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Photoemission studies using synchrotron radiation have been performed on epitaxial Ti3SiC2共0001兲 and
compound nanocrystalline 共nc-兲TiC/amorphous 共a-兲SiC thin films deposited by magnetron sputtering. Asintroduced samples were found to be covered by surface oxides, SiOx and TiOx. These oxides could be
removed by in-situ annealing to ⬃1000 ° C. For as-annealed Ti3SiC2共0001兲, surface Si was observed and
interpreted as originating from decomposition of Ti3SiC2 through Si out-diffusion. For nc-TiC / a-SiC annealed
in situ to ⬃1000 ° C, the surface instead exhibited a dominant contribution from graphitic carbon, also with the
presence of Si, due to C and Si out-diffusion from the a-SiC compound or from grain boundaries.
DOI: 10.1103/PhysRevB.74.045417

PACS number共s兲: 81.05.Je, 66.30.Pa, 68.60.⫺p, 81.07.Bc

I. INTRODUCTION

The ternary materials system Ti-Si-C has received much
attention recently, for the exploration of its abundance of
phases, such as the binaries TiC and SiC as well as the ternaries Ti3SiC2 and Ti5Si3Cx. Of particular interest to the
present study are the structural and chemical relationships
between the different phases, specifically TiC, Ti3SiC2, and
the two-phase nanocomposite consisting of nanocrystalline
共nc-兲 TiC and amorphous 共a-兲 SiC 共abbreviated “nc-TiC /
a-SiC”兲.
TiC is one of the interstitial transition-metal carbides,1
which crystallize in a NaCl structure, where the metal atoms
form layers with the carbon atoms placed in interstitial octahedral sites, thus forming edge-sharing octahedra. Some of
the most notable properties of TiC, as well as the other
transition-metal carbides, are high hardness, high melting
point, and low thermal conductivity. While the presence of
covalent bonding and the resulting high hardness makes it
natural to consider TiC a ceramic, its electronic-transport
mechanism is that of a metal, i.e., the electric charge is transported via conduction electrons.2 The concentration of conduction electrons is, however, low; the density of states
共DOS兲 at the Fermi level is ⬃0.08 states/ eV cell.2 A further
important characteristic of the transition-metal carbides is
their pronounced nonstoichiometry.3 The interstitial
transition-metal carbides have a significant amount of carbon
vacancies and a very large stability range. The carbon-tometal ratio can assume values in the range of approximately
0.47–0.97 without any structural change.1 This is usually
written as TiCx, where x is the carbon-to-metal ratio.
Ti3SiC2 is the most-studied member of the MAX-phase
family. The MAX phases are a group of ternary layered compounds, whose composition is Mn+1AXn 共n = 1 − 3兲, where M
is an early transition-metal 共e.g., Ti, Zr兲, A is an A-group
element 共e.g., Si, Ge, Al兲, and X is C and/or N. Nowotny
et al. originally synthesized these compounds in the 1960s,4
but the modern interest in these materials arose in the mid1990s as a consequence of the work by Barsoum et al.,5 who
sintered bulk samples of Ti3SiC2 and other MAX phases and
1098-0121/2006/74共4兲/045417共7兲

