Thermally induced reaction and diﬀusion of carbon ﬁlms on Ni(111) and Ni(100)
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Thin carbon ﬁlms on Ni(111) and Ni(100) and the reactive and diﬀusive interactions between ﬁlm
and substrate are investigated using X-ray photoelectron spectroscopy (XPS). The carbon ﬁlms are
deposited from the vapor phase with the substrates at room temperature. After deposition the ﬁlms
contain mainly elemental carbon. Restricted only to the carbon-nickel interface carbidic carbon
is observed. Carbon ﬁlms of various thicknesses between 0.4 and 3.2 nm are investigated after
thermal treatments up to 970 K. The C 1s signal intensities are used for chemical analysis, both in
a qualitative and quantitative way. The initially formed carbide partially decomposes between 400
and 570 K. Additional carbide formation sets in again, combined with incipient carbon diﬀusion,
at higher temperatures. Carbon diﬀusion into the bulk leads to a decreasing C 1s signal intensity
until the carbon is almost completely lost into the bulk.
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I.

INTRODUCTION

The binary system carbon/nickel is studied by various
authors with respect to the application of Ni as a catalyst [1–19]. Eizenberg et al. [1, 2] doped diﬀerent Ni
crystal planes with carbon by holding the sample in a
quartz capsule ﬁlled with graphite powder at high temperatures. The authors reported a decreasing carbon signal with increasing annealing temperature measured by
Auger electron spectroscopy (AES). Depending on the
surface orientation they observed a graphite monolayer
condensation in a temperature range of 100 K until the
carbon was completely lost into the bulk. Other authors
prepared carbon ﬁlms by thermal decomposition of hydrocarbons or carbon monoxide [3–11, 14–16]. Various
measurement techniques and crystal planes, respectively,
were used. McCarthy [3] found a carbide layer after decomposition of ethene on Ni(100), and measured the thermal behavior with AES and low energy electron diﬀraction (LEED). Schouten et al. [4] decomposed methane
on Ni(110) and analyzed the solution of carbon into Ni
using AES. Zdansky et al. deposited carbon by decomposition of ethene followed by CO adsorption on the C
precovered Ni(100) surface [5]. They reported a surfaceto-bulk carbide transformation induced by CO adsorption. Rosei et al. measured the structure of graphitic
C on Ni(111) by surface extended energy loss ﬁne structure (SEELFS) [6]. The graphite layer was deposited
by thermal decomposition of CO at 570 K. Steinrück et
al. observed the adsorption and temperature dependent
decomposition of hydrocarbons (propene, methanol) on
Ni(100) by fast X-ray photoelectron spectroscopy (XPS)
studies [7, 8]. Several investigations dealt with a surface
reconstruction called ’clock reconstruction’, observed on
Ni(100) and Ni(111) measured by scanning tunneling mi-
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croscopy (STM), LEED and photoemission techniques
[9–13]. This reconstruction was explained by carbide
formation. Both crystallographic orientations show this
surface process after C deposition of 0.2-0.6 monolayers
(ML). Carbon deposited above these coverages leads to
graphite formation. Nakamura et al. observed the growth
of carbon and carbide formation on Ni depending on crystal plane and carbon source (CO and C2 H4 ) by STM,
AES and LEED [14–16]. On the Ni(977) surface they
observed the carbidic C up to a coverage of 1.8 ML. Levenson et al. [17–19] prepared ’the inverse system’ by depositing thin Ni ﬁlms on graphite. They found Ni3 C at
room temperature followed by carbide decomposition at
temperatures below 470 K using XPS and AES. The carbide was completely decomposed at temperatures above
670 K.
Another topic of interest described in the literature is
the observation of binding energy shifts due to varying
cluster sizes. Egelhoﬀ et al. [20, 21] deposited transition
metals (Cu, Ni, Pd) on carbon substrates and measured
the binding energy shift in the metal valence band regions
using ultraviolet photoelectron spectroscopy (UPS) and
in the core-level regions by XPS. The authors reported
continuous binding energy shifts with increasing metal
cluster sizes. No shift in the binding energy of the carbon
signal was observed. In particular, no carbide formation
on Ni, potentially visible as binding energy shifts, was
observed.
In this work carbon ﬁlms are deposited from the vapor phase produced by an electron beam evaporation
source. The ﬁlm deposition is performed by holding
the substrate at room temperature, any decomposition
reaction of molecular precursors, common to all previously conducted studies described in the literature above,
is not necessary. The surface composition and chemistry is monitored in situ by XPS analysis. Films prepared under these conditions show a thin carbide layer at
the adsorbate–metal interface and additionally elemental
(not reacted) carbon. Such behavior was observed also
on various other substrates [22–26]. Carbon ﬁlm thick-
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carbide ΔG0f (eV)
TiC
Be2 C
SiC
WC
W2 C
Ni3 C

-1.87
-1.19
-0.73
-0.40
-0.23
+0.66

TABLE I: Free energy of formation (Gibbs function) at 300 K
[27] for carbides described in [22–25] and Ni3 C.

