wirth,[a] Robert Schlçgl,[d] and Stephan Hofmann[a]
The development of a scalable, economical production technique for mono- and few-layer graphene (M-/FLG) is a key requirement to exploit its unique properties for applications. Catalytic chemical vapour deposition (CVD) has emerged as one
of the most promising and versatile methods for M-/FLG
growth. The generic principle of catalytic, rather than pyrolytic,
CVD is to expose a catalyst template to a gaseous precursor at
temperatures/conditions for which the precursor preferentially
dissociates on the catalyst. Hence, the catalyst is key to M-/FLG
formation, in particular its role in precursor dissociation, C dissolution, M-/FLG nucleation and domain growth/merging. Although the structure of as-formed graphitic layers on crystalline transition metal surfaces under ultra-high vacuum conditions has been extensively studied in surface science,[1, 2] a central question remains: what M-/FLG quality can be achieved
with CVD, in particular, if for cost effectiveness sacrificial polycrystalline metal films/foils and less stringent vacuum/CVD process conditions are used. There have been numerous recent reports of large area M-/FLG CVD on for instance poly-crystalline
Ni[3] and Cu,[4] including integrated roll-to-roll processing.[5]
However, there is currently very limited understanding of the
detailed growth mechanisms,[6] and the mostly empirical process calibrations provide little fundamental insight in to how
the process and M-/FLG quality/domain size can be optimised.[7]
Herein, we study M-/FLG CVD by complementary in situ
probing under realistic process conditions with the aim of revealing the key growth mechanisms. We focus on poly-crystalline Ni films and simple one-step hydrocarbon exposure conditions. However, as highlighted by Figure 1, even for such
seemingly simple CVD conditions, the parameter space is
manifold which leads to ambiguity in the interpretation of
post-growth process characterisation and motivates our in situ
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Figure 1. Illustrative processing profile for a simple one-step hydrocarbon
exposure consisting of four major phases: catalyst pretreatment, C dissolution into the catalyst during initial precursor exposure, isothermal M-/FLG
growth with continued precursor exposure, M-/FLG growth by precipitation
upon cooling. The key catalyst and M-/FLG properties that may be defined
at each phase of growth are also listed.

approach. For catalyst metals with a high C solubility, such as
Ni, current literature typically assumes C precipitation upon
cooling as the main growth process.[3, 8] M-/FLG precipitation
has been studied in detail for slow, near thermodynamic equilibrium thermal cycling of C doped crystals.[2, 9] For CVD, however, the conditions are distinctly different (Figure 1): an isothermal C precursor exposure phase, which represents a variation in composition rather than temperature, is followed by
a typically fast cooling or thermal quenching. Hence kinetic aspects are important. Additionally, competing processes might
influence the growth outcome such as etching of M-/FLG in
a reactive atmosphere, for example, hydrogen or water, during
the CVD process.[10, 11]
By combining in situ, time- and depth-resolved X-ray photoelectron spectroscopy (XPS) and in situ X-ray diffraction (XRD),
we can clearly show that M-/FLG growth occurs during isothermal hydrocarbon exposure and is not limited to a precipitation
process upon cooling. While the fraction of M-/FLG due to isothermal growth and precipitation upon cooling strongly depends on process conditions, we show that the former is dominant for the low-temperature CVD conditions used. We find
that M-/FLG nucleation is preceded by an increase in (subsurface) dissolved C with the formation of a solid solution of C in
the Ni film, which indicates that graphene CVD is not a purely
surface process. We discuss our data here in the context of
simple considerations of C solubility and diffusivity as well as
rate equations of the basic contributing processes, in order to
establish a framework to guide future improvements in graphene CVD by a more fundamental understanding.
We perform in situ XPS during low-pressure CVD of M-/FLG
from hydrocarbon precursors on Ni(550 nm) films. Figure 2 A
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Figure 2. A) Time-resolved in situ XPS C1 s core level lines for Ni(550 nm)
during low-pressure CVD [base pressure 5  10 7 mbar, 600 8C,
C2H2(~10 5 mbar), cooled at ~ 50 8Cmin 1]. Time signatures are relative to
when the C2H2 valve is opened and spectral acquisition begins, however exposure pressure is not instantaneously reached. Inset: A fitted C1 s spectrum
measured at 600 8C with C2H2 removed after a 600 s exposure. The spectrum
is fitted using Doniach-Šnjić functions convoluted with Gaussian profiles
with an accuracy of ~ 0.05 eV and is background corrected (Shirley). All spectra are collected in normal emission geometry at photon energies of 435 eV
(surface sensitive; lescape  7 ) with a spectral resolution of ~ 0.3 eV. B,
C) Optical image and Raman spectra (532 nm excitation) of transferred
M-/FLG film grown by low pressure CVD [base pressure 5  10 7 mbar,
600 8C, C2H2(210 6 mbar), 210 s, cooled at 25 8Cmin 1]