reported on their unique combination of metallic and ceramic
properties. They are good electrical and thermal conductors,
ductile and readily machinable, as well as damage tolerant
and resistant to oxidation and thermal shock. Their remarkable properties stem from their nanolaminated crystal structure, which is hexagonal and highly anisotropic 共the c/a ratio
for Ti3SiC2 is ⬃5.8兲, with sheets of Si intercalated with TiC
layers. Ti3SiC2 bears a close structural relationship to TiC,
since they both consist of M6X octahedral building blocks,
or specifically Ti6C. Just like in TiC, the Ti6C octahedra in
the MAX-phase structure share edges; however, the TiC
blocks are interleaved with layers of pure A-elements 共e.g.,
Si兲. The number of A-element layers thus inserted decides
which MAX polytype is formed 共M2AX, M3AX2, or
M4AX3兲. In the Ti-Si-C system, the only thermodynamically
stable MAX phase is Ti3SiC2. Additionally, there is a metastable MAX phase, Ti4SiC3, which has been synthesized in
thin-film form.6
The large unit cell of the MAX phases requires a significant amount of thermal activation to form, i.e., a relatively
high synthesis temperature, with typical values being
700– 900 ° C for sputtering6 and 1200– 1400 ° C for chemical vapor deposition 共CVD兲 and bulk sintering.5 This is unacceptable for thin-film deposition on many metal substrates
共e.g., Cu, Al, or steel兲, which are unable to withstand these
temperatures. Consequently, significant scientific and technological efforts are being directed at understanding and employing Ti-Si-C thin films deposited by vapor processes at
low temperature 共typically from room temperature to
400 ° C兲. In this kinetically restricted temperature range,
however, the Ti-Si-C system does not tend to form MAX
phases, but a nanocomposite consisting of one crystalline
constituent, TiCx, and one or more amorphous phases 共denoted nc-TiC / a-SiC, as defined above兲.7 This nanocomposite has been shown to exhibit properties qualitatively similar
to the MAX phases, notably a ductile mechanical behavior
with hardness and elastic modulus values close to those of
Ti3SiC2, as well as low friction.7,8 Furthermore, nc-TiC /
a-SiC exhibits metallic conductivity with a resistivity comparable to TiCx.7,9 The combination of these mechanical and
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electrical properties provides nc-TiC / a-SiC with potential
for, e.g., electrical contact applications.
The structure, surface conditions, and bonding configuration of bulk Ti3SiC2 samples have been investigated by x-ray
photoelectron spectroscopy 共XPS兲 and x-ray or neutron
diffraction.10,11 These diffraction methods have also been
used to investigate the reaction paths during synthesis as well
as decomposition of Ti3SiC2.12,13 Synchrotron radiation has
been employed to obtain high-resolution photoelectron spectra and reference data for the positions of the C 1s, Si 2p, and
Ti 2p peaks obtained from sintered bulk Ti3SiC2.14 The use
of synchrotron radiation allowed the resolution of the spinorbit splitting of the Si 2p peak. As for nc-TiC / a-SiC, numerous structural studies have been performed,7–9 but information on the surface conditions of as-deposited samples is
relatively scarce.
In the present study, we perform photoemission investigations using synchrotron radiation on as-deposited as well as
in-situ annealed Ti-Si-C samples 共Ti3SiC2 and nc-TiC /
a-SiC, with TiCx investigated for comparison兲. The objective
is twofold: to investigate the surface structure and composition of as-deposited samples and to investigate the effects of
annealing. The annealing process serves two purposes, to
remove any surface oxides present in the as-deposited state
and to permit studies of decomposition processes. For
Ti3SiC2, the results can be summarized in that surface Si was
observed for samples annealed to ⬃1000 ° C. It originates
from decomposition of Ti3SiC2 through Si out-diffusion due
to the presence of an interface to the vacuum ambient. For
annealed nc-TiC / a-SiC films, the surface instead exhibited
graphitic carbon from C segregating to the phase boundaries
of TiC and SiC in order to establish local 共metastable兲 phase
equilibria.

the binding energies were determined relative to the Fermi
edge of a Ta foil on the sample holder. For the as-introduced
samples, the binding energies were referenced to the bulk
C 1s and Si 2p levels of samples in order to correct for
changes in the band bending and for possible charging effects.
Ti3SiC2 and TiC thin-film samples were synthesized using
dc magnetron sputtering from elemental Ti, Si, and C targets
in an ultrahigh vacuum onto Al2O3共0001兲 substrates. A
Ti3SiC2 target was employed to deposit nc-TiC / a-SiC onto a
Si 共001兲 substrate. The substrate temperature was 850 ° C for
Ti3SiC2, 300 ° C for a nc-TiC / a-SiC sample, and 450 ° C for
the TiC samples. The synthesis process is described in detail
elsewhere.7,18 The structure of the resulting samples was determined by a combination of x-ray diffraction 共XRD兲 and
transmission electron microscopy 共TEM兲.7,18
III. RESULTS AND DISCUSSION
A. General observations

