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Spontaneous formation of nanometric multilayers of metal-carbon films
by up-hill diffusion during growth
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We report the spontaneous formation of multilayer structures with nanometric periodicity during
Ti–C thin-film growth by reactive magnetron sputtering. Their characterization was performed by
transmission electron microscopy, x-ray photoelectron spectroscopy, x-ray diffraction, and
secondary ion mass spectrometry. We discuss film structure and morphology as a function of metal
content, and propose surface-directed spinodal decomposition as the mechanism responsible for the
segregation of species in separated layers by up-hill diffusion. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2135385�
Nanostructured thin films offer novel opportunities for
the design of materials with new or enhanced properties.
Preparation of smart films for their performance as protective
hard coatings is an important issue of material engineering.1

Multilayers,2 composition grading,3 and nanocomposites4 of
hard constituents can lead to coatings with superior mechani-
cal properties, specially addressed to magnetic storage de-
vices, cutting tools, and biomedical implants. Combination
of metals and diamondlike carbon into metal-carbon �Me–C�
films has provided excellent results since their initial study
two decades ago.5–7 A self-organized multilayer structure is
then expected to introduce an intrinsic improvement of their
hardness, mechanical consistency, and wear resistance. In-
deed, spontaneous nanostructuring in Me–C thin films is an
interesting possibility, since often equilibrium phase dia-
grams present wide ranges of metal content and temperature
in which homogeneous phases are thermodynamically un-
stable. Annealing of films grown inside such a miscibility
gap can enhance up-hill diffusion, and hence facilitate
segregation.8,9 But already during film growth, the deposited
atoms dispose of an excess of energy to diffuse, which is
subject to being experimentally controlled. Furthermore, the
intrinsic anisotropy of the growth process, together with its
nonequilibrium character, may induce nontrivial morphologi-
cal effects at segregation scales.

In this work, we have explored this possibility for the
Ti–C system, whose equilibrium miscibility gap spans from
0 to 50 at. % Ti for temperatures below 3049 K. Ti–C thin
films were deposited by pulsed-dc reactive magnetron sput-
tering of a Ti target in an Ar-diluted CH4 atmosphere.7 The
substrates consisted of monocrystalline Si �100� wafers,
which were placed on a sample holder biased by means of
radio frequency �13.56 MHz� to −200 V in order to increase
the ion bombardment. The target cathode was driven by an
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asymmetrical bipolar pulsed-dc power supply �ENI RPG-
50�. The consigned values were 100 W, 100 kHz pulse fre-
quency, and 70% duty cycle. Ar and CH4 were injected at a
total gas flow of 40 sccm. Ti content was controlled by the
relative CH4 flow ratio, R, which was varied from 0 to 25%
and the gas pressure was 5 Pa. A rapid quench of the depos-
ited species was induced by maintaining samples at room
temperature.

A thorough characterization of film structure was per-
formed by several techniques: Transmission electron micros-
copy �TEM�, x-ray photoelectron spectroscopy �XPS�, x-ray
diffraction �XRD�, and secondary ion mass spectrometry
�SIMS�. The chemical composition was calculated from XPS
analysis using a Perkin–Elmer PHI 5500 spectrometer.
Samples prepared with R equal to 0, 2, 3, 6, and 25% yielded
a composition of 100, 60, 25, 5, and nearly 0 at. % Ti, re-
spectively. An Atomika A-DIDA 3000-30 spectrometer was
employed for SIMS measurements. Cross-section TEM mi-
crographs and selected area electron diffraction �SAED� pat-
terns were obtained by a Philips CM30 electron microscope
operated at an accelerating voltage of 300 kV. High-
resolution TEM �HRTEM� images and electron energy loss
spectroscopy �EELS� composition mappings were provided
by an electron microscope working at 200 kV which is
equipped by a JEOL Jem 2010F field emission gun. XRD
measurements were performed by a Siemens D-500 x-ray
diffractometer. Films thicknesses were measured with a De-
ktak 3030 surface profilometer. The mechanical residual
stress was determined by measuring the radius of curvature
of the substrate, before and after the deposition, and applying
Stoney’s equation.