shows the time-resolved evolution of the C1 s core level spectra during C2H2 exposure at ~ 600 8C. We have previously identified four principal components in the C1 s spectra at approximately 283.2 eV (CA), 283.8 eV (CDis), 284.4 eV (CGr) and 284.8 eV
(CB), which can be consistently assigned for Figure 2 A.[12, 13]
Shortly after the start of the C2H2 exposure, we observe the appearance of C bound to high reactivity Ni surface sites (CA)
which reflects the presence of C on the Ni surface originating
from the decomposition of C2H2. This surface C diffuses into
ChemPhysChem 2012, 13, 2544 – 2549

the Ni sub-surface forming an interstitial Ni-C solid solution
(CDis). The C concentration increases with time until it reaches
a level at which M-/FLG (CGr) nucleates isothermally at the Ni
surface. XPS measurements of initially pristine HOPG following
a variety of Ar + plasma treatments show that a CB peak can be
induced (alongside the existing CGr peak) that is attributed to
the formation of sp3 and dangling bonds. CB can thereby be
assigned to deleterious sp3-bonded C or C at the periphery of
graphene/FLG domains. Hence CB initially dominates, while CGr
becomes increasingly prominent as growth proceeds.
We observe the same C1 s evolution during ethylene exposures [base pressure 5  10 7 mbar, 600 8C, C2H4(~10 5 mbar)],
indicative of the same growth mechanisms with the major difference being a much longer incubation time (~ 300 s) before
the appearance of the characteristic C1 s signature, which will
be discussed later. Figure 2 B,C show an optical image and corresponding Raman spectra of a representative as-grown
M-/FLG film transferred to a SiO2(300 nm)/Si substrate, highlighting the graphitic quality and the variation in the number
of graphene layers.
During our in situ XPS measurements of Ni films, we found
that exposing already grown M-/FLG to H2(~1 mbar) whilst still
at the growth temperature resulted in the gradual removal of
the species observed in the C1 s XP spectra. The M-/FLG did
not return on removal of the H2 gas feed indicating that etching of the M-/FLG had occurred, and suggesting a competing
etching process for CVD conditions where hydrogen is also
present during precursor exposure or cooling, which has previously been suggested for Ni catalysts.[10] We note that this
etching could also arise from residual water or oxygen contamination.[14]
Figures 3 A,B show depth-resolved Ni2p3/2 XP spectra measured at salient points of the growth process. Two main components can be identified at ~ 852.6 and 853.0 eV, which correspond to metallic Ni (NiM) and the Ni C solid solution (NiDis),
with the latter directly related to the CDis peak seen in the C1 s
spectra.[12] Prior to C2H2 exposure, predominantly metallic Ni is
present at the catalyst surface with only a small NiDis component associated with residual C contamination (Figure 3 A). Immediately following the exposure, NiDis is stronger in intensity
for the surface sensitive scans, reflecting an increase in dissolved C due to the growth process. The corresponding “bulk”
sensitive spectrum (Figure 3 B) shows a much stronger NiDis
component for the catalyst subsurface and thus indicates that
the dissolved C is not solely a surface species and that
a growth mechanism based on the in-plane transformation of
a monolayer of surface-carbide, as seen at lower growth temperatures (< 4608C)[15] is not readily apparent. On cooling of
the sample to 200 8C, NiDis is seen to further increase near the
catalyst surface (Figure 3 A) which we attribute to C diffusing
from the Ni bulk towards the catalyst surface at the chosen
cooling rate (~ 50 8Cmin 1). Figure 3 C shows the C1 s spectra
measured just after C2H2 exposure at the growth temperature,
and following cooling to room temperature. A modest increase
in the C1 s intensity, compared to that at the end of isothermal
C2H2 exposure, is observed which is attributed to the expected
C precipitation from the Ni-C solid solution.
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XRD also allows us to monitor
the variation of the Ni lattice parameter throughout the CVD
process. We extract lattice parameters using full pattern LeBail
fitting and correct for thermal
expansion by extracting the
thermal expansion coefficient for
a temperature range of 500–
600 8C under vacuum. Upon isothermal C2H2 exposure at
~ 550 8C we observe an irreversible shift in the Ni peak positions
associated with an increase of
lattice parameter. To confirm this
lattice expansion is caused by C
dissolution, experiments were
performed for H2 exposures
using Ni films in the range 450–
750 8C. It was found that exposure to H2 (~ 1 mbar) leads to