For the single-crystal Ti3SiC2共0001兲 and nanocomposite
nc-TiC / a-SiC samples, only Ti, Si, and C core levels were
observed from the survey spectra collected after annealing to
⬃1000 ° C. No oxygen could be observed after annealing.
The TiC共111兲, however, showed an additional peak from
O 1s even after annealing to 1100 ° C.
All as-introduced samples exhibited peaks originating
from surface oxides corresponding to Si-O, Ti-O, and C-O
bonding, and with a strong O 1s signal in the survey spectra.
The oxide thickness was determined to 25 Å for the
Ti3SiC2共0001兲 sample, 35– 40 Å for the nc-TiC / a-SiC
sample, and 30 Å for the TiC共111兲 sample. The surface oxides will be further discussed in Sec. III E.

II. EXPERIMENTAL DETAILS

B. Ti3SiC2

Photoemission measurements were performed on beam
line I311 at the MAX synchrotron radiation laboratory in
Lund, Sweden. This beam line is equipped with a modified
SX-700 monochromator15 and an end station built up around
a large hemispherical Scienta electron analyzer,16 which operates under ultrahigh vacuum 共UHV兲 conditions, at a base
pressure of about 1 ⫻ 10−10 torr. The electron analyzer accepts a cone of angular width ±8°. A total-energy resolution,
determined by the operating parameters used, of 艋20 meV
at a photon energy of 240 eV, of 艋100 meV at 330 eV, and
of 艋300 meV at 600 eV was selected in the high-resolution
studies of the Si 2p, C 1s, O 1s, and Ti 2p core levels reported below.
The investigations were carried out on thin-film samples
of epitaxial Ti3SiC2共0001兲, nanocomposite nc-TiC / a-SiC,
and epitaxial TiC共111兲. The surface cleanliness was checked
by monitoring the core levels of likely contaminants and the
surface order was verified by low energy electron diffraction
共LEED兲. The oxide thickness on as-introduced samples was
determined using a layer attenuation model.17 The samples
were ohmically heated in situ and the temperature was monitored using an IR pyrometer assuming an emissivity of 0.3,
equal to that of TiC. For the clean surfaces 共without oxide兲,

Si 2p spectra from a single-crystal, epitaxial Ti3SiC2 film
recorded before and after annealing using a photon energy of
240 eV are shown in Figs. 1共a兲 and 1共b兲, respectively. The
Si 2p spectrum from the as-introduced sample shows a dominant contribution from surface oxides. No LEED pattern
could be observed. The surface oxide was removed by
⬃3 min of in-situ annealing at 1000 ° C. The surface was
then well ordered and exhibited a 1 ⫻ 1 LEED pattern as
shown in the inset in Fig. 1共b兲. The components obtained
after fitting19,20 are also shown in Fig. 1. The Si 2p spectrum
after annealing consists of three components. The middle
component has a binding energy similar to that observed for
pure silicon 共absolute value 99.2 eV兲,10,21 while the two others exhibit shifts of +0.9共0.07兲 eV and −0.4共0.05兲 eV, respectively, where the values specified in brackets are the
standard deviations of the determined values. The weak component, with a shift of +0.9 eV, corresponds to the binding
energy of Si 2p in bulk SiC.10,22 The dominant component,
with a shift of −0.4 eV, corresponds to Si atoms in Ti3SiC2.14
Scanning the photon energies from 140 to 600 eV 共i.e.,
varying the surface sensitivity兲 resulted in a variation in the
relative intensity ratio of the three components of the Si 2p
spectrum. The component corresponding to Si-Si bonding
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FIG. 2. C 1s spectra recorded using a photon energy of 450 eV
from the Ti3SiC2共0001兲 sample, 共a兲 as-introduced and 共b兲 after annealing at 1000 ° C for 3 min., respectively. The results from curve
fits, the components used, and the residuals of the fits are also
shown.