nesses range from the submonolayer region up to several
nanometers. The maximum initial ﬁlm thickness in our
experiments is only limited by the information depth of
the applied analysis method, XPS. Since we are interested in the interfacial properties between carbon layer
and Ni, the maximum ﬁlm thicknesses applied here are in
the range of a few nanometers. The deposition of elemental carbon at room temperature allows a detailed study
of processes like growth mode and binding energy shifts
immediately after ﬁlm deposition. In addition, the dependence of diﬀerent processes (carbon diﬀusion, growth
mode, binding energy shifts) on the substrate temperature and ﬁlm thickness can be investigated in detail. The
chosen analysis technique, XPS, provides information on
the near-surface region due to the limited escape depth of
the photoelectrons and is a sensitive tool to study chemical reactions. The binding energies of electrons in the
core levels are aﬀected by the chemical state of the respective element. Therefore, core-level shifts provide both an
identiﬁcation of elements involved in chemical surface reactions and the changes in the chemical binding states.
In addition, binding energy shifts are caused by processes
like cluster size eﬀects or surface rearrangements. In addition to Ni we investigate carbon ﬁlms on W, Be, Ti
and Si, as reported earlier [22–25]. The reactivity of carbon ﬁlms depends on thermodynamic properties of the
respective carbides. In all substrate cases investigated
by our group up to now, the reactivity of carbon ﬁlms
correlates with the thermodynamic properties of the respective carbides. The enthalpies of formation for carbides of W, Si, Be, and Ti are all exothermic. However,
Ni3 C exhibits endothermic behavior at temperatures up
to 800 K [27]. The free energies of formation (Gibbs
functions, ΔG0f ) for the discussed carbides are shown in
Table I. Keeping the thermodynamic properties in mind
a comparison of the thermal behavior of these binary
systems is interesting. In this work we investigate the
carbide formation on Ni crystal planes (111) and (100),
and we will compare their chemical reactivity with the
other substrates.

II.

EXPERIMENTAL

The XPS experimental setup consists of analysis and
preparation chambers connected by a UHV valve with
base pressures better than 1 × 10−8 Pa. The preparation
chamber is equipped with an Omicron EFM3 electron
beam evaporation source and a quadrupole mass spectrometer (QMS). The analysis chamber consists of a PHI
5600 XPS system and an ion gun (Specs IQE 12/38). To
achieve highest resolution monochromatic Al Kα radiation is used. The hemispherical analyzer is driven at
pass energies of 2.95 eV for high resolution scans and at
93.90 eV for survey scans. The binding energies are calibrated with respect to the Au 4f7/2 peak at 84.00 eV.
The linearity of the binding energy scale is calibrated using the Cu 2p3/2 (932.7 eV), Ag 3d5/2 (368.3 eV) and
Au 4f7/2 lines [28]. The analyzer entrance lens is set to
an analysis spot size of 0.8 mm in diameter. The polished
Ni(111) and Ni(100) crystals (diameter 1 cm) are cleaned
using Ar+ sputtering (3 keV) and annealing (up to 970 K)
cycles until no impurities are observed in the survey spectra. Next to the respective Ni crystal a gold foil is ﬁxed
on the sample holder for periodic checks of the Au 4f7/2
peak position. Carbon deposition is performed from a
high purity graphite rod (99.999 %, Goodfellow) with
the Ni crystals at room temperature (300 K). During the
carbon deposition the pressure is better than 1×10−7 Pa.

III.

DATA ANALYSIS

For the analysis of the XPS signal intensities and peak
ﬁtting the PHI MultiPak [29] software package is used. A
Shirley background is subtracted from the spectra shown
in this paper. In the peak ﬁtting procedures for the C 1s
signals symmetric Gauss-Lorentz functions are used. For
the Ni 2p peaks we don’t apply a peak ﬁtting procedure.
Photoelectron intensities are determined by integrating
the spectra and subtraction of a Shirley background. For
intensities of the diﬀerent contributions to the C 1s signals the integrals of the ﬁtted functions are used. The
carbon layer thickness is evaluated using an electron attenuation length of 1.082 nm (λC
N i ) for Ni 2p3/2 and
)
for
C
1s
photoelectrons,
calculated with
1.494 nm (λC
C
the ’universal’ Seah-Dench equation (1), as reported in
[30].
λ(ESF ) =

538
1/2
a + 0.41 a3/2 ES
ES2

(1)

The parameters are the kinetic energy of the photoelectrons (ES in eV) and the atom diameter (a in nm). We
use a density of 1.8 g/cm3 for the carbon layers [22, 31].
From this a thickness of 0.22 nm for 1 monolayer of carbon is calculated. For the determination of the layer
thickness we use both substrate (IS ) and layer intensities (IC ) as well as the sensitivity factors SN i and SC for
our XPS system [32]. The measured intensities IN i and
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IC are usually correlated to the layer thickness dC by the
following equations.


dC
∞
IN i = IN
exp
−
i
λC
N i cos θ
dC
λC
C cos θ


(2)

Thereby θ is the angle between the sample surface normal
∞
∞
and the analyzer. The intensities IN
i , IC corresponding
to the pure metal and an extended carbon layer are not
known for each speciﬁc measurement, because the sample
is moved for carbon layer deposition from the analysis to
the preparation chamber leading to diﬀerent sample positions in front of the analyzer. Moreover, the photon
ﬂuxes diﬀer for separate measurement runs. These uncertainties in the intensity measurements are avoided by
using the ratio of the substrate (IN i ) and layer intensities (IC ) from the same XPS spectrum. The ratio of the
sensitivity factors corresp ,mr4d gonds to the ratio of the
∞
∞
intensities of pure elemental Ni (IN
i ) and carbon (IC )
samples (equation 3).
∞
SN i
IN
i
=
∞
IC
SC

(3)

From these equations results the relation between intensities and carbon layer thickness dC which is given in
equation 4.
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The carbon layer thickness dC is evaluated by numerical analysis of equation 5 using the Mathcad software
package.
mdC − ndC − r = 0 −→ dC
IV.
A.