Figure 1 shows cross-section TEM micrographs and
SAED spectra corresponding to Ti–C films prepared at R
values of 2, 3, and 6%. Their growth rates were 0.018, 0.040,
and 0.045 nm/s, respectively. A multilayer nanostructure is
inferred from the plano-parallel alternating contrast modula-

tion. The first layer after the substrate is the thickest one,
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probably revealing the affinity of the substrate to one of the
components. Furthermore, the modulation is lost in the out-
most layers, where material mixing may occur. In the ex-
treme case, the C-richest sample �R=25% � consisted of a C
film stacked onto a thin Ti-rich interlayer, as revealed by
depth-profile composition analysis by SIMS. Compositional
mappings in a region from the sample with 25 at. % Ti �Fig.
2�a�� were obtained by means of EELS analysis. Ti and C
signals appear alternatively arranged in layers, as displayed
in Figs. 2�b� and 2�c�, indicating a diffused compositional
modulation throughout the film. The periodicity of the
multilayer was measured using SAED. This provided a su-
perlattice diffraction spectrum, whose profile is shown in
Fig. 1�d�. An average bilayer period of 8.2 nm was calcu-
lated, which is consistent with the micrographs in Fig. 1.

During film growth, the deposition energy of the atoms
enhances diffusivity near the growing surface of the film by
many orders of magnitude.10–12 We propose that the bands
observed at 60, 25, and 5 at. %. Ti appear in a nonequilib-
rium process, through the mechanism of spinodal decompo-
sition in this external layer. There, atomic interactions that
favor atoms of the same species overcome the tendency to
maximize entropy, producing up-hill diffusion. Then, an ini-
tially thermodynamically unstable concentration of Ti–C de-
velops spatial modulations, segregating into Ti- and C-rich
amorphous phases. Contrary to nucleation, spinodal decom-
position induces segregation through compositional modula-
tions of a well-defined wavelength.13

We have tested this scenario by numerical simulations of
a modified version of the Cahn–Hilliard model of phase
separation.14 The basic ingredients of this model are the spe-

FIG. 1. Cross-section TEM micrographs of Ti–C films with: 60 at. % Ti �a�,
25 at. % Ti �b�, and 5 at. % Ti �c�. The corresponding SAED patterns are
located below each image. The compositional modulation is evidenced by
the superlattice electron diffraction spectrum of the sample with 25 at. % Ti
�d�.
cies diffusivity, and the bulk and interfacial free energies.
From the concentration of carbon, we define a new variable
u= �2c−c�−c�� / �c�−c��, where c� and c� are the carbon
concentrations in the Ti-rich and C-rich metastable amor-
phous states. The evolution of this variable obeys a conser-
vation equation �tu=−� · j, with the flux j=D�1−�2���
taking negligible values except in a region of width �D near
the surface, where the atoms have enough energy to diffuse.
This is enforced defining a field �=tanh��z−v fgt� /�D�, that
separates the film ��=−1�, where material has been depos-
ited, from the plasma ��=1�, with a diffuse interface of
width ��D. The film surface grows with velocity v fg, that
depends on the deposition rate. The chemical potential of the
binary system �=u−u3+�2�2u+V�z� has minima corre-
sponding to the two metastable states �c=c� and c=c��, a
term accounting for the interfacial energy �� being the gra-
dient energy coefficient�, and a potential V�z�=h1, for z�z0

and V�z�=h1z0
2 /z2, for z�z0, that incorporates the larger af-

finity of the substrate for one of the components.15 We con-
sider that the deposited concentration fluctuates around an
average value,u=u0+��r�, with ���r�� ,��r��=	2
�r�−r�.