a lattice expansion that is reFigure 3. Depth-resolved in situ XPS Ni2p3/2 core level lines for Ni(550 nm) film during low pressure CVD (condiversed on isothermally returning
tions as in Figure 2 A with a spectral resolution of ~ 0.3–0.4 eV). A) Surface-sensitive spectra acquired at 600 8C
before and after precursor exposure, and on cooling to 200 8C, collected at photon energies of 1010 eV
to vacuum (~ 10 5 mbar), and at
(lescape  7 ). B) Bulk-sensitive spectrum acquired at 600 8C after precursor exposure at photon energies of
H2 pressures similar to the C2H2
1300 eV (lescape  10 ). Increased information depth is achieved using higher incident X-ray energies and hence
exposure no noticeable expanincreased electron mean free path lengths. C) XPS C1 s core level lines for Ni (550 nm) following precursor exposion due to H2 alone could be
sure (conditions as in Figure 2 A) acquired at 600 8C and after cooling to 200 8C, at photon energies of 435 eV. The
spectra are fitted using Doniach–Šnjić functions convoluted with Gaussian profiles with an accuracy of ~ 0.05 eV.
observed. Therefore, the increase
All spectra are background-corrected (Shirley) and collected in normal emission geometry.
of 0.0010  0.00016  is attributed to the formation of an interstitial Ni C solid solution, which directly relates to the CDis/NiDis
Complementary to the surface-sensitive XPS, we use in situ
grazing-incidence XRD with an estimated information depth of
components observed in the XPS measurements. Zwell et al.
~ 50 nm to study the growth process. Figure 4 A shows diffracobtained an expression for the variation in Ni lattice parameter
tograms acquired at the important stages of the Ni catalysed
(a0) with C concentration (x) of a0 () = 3.5238 + 0.0074x
M-/FLG CVD. Heating of the catalyst films in vacuum, leads to
(atom %) for samples quenched to room temperature.[17] Assharpening of the Ni reflections, indicating significant grain
suming the same change in lattice parameter with C concengrowth and that prior to C precursor exposure the catalyst is
tration for our growth conditions, we calculate that the expanmetallic and of face-centred-cubic (fcc) structure. On C2H2 exsion we observe corresponds to 0.14  0.02 atom % C.
posure at constant temperature, a graphite (0 0 2) reflection
Our in situ measurements indicate that under the chosen
emerges confirming the isothermal growth of M-/FLG seen in
conditions, M-/FLG CVD occurs predominantly via isothermal
the in situ XPS measurements. The graphite (0 0 2) reflection
growth rather than precipitation upon cooling. This can be put
increases in intensity with continuing exposure, but as soon as
into context via some very simplistic considerations of bulk,
the C2H2 precursor is removed no further increase is observed
equilibrium carbon solubility (S), and carbon diffusivity (D) in
for isothermal conditions.[12] Figure 4 B shows time-resolved refcc Ni, which can be parameterised as S = 5.33  1028
exp( 4885/T) atoms m 3 (converting from the wt % measureflection intensity measurements of the graphite (0 0 2) and
ments of Lander et al.[18]) and D = 2.48  10 4 exp( 20200/T)
Ni3C(1 1 3) reflections for an extended 1200 s exposure. No
[16]
(even transient) reflection associated with Ni3C emerges, and
m2 s 1.[18] The former estimates the saturated C content as 0.16
we note that no other reflections related to Ni-carbide are obatom % at 550 8C, which correlates well with our extrapolated
served throughout our experiments precluding the presence
value for the in situ XRD measurements. Table 1 summarises
of a bulk, crystalline Ni-carbide during the M-/FLG growth. Figestimates of saturated C content and of total amount of C able
ure 4 B further shows that graphitic growth proceeds with conto diffuse to the Ni surface for a range of temperatures and
tinuing exposure, whereby the curve for the graphite intensity
cooling rates. The quantities of C are given in monolayer gracan be fitted by two exponential functions. The graphite
phene units (ML), whereby S is multiplied by a fixed catalyst
growth will eventually terminate and we expect this to be rethickness of 550 nm. It is evident that for low temperatures
lated to the increasing graphite layer thickness blocking the
and typical cooling rates used here, no significant M-/FLG
precursor supply to the Ni catalyst.
growth can be expected based on a precipitation upon cooling mechanism. Our experiments show the growth of five gra-
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Table 1. Saturation C content for a Ni(550 nm) film and estimates of the
total quantity of C that diffuses to the film’s surface on cooling for some
typical constant cooling rates and growth temperatures.[8, 9, 12, 20]
Growth Temperature [8C]