(5)

RESULTS

Carbon films at room temperature

We deposit carbon ﬁlms from submonolayer coverages
up to several nanometers. Performing the ﬁlm deposition
from the vapor phase at room temperature allows a determination of the growth mode and a detailed deconvolution of the C 1s signals into chemical states. The growth
mode can be determined either by a determination of
layer and substrate intensity ratios or by a detailed investigation of the inelastic background at the low kinetic

intensity (a.u.)
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FIG. 1: Comparison of measured (lower part) and calculated survey spectra (upper part) of the Ni 3p region applying Tougaard’s model for layer, layer plus island and island
growth modes.

energy region of a XPS line (Tougaard’s model). The
ratio of intensities was already used for the layer thickness estimation under an assumption of a layer growth
mode. Since a direct measurement of the layer morphology by other analysis techniques than XPS is not available, we use Tougaard’s model as an independent method
for the determination of the growth mode. In Figure 1
the Ni 3p signal region of carbon layers on Ni and calculated survey spectra are plotted. The calculated spectra are obtained by using the software package Quases
which includes Tougaard’s model [33–35]. This model
describes the inﬂuence of the ﬁlm morphology on the inelastic background at the lower kinetic electron energy
side of a photoelectron peak. It is sensitively aﬀected by
the growth mode. According to Tougaard’s model, we
examine the inelastic background in the survey scans at
the low kinetic energy side of the Ni 3p peak at 66 eV,
since no additional signal intensity from other elements
is observed in this binding energy region. A comparison
of carbon ﬁlms with increasing thickness indicates a layer
growth mode up to ∼1.3 nm. For thicker carbon ﬁlms
the examination of the background region concludes a
layer followed by island growth mode. In particular, the
island growth mode can be excluded from this comparison, since the respective distinct background increase,
as calculated according to Tougaard’s model (uppermost
curve in Fig. 1) is not observed in the measured spectra.
In the following we will focus on the XPS analysis of the
carbon layers after room temperature deposition. For the
separation of chemically diﬀerent carbon binding states
in the C 1s signal we use peak ﬁtting routines of the
MultiPak software package. During the ﬁt procedure, we
use known binding energies of graphitic and disordered
graphitic carbon at 284.2 (FWHM= 1.0 eV) and 285.1 eV
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FIG. 2: C 1s signals and the components identiﬁed using the
MultiPak ﬁt routines. The signals show elemental carbon consisting of graphitic (- -) at 284.2 eV and disordered graphitic
(· · · ) carbon at 285.1 eV. The best result is obtained using
carbidic carbon (—) at 283.0 eV (a) and 283.5 eV (b). The
data (◦) after Shirley background subtraction and the sum
of all components (grey line) are shown. The thicknesses of
the carbon layers on Ni(111) are 0.2 nm (a) and 1.9 nm (b),
respectively.
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(FWHM= 1.4 eV), respectively. These binding energies
are identiﬁed by measuring carbon ﬁlms on Au. In this
system, no reaction or diﬀusion phenomena are observed
up to annealing temperatures of 1200 K [23]. In the case
of carbon ﬁlms on Ni an additional peak at 283.5 eV
is necessary to reproduce the measured C 1s spectra in
the ﬁt procedure. The peak separation of 0.9 eV between both graphitic species and the peak position of
the graphitic carbon at 284.2 eV were kept constant during the ﬁtting procedure, only the third component was
allowed to shift in its position. This third signal component is assigned to the nickel carbide. The binding
energy value is in good agreement with Ni3 C data reported in literature [5, 18, 36]. The C 1s spectra of two
carbon ﬁlms of diﬀerent thicknesses on Ni(111) and their
deconvolution results are shown in Fig. 2. In Fig. 2a,
the results of a thin ﬁlm (0.2 nm, ∼1 ML) clearly show
an additional peak at the lower binding energy side of
the two elemental peaks, indicating the carbide. Larger
amounts of carbon deposited on the Ni surface lead to
a smaller carbide signal. Fig. 2b shows the C 1s region
for a total carbon ﬁlm thickness of 1.9 nm after RT deposition. The elemental carbon consists of the graphitic
modiﬁcation leading to a photoelectron peak at 284.2 eV,
and a disordered graphitic modiﬁcation with a signal at
higher binding energy. This peak is visible as a shoulder
already in Fig. 2a of the 1 ML C ﬁlm and becomes more
pronounced for the greater ﬁlm thickness (Fig. 2b). A
detailed quantiﬁcation of the C 1s signal on Ni(111) and
Ni(100) using graphitic, disordered graphitic and carbidic
carbon, as described above, is shown in Fig. 3. This ﬁgure
contains the results from both the Ni(111) (grey symbols)
and Ni(100) (black and open symbols). Both substrates
exhibit a similar C 1s signal composition with increasing carbon layer thickness. Neither in the development
of the elemental fractions, nor in the carbide fraction,
diﬀerences are visible for the two Ni surfaces.
Although nickel carbide is an endothermic compound,
a nickel carbide peak is measured directly after depositing C on substrates at RT. The carbide amount is small
and the respective peak intensity at 283.5 eV decreases
rapidly on deposition of additional carbon. The maximum fraction of carbide in the carbon peak is 65%. After
carbon deposition of 1 ML we identify 45% carbide within
the C 1s signal. Additional deposited carbon is in the elemental state leading to smaller carbide intensities. The
elemental carbon attenuates the photoelectrons coming
from the ﬁlm–substrate interface. This observation can
be explained by a carbide layer restricted to the interface,
increasingly covered by elemental carbon. As mentioned
above, the elemental carbon shows graphitic and disordered graphitic carbon. The ratio of disordered/graphitic
C starts at 0.3 and reaches 0.6 in maximum after deposition of ∼8 ML.
As described by Mason in [37] and for measurements of
transition metals on C by Egelhoﬀ et al. [20, 21], a continuous binding energy shift of the respective core levels
to lower or higher values is observed upon increasing de-