The wavelength of the developing segregation pattern,
�sp, is given solely by the ratio between the curvature of the
free energy curve at the given initial concentration, and the
interfacial gradient coefficient. Together with the diffusivity,
these parameters also provide the time scale in which the
bands appear. Results show that the interaction with the sub-
strate, which acts during the early stages of film growth,
together with the inherent periodicity of the spinodal decom-
position process, are enough for coherent formation of the
successive layers. Simulation patterns obtained for increas-
ing values of C concentration are shown in Figs. 3�a�–3�c� in
a case with large growth velocity v fg. The initial segregation
induced by the presence of the substrate is more effective for
concentrations in the middle of the miscibility gap, but is

FIG. 2. TEM image showing multilayer structure of a Ti–C film with 25
at. % Ti �a�. EELS mappings of the same region highlight C-rich �b� and
Ti-rich �c� layers.
only able to form a few layers during a small transient, since
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the time during which diffusion is enabled at a given point
�t��D /v fg� is shorter than the time scale for segregation. By
reducing the growth speed, almost perfect bands are pro-
duced �Fig. 3�d��.

After segregation, formation of Ti–C crystallites occurs
in the Ti-rich layer through nucleation and growth. Three
diffraction rings were detected from SAED spectra corre-
sponding to the sample with 60 at. % Ti, indicating that this
film lodges randomly oriented TiC crystallites �Fig. 1�,
which belong to a cubic system, and are labelled as �111�,
�200�, and �220�. The lattice parameter is 0.45 nm, as com-
puted using Bragg’s law with appropriate software.16 Film
with 25 at. % Ti showed less intense diffraction maxima, and
the sample with 5 at. % Ti exhibited a diffuse ring, indicative
of its amorphous character. Hence, SAED patterns showed
an evolution from a polycrystalline to amorphous state as the
metal content in Ti–C films decreased. These results were
reproduced in data extracted from XRD measurements. A
crystallite’s average diameter of about 3.5 nm was obtained
for films with both 60 and 25 at. % Ti. The dimension and
distribution of crystallites were observed by HRTEM.

Due to the highly cross-linked amorphous matrix of C
films with diamondlike properties, Ti–C samples exhibit in-
trinsic compressive stress, which is found to depend on the
composition of the films.7 In our case, the mechanical stress
of Ti–C is a function of Ti content and shows an absolute
minimum of −0.9 GPa for 25 at. % Ti, a factor of 3 smaller
with respect to pure Ti and C films. Such relaxation in a film

FIG. 3. Simulation patterns of Ti–C multilayers generated with the Cahn–
Hilliard model for phase separation. The equations have been solved with an
explicit scheme and assuming nonflux boundary conditions, in a box Lz

�Lx=40�80. The effects of changing the concentration and growth veloc-
ity on film banding are shown �with dark and light bands corresponding to
Ti- and C-rich regions, respectively�. The concentration is �a� u0=−0.2, �b�
u0=0, �c� u0=0.4, with a growth velocity v fg=0.6, and �d� u0=0, with a
slower growth velocity v fg=0.3. For the other nondimensional parameters,
we take �2=0.4, lD=2, h1=−1, z0=4, D=0.5, and 	=0.2.
structure improves its consistency and substrate adherence,
thus diminishing the risk of delamination. This stress reduc-
tion seems to be associated with the spontaneous formation
of interfaces between the components. This assumption is
consistent with the relaxing effect observed in Me–C multi-
layered films.17

In summary, Ti–C films with intermediate metal abun-
dances are observed to spontaneously form multilayers with
a nanometric bilayer periodicity. Changes in composition
lead to a varying structure, in such a way that the amorphous
character of the samples is enhanced as the metal content
decreases. A scenario of phase segregation induced by spin-
odal decomposition explains in a qualitative way the forma-
tion of Ti–C multilayered nanostructures. However, addi-
tional physical data of the constituents are required to
complete this modeling. This spontaneous arrangement in
multilayers seems to promote beneficial effects on the me-
chanical properties of the films.
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