Saturation C
content
[ML][a]

Estimate of total C that diffuses to the Ni
surface on cooling to 20 8C [MLs][a,b]
0.01 8C min

450
600
1000

0.89
2.85
16.54

0.73
2.69
16.38

1

50 8C min
0.07
1.73
15.42

1

1800 8C min

1

0.01
0.52
14.04

[a] Number of monolayers of graphene assuming an atomic layer density
of 3.8  1019 C atoms m 2. [b] Quantity of C diffused at a given cooling rate
was calculated by numerical integration assuming instantaneous cooling
steps every 1 8C between the growth temperature and 20 8C with an appropriate dwell time at each step to give the required cooling rate.
For
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
Di t
each step the change in S and the effective diffusion length 2
based on the remaining cooling ramp was calculated. S and D as functions of temperature were based on ref. [18]. It was assumed that only C
from a depth equal to the Le diffuses to the exposed Ni surface, and that
all C above the solubility limit diffuses to the exposed Ni surface when Le
exceeds the Ni film thickness (550 nm).

Figure 4. A) In situ XRD diffractograms of Ni(170 nm)/SiO2(200 nm)/Si as deposited, at a growth temperature of 550 8C before C precursor exposure in
vacuum(10-5 mbar) and during C2H2(10-3 mbar) exposure after 1200 s. Acquisition time per scan ~ 25 min. B) Time-resolved plot of graphite(0 0 2) and
Ni3C(11 3) peak intensities for Ni(~170 nm)/SiO2(200 nm)/Si for C2H2
(10-3 mbar) exposure at 550 8C for 1200 s. A monochromatic X-ray beam of
11.5 keV, and a wavelength of 1.07812  [selected by a Si(111) double crystal monochromator] with an incident angle of ai = 0.58 was used.

phene layers or more for one-step hydrocarbon exposure conditions at for instance 450 8C, whereas Table 1 estimates an arrival of only a fraction of a monolayer upon cooling to room
temperature. This is consistent with the small increase in C1 s
intensity after cooling in Figure 3 B and clearly supports our
conclusion that isothermal growth is dominant here. Table 1
also suggests that the contribution of precipitation upon cooling becomes greater for higher growth temperatures and that
it becomes challenging to avoid the precipitation of multiple
graphene layers for 1000 8C at realistic cooling rates. It should
be noted that growth by precipitation inherently involves
M-/FLG formation at lower temperatures than the dosing temperature, whereas for isothermal growth the M-/FLG is formed
at the dosing temperature. Furthermore, accelerated diffusion
ChemPhysChem 2012, 13, 2544 – 2549