FIG. 1. Si 2p spectra recorded using a photon energy of 240 eV
from the Ti3SiC2共0001兲 single-crystal sample, 共a兲 as-introduced and
共b兲 after annealing at 1000 ° C for 3 min., respectively. The solid
curves show the fitted components and results obtained. The 1 ⫻ 1
LEED pattern recorded from the annealed surface at 180 eV is
shown in the inset. The residuals of the fits are also shown.

exhibited a higher relative intensity for lower photon energies; i.e., this component is surface related, while the two
peaks originating from Si atoms in Ti3SiC2 and from Si-C
bonding exhibited lower intensities for lower photon energies, i.e., these components are bulk related. These results
suggest that a thin Si layer is located on top of the Ti3SiC2,
with the presence of a small amount of SiC. This can be
interpreted in two ways. It could be due to Si termination of
the Ti3SiC2 surface, i.e., that the Ti3SiC2 thin film is terminated by its A-element layers in equilibrium with vacuum. If
this were the case, however, there is no reason why we
should observe Si-C bonding, since this bonding configuration is not present in Ti3SiC2. The more likely interpretation
is that we observe the start of a Ti3SiC2 decomposition process through Si out-diffusion. This decomposition process is
believed to occur according to a model proposed by
Barsoum,5 where the Ti3C2 layers between Si sheets in
Ti3SiC2 represent TiC共111兲 planes. The Ti3C2 layers are
twinned to each other separated by the Si layer acting as a
mirror plane. De-twinning to TiC occurs upon removal of the
Si plane and rotation of the Ti3C2 layer, which means that, at
a temperature of ⬃1000 ° C, Si starts to diffuse out along the
basal planes of the Ti3SiC2 structure, followed by rotation of
the Ti3C2 structural units to form TiC. This interpretation
corroborates well with what has been observed in XRD
in-situ-annealing experiments on thin-film epitaxial Ti3SiC2,
where decomposition into TiC and gaseous Si has been observed to occur between 1100 ° C and 1200 ° C.23 As a small
amount of graphitic C is present also after annealing 共see
below兲, some of the Si diffusing out of the Ti3SiC2 structure

may bond to C, which would explain our observation of Si-C
bonding in annealed films. The actual temperatures are considerably lower than the temperature required for decomposition of bulk Ti3SiC2.5 The consensus in the literature is that
dense, sintered Ti3SiC2 is effectively thermally stable up to
at least 1700 ° C,5,13 but possibly up to above 2300 ° C.24
There is thus an apparent difference between epitaxial thinfilm samples and bulk samples with respect to the decomposition findings for Ti3SiC2. The obvious factor in resolving
the contradiction lies in that the diffusion length scales and
the sensitivity of the analysis methods are different in the
actual studies. More importantly, with the presence of an
interface to ambient the chemical potentials for the elements
are reduced. In the presence of oxygen, surface oxides will
thus form that can act as diffusion barriers against further
decomposition. In the present thin film study, the UHV conditions presented effectively no oxidizing environment. Instead, Si—as a relatively weakly bonded atom and the fastest
diffusing species compared to Ti and C—tended to segregate
to the surface at 1000 ° C. With the very short diffusion
length scales required for the surface sensitivity of our experiments on the thin-film epitaxial Ti3SiC2 samples, it is
thus not surprising that we could find the onset temperature
for MAX phase decomposition. It should further be noted
that the decomposition temperature of bulk Ti3SiC2 is lower
than stated above if a chemical driving force is provided for
increasing the Si segregation. This has been shown to occur
through carburization25 or immersion in molten cryolite.26 In
our case the driving force may be provided by the presence
of a surface/vacuum interface.
Figures 2共a兲 and 2共b兲 show the C 1s spectra from the
Ti3SiC2共0001兲 sample in as-introduced and annealed
共1000 ° C for 3 min兲 states, respectively. The components
obtained after fitting27 are also shown. Binding energies are
specified relative to the peak corresponding to the component originating from C in the Ti3SiC2 phase 共absolute value
282.1 eV兲. In addition to this peak, a broad feature is ob-
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FIG. 3. Si 2p spectra recorded using a photon energy of 240 eV
from the nc-TiC / a-SiC nanocomposite sample, 共a兲 as-introduced
and 共b兲 after annealing at 1060 ° C for 3 min., respectively. The
results from curve fits, the components used, and the residuals of
the fits are also shown.

