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Abstract

H,-free diamond-like carbon (DLC) films are deposited on bare as well as nanocrystalline SnO,-coated stainless steel (SS) 304 substrates.
SnO, films are deposited by electrolysis of 10 mM SnCl, solution in nitric acid medium and then subsequently heating the sample in oxygen-
ambient condition. The carbon films, on the other hand, are prepared by dissociative cleavage of methanol under high DC potential of 1 kV.
Deposition conditions are optimised to get the best quality films, which are characterized by Raman spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). It has been observed that films grown on SnQ, interlayer are much
more adherent when compared to those deposited on bare SS. Moreover, the quality of films on coated substrates is found to be much
superior to those grown on bare SS. It is believed that the SnO, layer acts both as protective barrier against carbon diffusion into the SS
substrate and also promotes nucleation due to anchorage of CH; and H' radicals (necessary for growth of DLC film) onto its oxygen deficient

sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Diamond-like carbon (DLC) films comprises of sp” and
sp> bonded carbon atoms in varying proportions incorpo-
rated into an amorphous network and enjoy most of the
exciting properties [1-3] exhibited by diamond. Hence, they
find tremendous applications as protective coatings espe-
cially in the field of biomechanical engineering. One
interesting application can be in the form of articulated
human implants, wherein these implants (usually made of
steel) are coated with either diamond or DLC films to make
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them biocompatible and corrosion resistant. DLC can
address such biomedical problems often better than dia-
mond because of their intrinsic smoothness and lower
coefficient of friction. At the same time, they also offer
better control over surface engineering. Moreover, DLC
films are deposited at lower temperatures compared to
diamond and thus are less prone to thermal stresses.
Moreover, DLC coatings also promise a large number of
industrial applications, e.g., storage tanks in chemical
industries, etc., where large areas are required to be coated
uniformly. DLC films are usually deposited by microwave
plasma CVD [4], pulsed laser ablation [5] and arc discharge
method [6]. However, the scalability to such a large extent
and the cost effectiveness of these aforesaid techniques are
still doubtful. Besides, it is also very difficult to get adequate
nucleation of carbon on ferrous substrates, as carbon tends
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to diffuse into them at high rates. Obviously, low-temper-
ature deposition techniques are expected to give better
results on such kind of substrates. Electro-deposition
provides an easy and cheap way of depositing films even
at room temperature uniformly over large arecas and on
intricate surfaces. Namba [7], Wang et al. [8] and Cao et al.
[9] demonstrated the possibility of depositing DLC films
from organic liquids using methanol as the electrolyte.
Following the same route, we attempted room-temperature
deposition of DLC on bare stainless steel (SS) substrates
and found that the films so obtained are not at all adherent to
SS and are more graphitic in nature. People have earlier
reported that using single or multiple interlayers of metals
(e.g., Cr, Ti, Co, Mo, etc.) [10-12] and/metal nitrides (e.g.,
TiN, CrN, etc.) [13,14] helped successful deposition of
diamond and DLC on SS substrates. However, using high-
melting oxide interlayers is not that common, as most of
them (e.g., SiO,) are known to delay the onset of carbon
nucleation on them [15]. It is known from the literature that
an adherent layer of nanocrystalline SnO, can be easily
deposited on stainless steel substrates by electrochemical
means, which led us to explore its feasibility as a barrier
layer against carbon diffusion into the SS substrate. In this
present article, we report room-temperature electro-deposi-
tion of quality diamond-like carbon films with very high
sp>/sp” ratio practically free from H, on stainless steel
substrates using a nanocrystalline SnO, interlayer. The
qualitative and the quantitative growth aspects of these films
are also compared with those grown on bare SS. The
plausible mechanism for deposition has been explored and
the role of the intermediate layer discussed.

2. Experimental
2.1. Deposition of SnO, interlayer

The electrolyte consists of a 10 mM solution of tin
dichloride (AR grade) prepared in 75 mM nitric acid (AR
grade) medium. In order to obtain a stabilized solution, it is
vigorously stirred for ~90 min at a bath temperature of ~80
°C. Electrolysis is carried out using a potentiostat AUTO-
LAB 100 (Eco Chemie make) in chronoamperometry mode
using a conventional three-electrode cell configuration. A
thoroughly cleaned stainless steel (SS-304) plate is used as
the working electrode, and a tin metal plate separated by ~2
cm from it served as the counterelectrode. A saturated
calomel electrode (SCE) is used as the reference. Films are
deposited for ~160 min at a constant potential of —400 mV
with effective current density varying from 1 to 10 mA/cm?.
HNO; medium partially oxidizes the metallic phase
deposited to an oxide layer. Finally, the electrodeposited
films are annealed at ~400 °C in oxygen-ambient condition
for ~4 h. The optimised film thickness as estimated from
steps in the films using a stylus is ~2.6 pm. Alternately, it is
also estimated from the chronoamperometry plot using
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Fig. 1. Schematic diagram of the cell used for electro-deposition of DLC
films.

Faraday’s laws of electro-deposition and has been found to
agree well within the errors of the individual techniques.
The films are characterized ex situ using XRD and Raman
spectroscopy.

2.2. Deposition of diamond-like carbon films

Schematic diagram for the deposition system is shown in
Fig. 1. Analytically pure methanol is used as electrolyte.
Bare as well as tin oxide-coated stainless steel (SS-304)
plates are used as negative electrodes, while a graphite plate
served as the positive electrode. The distance between the
two electrodes is set to ~4 mm. The potential applied to the
substrate is ~1 kV with respect to the positive electrode. The
bath temperature is maintained at room temperature by
constant water circulation. Typical deposition times are
~15-24 h. The DLC films have been characterized using X-
ray diffraction, Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM).