through grain boundaries might play a more dominant role for
C precipitation upon cooling[19] compared to the constant hydrocarbon exposure conditions during isothermal growth.
Hence more uniform and higher quality graphitic films may be
expected from isothermal growth.
For the CVD conditions highlighted in Figure 1, the presented in situ XPS and XRD results reveal the following coherent
growth model: Upon heating to the growth temperature and
subsequent annealing, grain growth in the Ni catalyst film
occurs combined with a significant evolution in microstructure
and texture. The Ni surface mobility can thereby for instance
be increased by a H2 atmosphere, which we found to greatly
reduce roughening of the catalyst films compared to annealing
in vacuum. On introduction of the gaseous carbon precursor,
the precursor dissociates at the catalyst surface and C begins
to diffuse into the catalyst film. XRD shows that no, even transient, bulk carbide is formed. XPS shows that the amount of C
dissolved in the subsurface rises with continuing exposure,
until it reaches a level at which M-/FLG nucleates isothermally
on the exposed catalyst surface. The nucleation density, and
related domain size of the graphene films produced can thus
be influenced, by for example the C precursor pressure as well
as various pre-treatments of the catalyst film such as alloying
or annealing.[12] XRD indicates that at a later stage of growth
the C content in the bulk Ni closely matches the bulk solubility
limit. We emphasise, however, that we have no direct measurement of the C bulk content at the point of M-/FLG nucleation.
A consideration of local (sub)surface C super-saturations would
have to include rate equations for: 1) the impingement precursor flux and rate of catalytic dissociation; 2) M-/FLG nucleation
barriers and C incorporation rates; and 3) C diffusion rates into
the catalyst bulk. Taking simple assumptions for (1), that is, kinetic gas model and sticking coefficient of one for C2H2, and
the values of saturation C content given in Table 1, one can estimate that it would take about 3 s to fill the Ni(~550 nm) film
at 600 8C and a 10 5 mbar C2H2 exposure to its C solubility
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limit. A significantly lower sticking coefficient for C2H4 could explain the observed longer incubation times. The aforementioned kinetic aspects combined with the C reservoir size can
result in a significant dependence of graphene CVD on catalyst
film thickness. Assuming, for instance, that all catalytically dissociated C [process (1)] can initially diffuse into the catalyst
bulk [process (3)], a significant increase in incubation time with
increasing catalyst film thickness is expected, which we indeed
observe when comparing Ni(550nm) thin films with 25 mm
thick Ni foils for low-exposure conditions. We note, however,
that C saturation of the catalyst bulk is not a necessity for
M-/FLG nucleation and that a rate inequality between processes (1) and (3) can also result in the required C supersaturation
at the catalyst surface.
As shown in Figure 4, the rate of isothermal graphite growth
slows down with increasing exposure time, which is likely to
be due to the increasing graphite coverage blocking the precursor supply to the Ni catalyst. After the precursor exposure,
further M-/FLG growth may occur from C precipitating on cooling (Figure 1) due to the reduction of C solubility in the catalyst, but as shown the extent of this contribution is dependent
on the cooling rate and is found to decrease substantially with
the lowering of the growth temperature.
Our complementary in situ methodology has enabled a coherent growth model for catalytic graphene formation on Ni
films to be developed, which we anticipate will be of use in
the rational optimisation of graphene CVD. We note that the
growth model presented here may be generally applicable to
carbon nanostructures, and that our in situ approach may be
valuable for other catalyst/nanomaterial systems.

Experimental Section
Ni films (550 nm or 170 nm) were sputter-deposited on to
SiO2(300 nm)/Si substrates using a custom-built RF magnetron
sputter deposition system. Ni thickness was measured using mechanical profilometry. The samples were annealed and exposed to
hydrocarbons in custom-built cold-wall reactors at low pressures
[base pressures 5  10 7 mbar, ~ 600 8C, C2H2(210 6 mbar), cooled
at ~ 25–100 8C min 1].
In situ XPS measurements during low-pressure CVD were performed at the BESSY II synchrotron at the ISISS end station of the
FHI-MPG. An IR laser focused onto an SiC backplate was used for
sample heating. Temperature readings were taken from a thermocouple spot-welded in the vicinity of the sample and, as such, this
may lead to an uncertainty in the actual sample temperature of
~ 50 8C. In situ (grazing-incidence) XRD during low-pressure CVD
was performed at the European Synchrotron Radiation Facility
(beamline BM20/ROBL, operated by the Helmholtz-Zentrum Dresden–Rossendorf). Diffracted X-rays were measured using a horizontally aligned Soller slit system and a scintillation detector. A boron
nitride coated graphite resistive heating element was used for
sample heating, and temperature was measured with a thermocouple in direct contact with part of the sample surface.
The presence of M-/FLG following growth was confirmed using
scanning electron microscopy (SEM, FEI Philips XL30 s, 1 kV) on the
as-grown films and optical microscopy and Raman spectroscopy
(Renishaw Raman InVia Microscope, 532 nm excitation) on M-/FLG
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transferred to SiO2(300 nm)/Si substrates. Transfer was carried out
using a polymethylmethacrylate (PMMA) support layer and a 0.5 m
aqueous solution of FeCl3 to remove the Ni catalyst layer. Acetone
was then used to dissolve the PMMA support.
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