FIG. 4. C 1s spectra recorded using a photon energy of 450 eV
from the nc-TiC / a-SiC sample, 共a兲 as-introduced and 共b兲 after annealing at 1060 ° C for 3 min., respectively. The results from curve
fits, the components used, and the residuals of the fits are also
shown.

served in the spectrum obtained from the as-introduced
sample. Modeling of this feature requires two components,
with relative binding energies of +5.1 共0.10兲 eV and
+3.4 共0.06兲 eV, respectively. We interpret these components
as originating from hydrocarbon contamination on the asintroduced surface. After annealing, only one component
共apart from the peak originating from C in Ti3SiC2兲 is observed, with a shift of +2.5 共0.05兲 eV. This corresponds to
graphitic C.28
While the hydrocarbon contamination desorbs during annealing, the C-C bonding observed after annealing indicates
that graphitic carbon either was formed during the annealing
process, or was present on the as-introduced sample and remained on the surface throughout the annealing experiment.
A comparison with what is known for TiC can shed light on
the origin of this surface C. The fact that TiC adopts a NaCl
structure means that the 111 surface is ideally terminated by
either Ti or C. In annealing studies where TiC is in equilibrium with vacuum, TiC共111兲 is always observed to be Ti
terminated, as a consequence of the different evaporation
rates for Ti and C atoms.29,30 Given the isomorphism of
TiC共111兲 and Ti3SiC2共0001兲 surfaces and the Ti predominance in the latter phase, it is reasonable to assume that
Ti3SiC2共0001兲 is not naturally C terminated, and consequently that the observed surface C is likely to be of foreign
origin.

appeared. The component with the highest intensity corresponds to Si-C bonding; its binding energy 共100.3 eV兲 is
similar to that of bulk SiC.22 This component is assigned the
relative binding energy of zero. At lower binding energies,
two components with shifts of −0.8共0.07兲 eV and
−1.3共0.05兲 eV are observed. Similarly, on the higher binding
energy side, two components with shifts of +3.0共0.11兲 eV
and +1.6共0.11兲 eV are observed. These four components are
surface related since their relative intensities decreased when
higher photon energies were selected. The origin of the component at −0.8 eV is most likely Si-Si bonds,21 while the
component at −1.3 eV is more ambiguous. The shift, however, agrees with that obtained above for the epitaxial
Ti3SiC2 film, and may therefore be an indication that a small
amount of Ti3SiC2 has formed upon annealing. It could also
be due to silicide formation; the Si 2p peak position for TiSi2
共or TiSix兲 is very close to that of Ti3SiC2.11 It should be
pointed out that XRD and high-resolution TEM of the asdeposited nc-TiC / a-SiC samples7 showed no Ti3SiC2 or silicides.
The components located at the higher binding energy side,
with shifts of +3.0 and +1.6 eV, can be interpreted as two
types of oxidation states present on the surface, Si+4 共SiO2兲
and Si+2, respectively.31 The presence of the Si+2 oxidation
state on the surface is an indication that the surface is carbon
rich, since this oxidation state tends to be present on C terminated SiC surfaces.32 This interpretation is further supported by the C 1s spectra discussed below.
The C 1s spectrum from the as-introduced nc-TiC /
a-SiC sample shows only contributions from surface hydrocarbon contamination, as illustrated in Fig. 4共a兲, similar to
what was observed for the Ti3SiC2 sample 关Fig. 2共a兲兴. After
annealing at 1060 ° C for 3 min., the main component in the
C 1s spectrum is a graphitelike peak, as shown in Fig. 4共b兲.
A weaker component originating from the C-Ti bonding in
TiC appears at 2.7 共0.01兲 eV lower binding energy than the