2

12

14

graphitic C

60

disordered C

40
20
0

thickness (ML)
6
8
10

elemental C

80

0

4

carbidic C
0.5

1.0 1.5 2.0 2.5
thickness (nm)

3.0

FIG. 3: Evolution of the C 1s signal components with increasing carbon ﬁlm thickness on Ni(100) and Ni(111). The C 1s
signals show graphitic (), disordered graphitic (◦), elemental () and carbidic () carbon. Grey symbols represent the
data on Ni(111), all others on Ni(100). Only the Ni(100) data
points are connected by lines. Within the experimental scatter there is no deviation between Ni(100) and Ni(111) data
points.

position. This binding energy shift was explained by a
cluster size eﬀect. Following this interpretation, isolated
particles exhibit diﬀerent peak positions as larger clusters
or completed layers. We also ﬁnd a binding energy shift
for the carbidic C peak position compared to the graphite
fraction at 284.2 eV. The graphite peak position is constant in the observed coverage region from submonolayer
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BEexp (eV) BElit (eV) References

graphitic

284.2

[23]
[32]
[23]
[48]
[5, 18]

carbidic

283.5

Ni 2p3/2

BEexp (eV) BElit (eV) References

Ni

852.8

Ni3 C

853.0

852.7
852.9
853.8

[32]
[36]
[36]

TABLE II: Peak positions determined in this work (BEexp )
compared to literature data (BElit ). a The literature value is
shifted with respect to the graphite peak position, measured
in our work at 284.2 eV.

up to 3.2 nm carbon layers. As already mentioned above,
we kept the BE separation between the graphitic and disordered graphitic C 1s components ﬁxed. Only the carbidic peak position was allowed to shift in its position.
Fig. 4 shows the carbidic and elemental carbon amount
and the binding energy shift of the carbide fraction as a
function of the deposited layer thickness. The BE shift of
the carbide peak is observed on both Ni surfaces. Within
the ﬁrst monolayer the binding energy is close to the
bulk value at 283.45 eV, immediately after additional C
deposition this value decreases (283.30 eV) and reaches
the bulk value (283.55±0.05 eV in average) again after
∼4 ML. The Ni 2p3/2 peak shows a small change in the
position towards higher binding energy (ΔBE= 0.2 eV)
after submonolayer deposition. A continuous shift like in
the C 1s peak region is not observed. Within the Ni 2p
signal we cannot identify an additional component, only
the peak position shifts slightly. Therefore, the substrate
signal is not further analyzed. The valence band region
exhibits a similar peak shift (ΔBE= 0.2 eV) as the Ni 2p
region. A comparison of core-level binding energies measured in our work with values given in the literature is
listed in Table II.

B.

Thermally induced processes

In order to investigate possible reaction or diﬀusion
processes at elevated temperatures, the carbon ﬁlms are
annealed in steps of 50 or 100 K between room temperature and 970 K. The sample is kept at each temperature for 30 minutes. The XPS measurements are performed after cooling down to room temperature. Parameters which can inﬂuence possible reaction and diﬀusion
processes are the carbon layer thickness, annealing time
and Ni surface, respectively. The carbon diﬀusion is analyzed by observing the carbon layer thickness. To compare the diﬀusion from surface to the bulk, carbon ﬁlms
of similar thicknesses are deposited on the Ni(111) and
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FIG. 4: Elemental () and carbidic C intensity fractions (),
compared with the binding energy shift (◦) of the carbidic
component from the sub-monolayer region up to 6 ML after
carbon deposition on Ni(111) and Ni(100). The carbide peak
binding energy is referred to the peak position of graphitic
C at 284.2 eV. The carbide BE has a minimum at a C layer
thickness of 1.5 ML and reaches the bulk value at 4 ML coverage.

Ni(100) surfaces. Fig. 5 shows these two comparable carbon layers (1.8 and 1.9 nm) on Ni(100) and Ni(111). In
addition we show the thermal evolution of a thin carbon
ﬁlm on Ni(111) (0.4 nm) and one further carbon layer on
Ni(100) (1.5 nm). The carbon diﬀusion sets in at 650 K
on the more open surface structure (100) and at 750 K
on Ni(111), indicated by the dashed lines in Fig. 5. The
carbon is almost completely lost into the bulk within a
temperature window of 150 K above the onset of surfaceto-bulk diﬀusion. Compared to other metals, on Ni(111)
and Ni(100) a changed decrease rate of the carbon signal
is observed before the carbon is fully lost into the bulk.
This small step in the layer thickness is observed in particular for layers above several monolayers, and leads to
a less strong decrease for thin layers (as shown for the
0.4 nm ﬁlm on Ni(111)). This thin carbon layer was annealed for only 20 minutes at each temperature step. A
pronounced carbon diﬀusion at 750 K is not observed.
After the carbon diﬀusion a residual carbon layer thickness of less than 1 monolayer is observed on both Ni
surfaces. At 970 K the C 1s intensity is almost completely lost on both Ni surfaces. For the layer thickness
estimation we use inelastic mean free paths for C 1s and
Ni 2p photoelectrons passing a graphite layer. During
the thermal treatment the carbon layer is modiﬁed and
the inelastic mean free path could change due to altered
layer densities and composition (e.g. Ni3 C formation).
A pure carbide layer would change the inelastic mean
free paths by a factor of 1.6 applying the Seah–Dench–
equation for inorganic compounds. However, as we will
show in the next section, the carbide intensity is small
and the elemental carbon dominates the C 1s signal up
to high temperatures.
As described above in section IV A, the inelastic background in the spectra is evaluated on the high-BE side of
the Ni 3p signal for determination of the growth mode af-
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FIG. 6: C 1s and Ni 2p3/2 signal regions from a 1.8 nm C
ﬁlm on Ni(100) (a and b), plotted with increasing annealing
temperatures (see arrow directions). In panel (c) the C 1s
signals for a 0.4 nm thin carbon ﬁlm on Ni(111) are shown.
The carbide decomposition reaction is visible as a loss of the
carbide intensity. The Ni 2p peak (b) shifts with beginning
carbide decomposition from the carbide position towards the
metal value (ΔBE= −0.2 eV). With incipient carbon diﬀusion
a total C 1s peak shift towards higher values is observed (a,
c). The peak positions of carbidic and graphitic carbon are
labeled. The residual carbide signal observed at temperatures
above 850 K shifts to lower values, compared to the respective
peaks in the signals at lower annealing temperatures.

ter room temperature deposition (see Fig. 1). Comparing
the spectra in this BE region with increasing annealing
temperature, island formation during the annealing experiments can be excluded. Therefore, the carbon layer
thickness determination by assuming a model which is
based on a layer growth mode is justiﬁed.
In Fig. 6 the binding energy regions of the C 1s and
substrate signals for a 1.8 nm thick ﬁlm on Ni(100) (panel
a and b) are shown. In panel (c) the C 1s signals for the
0.4 nm carbon ﬁlm on Ni(111) are plotted, together with
the ﬁt results for graphitic and carbidic carbon. Since the

disordered fraction is small for very thin ﬁlms, this peak
is omitted for clarity. Diﬀerent temperature regions and
signal shifts due to reactions are observed and analyzed
in detail in the following. The results of the quantitative
analysis of the C 1s signals with increasing temperature
by applying the MultiPak peak ﬁtting routine is shown in
Fig. 7. We now focus on a carbon ﬁlm (1.8 nm, Fig. 5, 6a,
b) deposited on Ni(100) for which the changes of the carbon chemical states are plotted in Fig. 7a. The fraction
of carbidic carbon shows an initial decrease with increasing annealing temperatures up to ∼500 K while the total
carbon amount at the surface is unchanged. The carbide intensity starts to increase from this lower intensity
level for temperatures above the minimum around 600 K.
At 650 K the carbon diﬀusion sets in, accompanied by
an increase of the carbide fraction. The carbon is almost
completely lost from the surface (accessible by XPS) into
the bulk within a temperature window of 150 K. The C 1s
signal shows only carbide intensity above 870 K, the elemental carbon vanishes completely. For comparison, the
1.9 nm thick ﬁlm on Ni(111), shown in Fig. 7b, exhibits
only a small variation in the carbide amount, still going
through a minimum in the temperature range of 400–
570 K. In a similar experiment on Ni(111), starting however with a thinner carbon layer of 0.4 nm (Fig. 6c, 7b),
also a minimum in the same temperature range is observed. This carbide decomposition is visible as a loss of
carbide intensity whereas the total C 1s signal intensity
is almost constant. Compared to Ni(100), the diﬀusion
sets in at 750 K. The carbon is lost into the bulk at a
temperature above 920 K. The C 1s signal exhibits elemental as well as carbidic carbon still at 920 K. Also the
thin carbon ﬁlm (0.4 nm) shows an incomplete reaction,
visible as elemental and carbidic C 1s signal components
at 920 K. At 970 K again only carbidic carbon is observed
for the thin ﬁlm (see Fig. 6c and 7b).
The carbide decomposition (temperature region where
the carbide fraction passes through a minimum) is visible
in the substrate signal (Fig. 6b). Above RT, the Ni 2p
signal shows a binding energy shift towards the metal
value (ΔBE= −0.2 eV). The C 1s binding energy region
shows no overall shift during the carbide decomposition
reaction (470–670 K) (panels a and c). Accompanied
with the onset of carbon diﬀusion at 750 K the C 1s signal shifts towards higher binding energy values while the
substrate signal position is not modiﬁed. The graphite
peak position (labeled ’graph.’ in Fig. 6c) is at 284.6 eV
(ΔBE= 0.4 eV) and the carbide intensity (labeled ’carb.’
in Fig. 6c) is determined at 283.9 eV (ΔBE= 0.3 eV).
After the majority of carbon is lost into the bulk (above
870 K), only a small C 1s peak remains at the carbide
peak position. The binding energy of 283.0 eV for this
peak is comparable (although somewhat smaller) to the
low coverage value given in Fig. 4. An identical behavior
is observed for carbon ﬁlms on Ni(111). The substrate
signal shifts towards the metal value with beginning carbide decomposition (carbide minimum region) and stays
constant up to 970 K. In the C 1s signal a shift towards
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Ti, W, and in case of HOPG (highly oriented pyrolytic
graphite) after ion bombardment [22–25]. This is visible
in Fig. 7 for both Ni surfaces, in particular in the temperature regime from RT to the onset of carbon diﬀusion
from the surface into the bulk (650 K on Ni(100), 750 K
on Ni(111)).
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FIG. 7: Changes in the components of the C 1s signal with
annealing temperature for carbon ﬁlms on Ni(100) (a) and on
Ni(111) (b). The initially deposited carbon layer on Ni(100) is
1.8 nm. On Ni(111) the initial carbon layer thickness amounts
to 1.9 nm. In addition, the thermal evolution of the carbidic
carbon for a 0.4 nm thin ﬁlm is shown in (b) by the grey symbols). The temperatures of incipient carbon diﬀusion from
Fig. 5 are marked by dashed lines. The carbon ﬁlm on Ni(100)
shows a pronounced minimum in the carbide component ().
For the 1.9 nm ﬁlm on Ni(111) only a small minimum in the
carbide fraction is visible, whereas the 0.4 nm thin ﬁlm clearly
shows the carbide decomposition reaction. The graphitic carbon fraction () increases due to rearrangement of disordered
(◦) into ordered C. Additional carbide is formed upon incipient carbon diﬀusion. Above 850 K the remaining carbon
signal on Ni(100) shows only carbide intensity, whereas on
Ni(111) at 920 K the carbide formation is still incomplete.