C. nc-TiC / a-SiC

Si 2p spectra recorded from nc-TiC / a-SiC nanocomposite samples in as-introduced and annealed states are shown in
Figs. 3共a兲 and 3共b兲, respectively, together with results obtained after fitting. For the as-introduced sample, only a surface oxide was detected, very similar to that observed for the
Ti3SiC2共0001兲 sample. After annealing to 1060 ° C, the oxide signal was strongly reduced and additional components

045417-4

PHYSICAL REVIEW B 74, 045417 共2006兲

PHOTOEMISSION STUDIES OF Ti3SiC2 AND¼

dominant graphitelike peak. We note that when lower photon
energies were selected, the relative intensity of the graphitelike peak was high, and that its relative intensity was lower
when higher photon energy 共600 eV兲 was used. Consequently, we conclude that the graphite is predominantly
present on the surface. The graphitelike component is much
more pronounced in this sample than in the single-crystal
Ti3SiC2 sample. Partially, this is due to surface carbon
present already in the as-deposited state 共i.e., after synthesis
but before exposure to atmosphere兲, as has been observed in
preliminary in-situ XPS measurements.33 Additionally, three
weaker components have to be introduced to satisfactorily fit
recorded data, with shifts of +4.8 共0.23兲, +3.5 共0.16兲, and
+1.9 共0.11兲 eV relative to the C 1s C-Ti peak. These additional components are suggested to originate from residual
surface hydrocarbon contamination after heating,34,35 but
particularly the highest-energy component is weak and could
be an artifact.
Based on these results, we propose that during annealing
of nc-TiC / a-SiC, C and Si diffuse out from the composite
material, resulting in the presence of surface Si-Si and C-C
bonds. This is in contrast to Ti3SiC2, where the decomposition process occurs exclusively through Si out diffusion,
while C is tightly bonded in the Ti6C octahedral structural
units. In the TiC共111兲 film 共see Sec. III D兲, no surface C was
observed, since C is even more tightly bonded than in
Ti3SiC2. Consequently, it can be concluded that the surface C
and Si observed in the case of annealed nc-TiC / a-SiC originates from the a-SiC phase or from grain boundaries, while
it should be noted that some surface C is present already in
the as-deposited state before exposure to atmosphere.
D. Comparison with TiCx

For comparison, photoemission data were recorded from a
single-crystal TiCx共111兲 thin film. C 1s spectra collected
from the as-introduced TiC sample and after annealing at
1100 ° C for 3 min are shown in Fig. 5. The hydrocarbon
contamination present on the as-introduced surface, as seen
in Fig. 5共a兲, is no longer present after annealing 关Fig. 5共b兲兴,
as only one symmetric C 1s peak is observed. Unlike the
epitaxial Ti3SiC2 film and in particular the nc-TiC / a-SiC
film, no graphitic C was present on the surface after annealing. This lends support to our proposed model for the elemental segregations in nc-TiC / a-SiC: as stated in Sec.
III C, the graphitic surface C observed after annealing of
nc-TiC/a-SiC most likely does not originate from the nc-TiC
phase.
After annealing of the TiC film, a distinct 1 ⫻ 1 TiC共111兲
LEED pattern 共not shown兲 was observed, although an O 1s
signal could be observed by photoemission. Presence of oxygen on the surface was also revealed in recorded Ti 2p spectra 共Fig. 6兲, as indicated by the shoulder located at the high
binding energy side of the Ti 2p doublet peak. When comparing the Ti 2p peaks for TiC, Ti3SiC2, and nc-TiC / a-SiC,
we note that the shoulder is most pronounced for the TiC
film, smaller for the nc-TiC / a-SiC film, and essentially not
present for the Ti3SiC2 film. This can be interpreted as the
presence of TiOx on the surfaces of the TiC and nc-TiC /

FIG. 5. C 1s spectra recorded using a photon energy of 450 eV
from the TiC共111兲 sample, 共a兲 as-introduced and 共b兲 after annealing
at 1100 ° C for 3 min., respectively. The results from curve fits, the
components used, and the residuals of the fits are also shown.