higher values with the onset of carbon diﬀusion is measured. The residual carbide intensity after the annealing
steps at 920 K is again observed at lower BE values compared to the bulk carbide position (Fig. 6c).
On both nickel surfaces an ordering reaction within
the elemental carbon is observed which leads to an increase in graphitic carbon (peak at a BE of 284.2 eV),
while the disordered fraction decreases (peak intensity at
285.1 eV). The ratio of disordered and ordered graphitic
C decreases from 0.6 at maximum after room temperature deposition to 0.2 at minimum, before the carbon is
lost into the bulk. This ordering reaction is also observed
in annealing experiments of carbon ﬁlms on Au, W, Si,

DISCUSSION

The ﬁrst part of this section discusses the information gained on surface structure and layer growth modes,
which is deduced from the observed binding energies and
their respective shifts during the deposition of carbon on
the nickel surfaces. Bäumer et al. deposited Ni on the
basal plane of graphite at low (90 K) and room temperature (300 K) and characterized the system with LEED
and XPS [38]. The authors report cluster growth at these
temperatures. In our work the inverse system (carbon
on Ni) at room temperature is investigated. An analysis of substrate and layer signals with increasing carbon
layer thicknesses indicate initially a layer growth mode.
In particular, an island growth mode is excluded from a
comparison of the evolution of the inelastic background
with increasing layer thickness. As the simulated spectra
show, the island growth mode would appear as a distinct
increase of the inelastic background while a layer growth
mode leads to a smooth background beside the XPS line.
For thicker carbon ﬁlms (> 1.3 nm) our analysis of survey spectra an initial layer-by-layer growth, followed by
island growth, is concluded (see Fig. 1). The inelastic
background beside the Ni 3p signal increases only slightly
with increasing layer thickness. However, for detailed and
more direct studies of the growth mode of elemental carbon deposited on nickel other UHV techniques like STM
are required.
XPS measurements after room temperature deposition
with increasing carbon layer thicknesses show a clearly
visible shift in the carbide binding energy. Two diﬀerent characteristics are identiﬁed. In the sub-monolayer
region the carbide peak is close to the bulk BE value
at 283.45 eV, followed by a decrease in BE. The carbide
peak position is determined at 283.3 eV at minimum for a
layer thickness of 1.5 ML. Above this coverage the carbide
peak shifts again continuously towards higher values, until the bulk value for Ni3 C of 283.50–283.55 eV is reached
at 4 ML. The BE shift detected at sub-monolayer coverages can be related to the surface reconstruction (’clock
reconstruction’) described in literature for this coverage
regime [9, 10, 12]. This surface reconstruction is observed
for carbon ﬁlms both on Ni(111) and Ni(100) between a
coverage of 0.2 and 0.6 ML. Carbon deposition (by hydrocarbon decomposition) above this coverage leads to
graphite formation in these studies. Due to the carbide
signal position and the carbide amount of less than 100%
in that coverage region we assume a similar surface reconstruction in our case after carbon deposition from the vapor phase. However, in all previous investigations of the
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C/Ni system by other groups carbon was never deposited
elemental from the vapor phase and with substrates at
RT. The interpretation of a surface reconstruction is deduced in our case from the shift of the carbide peaks. The
continuous shift from 283.3 eV to again higher BEs (283.5
–283.55 eV) between 1.5 ML and 4 ML is explained by a
size eﬀect, as discussed in [39] (the author gives there an
extensive survey on core-level shifts). The carbide peak
position is then aﬀected by the increasing graphite matrix. Based on the interpretation of the BE shift due to
this size eﬀect, this BE shift can be quantitatively estimated using the thermodynamic approach described by
Mårtensson et al. [40]. In this model the BE shift is calculated by the ’Z + 1’ approach. This approach is also
known as the equivalent–core–approximation (ECA) and
is used for the determination of surface core level shifts
and binding energy shifts in binary compounds like alloys (see also [39]). In this approach the overall enthalpy
can be written as a sum of the enthalpies of all reaction sequences. This is also known in literature as the
’Born–Haber cycle’, which can be written in terms of
the enthalpy of solution (ΔHSol ) for the binary system
Z; Z + 1 (equation 6).
Z→Z+1
Z+1→Z
ΔEB = ΔHSol
+ ΔHSol

(6)

This equation has to be improved for binary compounds
(Ax By ) where A is equivalent to Z and A+1 represents
Z + 1, respectively, and B is the matrix [40, 41]. The
BE shift (ΔEB ) is then correlated to the energies of
solution (E(A; B), E(A + 1; B), E(A + 1, A)). The essential thermodynamic values are determined using the
semi-empirical equation given in [42]. For this equation
physical values like atomic volume and work function as
well as empirical scaling values are essential. It should
be noted, that the semi-empirical equation is only valid
for a concentration of 5% A in B at maximum. Cluster
size eﬀects represent this concentration limit and the determined values can be used for the estimation of a BE
shift applying the ’Z + 1’ approach as given in literature.
Applying this ’Z + 1’ approach to our system we expect a
BE shift for the carbide peak position in the C 1s signal
of −0.61 eV, compared to the experimentally determined
value of −0.89 eV (283.3 eV) in maximum in the 1–2 ML
coverage region. For the Ni 2p signal a binding energy
shift of +0.8 eV is expected from this model. We observe
a shift of +0.2 eV in maximum in our experiments. A
continuous BE shift with increasing carbon layer thickness is not observed. For comparison, Gibbs et al. measured a BE shift of +0.9 eV for the Ni 2p signal after Ni
implantation in carbon [36], which is within the conditions of the ’Z + 1’ approach (low concentration of Ni in
C). These experiments and model calculations, however,
are not directly comparable to our measurements due to
diﬀerent concentrations of Ni and C. The given model values and measurements by Gibbs et al. represent the ’low
concentration’ range of Ni in C, while our measurements
are performed at the reverse concentration limit (large
amount of Ni). An investigation of core level shifts on

binary metal systems which form random alloys (Ax By )
shows a linear dependence on the stoichiometric ratio of
A and B [41]. Therefore, the core level shift of a binary
system (Ax By ) can be estimated by an evaluation of the
’low concentration’ value (5 % A in B and vice versa)
applying the ’Z + 1’ approach. This value represents the
BE shift for element A and B, respectively for the binary system in maximum. The second point is a core
level shift of ΔBE = 0 eV representing the bulk values
for A (100 % A) and B (100 % B). Under assumption of
a linear dependence from the ’low concentration’ to the
’100 %’ side the core level shift of Ax By can be determined for the respective x and y values. The expected
BE values according to such a linear interpolation for
Ni3 C (25% B in A) are: +0.2 eV for Ni 2p and −0.5 eV
for carbide in C 1s. These values are in good agreement
with our experimentally determined BE shifts of +0.2 eV
(Ni 2p) and −0.7 eV (carbidic C 1s). To summarize these
observations, we assume a surface reconstruction in the
carbon sub-monolayer region, followed by a size eﬀect
between 1.5 ML and 4 ML. The additional carbon deposition above 1.5 ML is not leading to a further surface
reconstruction and the carbide particles are embedded
and ﬁnally covered by a graphite matrix with a contribution of defects in the graphite lattice.
The second part of the discussion is devoted to reaction and diﬀusion processes of elemental carbon on nickel,
particularly taking into account the endothermic nature
of Ni3 C. In the quantitative XPS analysis of the C 1s
signal composition we ﬁnd a maximum carbide amount
while the ﬁrst carbon monolayer is deposited. 65% of
the C 1s signal intensity corresponds to the carbide. Although the formation reaction of Ni3 C is endothermic,
the carbide is detected after depositing carbon from the
vapor phase on nickel at room temperature. We deposit
carbon ﬁlms on diﬀerent materials (W, Be, Ti and Si)
with respect to the thermodynamic properties of their
carbides. On these substrates the corresponding carbides
show exothermic carbide formation reactions. Accordingly, the carbon ﬁlms exhibit a larger carbide fraction
after room temperature deposition compared to Ni. In
the case of carbon ﬁlms on Be, for example, we ﬁnd an increase in carbide intensity while depositing carbon layers
up to 3 ML [22].
In [43] we give a survey about all binary systems measured in our group by now. A comparison of carbon ﬁlms
on various substrates (Be, Si, W, Ti and Ni) shows a
dependence of the thermal behavior on thermodynamic
properties (diﬀusion and carbide formation processes).
The onset temperature of carbon diﬀusion on those substrates which show carbides with comparable carbide
structures (intercalation compounds) corresponds to the
tendency of the respective activation barriers for carbon
diﬀusion in the bulk metals. These values are given in
literature [44]. Ni(100) shows the lowest onset temperature, followed by Ti (1.3 eV), Ni(111) and W (1.8 eV).
The activation barrier for carbon diﬀusion in bulk Ni is
1.5 eV [44]. The diﬀerence between Ni(100) and Ni(111)
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observed in this work (Fig. 5) is explained by the more
open surface structure of Ni(100). For a detailed explanation of the reaction and diﬀusion kinetics we refer to
[45]. Another aspect of interest is the carbide formation reaction and their thermodynamic properties. The
carbides of both Ti and W are formed in an exothermic
formation (ΔG0f < 0) reaction, whereas the respective
Ni carbide is formed in an endothermic reaction (ΔG0f >
0). Carbon ﬁlms on Ti and W show a noticeable carbide
formation after annealing experiments at higher temperatures, which agrees with the exothermic reaction behavior. On Ni, however, we cannot observe a clearly visible
increase in carbide intensity (Fig. 7). With the onset of
carbon diﬀusion (TDiﬀ is given as a line in Fig. 7) the
carbide amount increases only barely. Another diﬀerence to the carbides formed in an exothermic reaction
is the temperature window in which a minimum in the
carbide fraction is observed. The decrease of initially
present carbide is attributed to the metastable character
of Ni3 C. With increasing annealing temperature the carbide formed upon initial C deposition at RT decomposes,
leading to an increasing intensity of elemental carbon.
The carbide decomposition was already observed by Levenson et al. [17–19]. They reported a beginning decrease
in carbide amount at 420 K and a complete decomposition at 670 K. However, we observe carbide intensity
up to 970 K. Levenson et al. investigated Ni implanted
into carbon substrates. Therefore, small amounts of remaining carbide might be obscured by the dominating
signal of the elemental carbon in the substrate. Since in
our measurements the C 1s signal intensity is constant
in that temperature region, the carbide decomposition
is explained by a surface process and a reconstruction,
respectively.
We now focus on the BE shifts of the carbon core-level
peaks. During the peak ﬁts we set the peak separation
of graphitic and disordered graphitic carbon within the
C 1s signal constant. Only the carbidic carbon peak is
allowed to shift in its position. Firstly we will focus on
the total C 1s signal, followed by the discussion of the detailed deconvolution. Independent on the surface structure (Ni(111) and Ni(100)) the total C 1s signal shifts
towards higher values while carbon diﬀusion sets in. In
contrast, the valence band and Ni 2p regions shift to lower
BEs already at lower temperatures, with the onset of carbide decomposition, and show no further change in peak
position during the following thermal treatments. Therefore, the shifts of Ni 2p, valence band and C 1s regions
cannot be explained by changed experimental properties.
In that case, the regions would show a position change
at the same temperature and, moreover, in the same direction. The Ni 2p as well as the valence band region
shift due to the carbide decomposition and the peak energies then correspond with the respective metal values.
The changes in the C 1s signal, however, occur while
the carbon is lost into the bulk and after carbon diﬀusion. In that temperature region the carbon migrates
into the bulk and the Ni surface and bulk atoms have