a-SiC films, but any O in a solid solution with the TiC
structure36 is also expected to contribute to the shoulder.
E. Surface oxides

O 1s spectra collected at a photon energy of 600 eV from
the three different as-introduced films are shown in Fig. 7.
Two components are clearly visible in the TiC and
nc-TiC / a-SiC spectra. When fitting, the low-binding-energy
component was found to be present also in the spectrum
from Ti3SiC2共0001兲, although with considerably lower relative intensity. The separation between the two components is
found to increase somewhat when going from nc-TiC /
a-SiC to Ti3SiC2 to TiC, from +1.4 to + 1.9 eV. The component located at lower binding energy probably corresponds to
TiOx present on the surface, as discussed above. The component at higher binding energy may originate from the mixture between Si-O-C bonding in a different atomic ratio for
the nc-TiC / a-SiC and Ti3SiC2 films and Ti-O-C bonding for

FIG. 6. Ti 2p spectra collected from the TiC共111兲,
Ti3SiC2共0001兲, and nc-TiC / a-SiC nanocomposite samples, respectively. A photon energy of 600 eV was used.
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FIG. 7. O 1s core level spectra collected from the nc-TiC /
a-SiC nanocomposite, Ti3SiC2共0001兲, and TiC共111兲 samples, respectively. A photon energy of 600 eV was used. The results from
curve fits and the components used are also shown.

the TiC film. In the latter case, this interpretation is supported by the fact that O has a solid solubility in the TiC
structure;36 the two peaks observed in the O 1s spectrum
from TiC can therefore be seen as originating from TiOx and
TiCxOy. The observation of two oxides 共TiOx and SiOx兲
present on the nc-TiC / a-SiC is consistent with what has
been observed previously.7 Note that the Si 2p peak from the
annealed nc-TiC / a-SiC film exhibited two types of oxidation
states present on the surface, Si+4 and Si+2, where the presence of the latter is an indication that the surface is carbon
rich. The TiOx peak in the Ti3SiC2 sample is, however, much
smaller, i.e., the oxide on the Ti3SiC2 sample is predominantly SiOx. Given the larger separation between the TiOx
and SiOx peaks for the Ti3SiC2 sample than for the
nc-TiC / a-SiC sample, it is probable that the SiOx contains
C, in other words a mixture of Si-O-C bonding.32
IV. CONCLUSIONS

We have performed photoemission studies using synchrotron radiation of as-introduced and annealed thin films of
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epitaxial Ti3SiC2共0001兲 and nanocomposite nc-TiC / a-SiC.
As-introduced samples exhibited peaks originating from surface oxides, SiOx and TiOx. The oxide thickness was determined to 25 Å for Ti3SiC2共0001兲 and 35– 40 Å for the
nc-TiC / a-SiC sample. The oxides were removed by annealing to ⬃1000 ° C.
On annealed Ti3SiC2共0001兲, surface Si was observed and
interpreted as originating from decomposition of Ti3SiC2
through Si out-diffusion. The present annealing temperatures
are
considerably
lower
than
the
temperature
共艌1700 ° C兲 reported for effective decomposition of bulk
Ti3SiC2. The difference in observed decomposition temperature for the two structures is a consequence of the type of
experiment and measurement sensitivity employed in the respective studies. We find that the MAX phase Ti3SiC2 decomposes as Si diffuses out of the material due to the chemical driving force towards the ambient 共i.e., a difference in
chemical potential兲 at a free surface for which we have
atomic-layer sensitivity. In consequence, we propose that
also bulk samples may exhibit initial decomposition with
respect to TiC formation at grain boundaries, as these may
serve as sinks for Si just like the free surface.
For annealed nc-TiC / a-SiC, the surface instead exhibited
a dominant contribution from graphitic carbon, also with the
presence of some free Si. This was attributed in part to surface C present in the as-deposited state, but more significantly to the out-diffusion of C 共and Si兲 from the amorphous
SiC phase or from grain boundaries. Effectively, a threephase nanocomposite consisting of TiC, SiC, and graphitic C
was formed.
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