to rearrange for carbide formation and carbon diﬀusion.
Consequently, the BE shifts occurring upon carbon diﬀusion are attributed to a rearrangement of surface atoms.
In addition, there is no evidence for other carbon species
than elemental and carbidic carbon. Since direct measurements of the surface atoms (like STM) of our reactive
binary system are not done by now we conclude this rearrangement of surface atoms from the already described
BE shift for carbon ﬁlms after room temperature deposition (’clock reconstruction’). The carbide peak position
of the residual C 1s signal is at lower values compared
to the Ni3 C bulk position. This observation is due to
the already described size eﬀect (see C deposition on Ni
at RT) and isolated carbide particles. Continuing with
the composition of the C 1s signal. Independent from
the substrate (C on Be, Si, W, Ti and Ni) we ﬁnd elemental carbon with a similar ratio of graphitic and disordered graphitic carbon. Upon continuing carbon deposition the disordered carbon fraction increases with carbon
layer thickness up to a maximum ratio of disordered to
graphitic C of 0.6. The disordered fraction is comparable to ’non-perfect’ sp2 C and the decrease of that intensity during annealing is ascribed to a rearrangement
into ordered (sp2 ) graphite. In earlier experiments we deposited carbon ﬁlms on gold, which is an inert substrate
with respect to both carbide formation and carbon bulk
diﬀusion. Therefore, carbon diﬀusion or any other reaction can be excluded. The deposited carbon ﬁlms show
a clearly visible ordering after thermal treatment. This
ordering reaction in the deposited carbon ﬁlms also occurs on reactive substrates during annealing experiments
([22–25]). The resulting chemical state of the carbon after the onset of diﬀusion into the Ni bulk at temperatures
up to 970 K depends on the surface orientation. After
deposition of comparable layer thicknesses and equal annealing times we ﬁnd elemental as well as carbidic C on
Ni(111) and only carbidic C on Ni(100). This again is due
to the more open surface structure of Ni(100) and the onset of carbon diﬀusion at lower temperatures, compared
to Ni(111). The detection of carbide intensity even after the onset of carbon diﬀusion and the decreasing C 1s
signal is explained by carbon segregation. The solubility
of carbon in Ni is small, increases with temperature and
amounts to 2.7 % in Ni at 1600 K [46, 47]. The C 1s signal intensity during the annealing procedure at 970 K is
almost completely lost due to the higher solubility compared to 300 K. During cooling down to room temperature, however, the C 1s signal intensity appears again
due to carbon atoms migrating back to the Ni surface.
Carbon segregation on Ni was also observed by [7, 8] and
was actually applied for carbon enrichment experiments
described in [1].

VI.

SUMMARY

This paper comprehensively describes for the ﬁrst time
the interaction of carbon deposited elementally at room
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temperature on nickel surfaces, followed by annealing
steps up to 970 K. To this, carbon ﬁlms of diﬀerent thicknesses from sub- to several monolayers are deposited on
Ni(100) and Ni(111). The carbon–metal reaction and
diﬀusion processes at RT and at elevated temperatures
are compared with other binary C/metal systems. Ni3 C,
although being formed in an endothermic reaction, is
detected after room temperature deposition of carbon.
An analysis of the C 1s signals shows carbide intensity restricted to the ﬁlm–substrate interface. The initially formed carbide decomposes during annealing up to
570 K (temperature window of minimum carbide intensity), demonstrating the metastable character of Ni3 C.
After heating to higher temperatures, carbide intensity
is observed, accompanied by carbon diﬀusion into the
bulk. The onset temperatures of both carbon diﬀusion
from surface into bulk and carbide formation depend on
the surface structure. Ni(100) shows an onset around
650 K, whereas the diﬀusion and reaction on Ni(111) set
in at 750 K. The diﬀerent characteristics in BE shift for

the C 1s signal are explained by surface reconstruction
in the carbon sub-monolayer region and carbon diﬀusion,
respectively. The carbide peak position is detected close
to the carbide bulk value while elemental carbon is deposited in the sub-monolayer region. This observation
is explained by the ’clock reconstruction’ of the Ni surface, described in the literature. Deposition of elemental
carbon from 1.5 ML up to 4 ML leads to a continuous
carbide peak shift from a distinct BE minimum to the
carbide bulk value. The BE shift in this coverage region
is explained by a cluster size eﬀect. The C 1s signal position shifts again during annealing experiments. The ﬁrst
BE shift to higher values is measured when the carbon
diﬀusion is observed, followed by a second BE shift to
lower values when the carbon atoms segregate back to
the surface. While the ﬁrst BE shift is explained by the
diﬀusion process where the Ni surface and bulk atoms
have to rearrange for carbon diﬀusion, the additional BE
shift after the ﬁnal thermal treatment is explained by the
cluster size eﬀect.
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