XRD patterns are recorded in a Philips X-ray diffrac-
tometer PW 1710 using Cu Ka line from an X-ray generator
operated at 30 kV and 20 mA. AFM studies are carried out
under ambient conditions using a scanning probe micro-
scope (SPM-Solver P47, NT-MDT, Russia) in contact mode
using rectangular silicon nitride tips (tip radius ~10 nm).

Raman spectra are recorded using LABRAM-1 spectrom-
eter (ISA make) in a backscattering geometry and a spectral
resolution of 2 cm™'. The XPS spectra are recorded using
Mg Ka radiation and constant pass energy of 13 eV.

3. Results and discussion
3.1. SnO; interlayer

Fig. 2 shows a typical chronoamperometry plot for the
electro-deposition of tin oxide layer. The electrode current
initially shoots up due to the leaching of the native
chromium oxide layer present on the stainless steel
substrate thereby exposing the metal and then gradually
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Fig. 2. Chronoamperometry plot of SnO, deposition on SS-304 substrates.

decreases with the formation of the tin oxide layer. A
continuous coating is obtained within 15 min of deposition
(as evidenced from the graph), which, upon annealing in
oxygen-ambient conditions, transforms into an adherent
semitransparent layer. The oxide layer prepared under the
above-mentioned conditions reportedly exhibit nanocrystal-
linity [16]. Fig. 3a shows the XRD pattern of a typical
SnO,-coated stainless steel substrate. It exhibits very weak
features at ~20=27°, 34° and 52°, respectively, correspond-
ing to diffraction from the (110), (101) and (211) planes of
the SnO, layer. The intense peaks at ~45° and 65° arise
from the stainless steel substrate because the films are not
sufficiently thick to block the signal from the SS substrate.
Fig. 3b exhibits the micro-Raman spectra of the same
sample. In contrast to a single-crystal SnO, or its poly-
microcrystalline films which exhibit Raman bands at
~473(Ey), 632 (A, 4, the most intense band) and 773 (B, )
em ™' [17], our sample exhibits seven distinct features at
~225, 298, 355, 415, 556, 620 and 672 cm™ ', respectively.
The intense peak at ~556 cm™' and also the features at
~355 cm™ ' are usually observed in the Raman spectra of
nanometer-sized SnO, grains and has been interpreted to
have arisen due to the dominating effects of the surface
phonon modes over the bulk phonons in case of nanosized
crystallites (typically less than 15 nm) [18,19]. The hump at
~620 cm™ " is possibly the down-shifted bulk phonon mode
with A; , symmetry. Such variation of peak position can
take place depending on the shape and state of aggregation
of the SnO, particles together with the matrix in which they
are embedded. In fact, a diffused peak at ~622 cm™' has
been reported for nanocrystalline SnO, [20] material
present on the surface of ancient Chinese black mirrors.
The peaks at ~670 cm™' and ~300 cm™' possibly
corresponds to the Froehlich modes of SnO, nanoparticles
observed due to the lowering of crystal symmetry and
confinement-induced relaxation of selection rules (Ag=0).
All these observations undoubtedly confirm that a layer of
nanocrystalline SnO, has been formed on top of the
stainless steel substrates.

3.2. Diamond-like carbon films

Upon high-voltage electro-dissociation of methanol,
golden brown coloured films are deposited on SnO,-coated
SS substrates, while a blackish coat is obtained on bare SS.
In order to evaluate adhesion properties of these films on
SS, they are subjected to Scotch tape test. It is observed that
the films grown on SnO,-coated SS substrates are quite
adherent, but those grown on bare SS are easily removed,
exhibiting poor adhesion. This clearly indicates that SnO,
interlayer promotes the growth of an adherent deposit on
SS, otherwise difficult to achieve. Scratch test has also been
performed qualitatively on the coatings, and the results
support the aforesaid conclusions. During deposition, the
electrode current density (p) is measured for various applied
potentials, and their relationships are illustrated in Fig. 4a. It
exhibits almost linear behaviour (solid lines to guide eyes)
over the entire range, except for the deviations at high
voltages (~1 kV). As expected, the current density for a
given interelectrode distance is higher in the case of bare SS
as compared to SnO,-coated substrates. Fig. 4b shows the
time dependence of the electrode current density at a fixed
applied potential of 1000 V for films grown on both bare
and SnO,-coated substrates. Clearly, the current density
decreases with deposition time. It is due to the formation of
a continuous film (also confirmed from the absence of Ni
and Cr peaks in XPS survey scans performed; to be
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Fig. 3. (a) XRD pattern of the nanocrystalline SnO, interlayer. (b) Raman
spectrum of the same SnO, interlayer.
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Fig. 4. (a) Plot of current density (p) vs. voltage at the start of DLC
deposition (time 0 h). (b) Time-dependent plot of current density (p) at
potential 1000 V.

discussed in details later on) of a highly resistive material
(DLC?) that the electrode current starts dropping down
steadily. Since this change in the electrode current density
with time can only be attributed to the changing electrode
resistance due to increased thickness of the deposited layer,
a linear plot of current density vs. time is indicative of
uniform deposition rates. Obviously, a steeper slope implies
higher growth rate for samples grown on bare SS. The
growth rate is estimated from film thickness (~5.17 um for
sample on bare SS and ~2.37 um for that grown on coated
substrate) and the time of deposition. The rate is found to be
nearly double in case of films grown on bare SS (~3.6 nm/
min) as compared to that grown on SnO,-coated substrates
(~1.9 nm/min). However, it should be borne in mind that the
films are not adherent on bare SS, and it is quite impractical
to compare their deposition rates. In fact, even on depositing
for days together, hardly any adherent deposit is obtained on
bare SS, which is quite expected due to the delayed
nucleation of DLC on bare SS. Assuming that the electrode
and cell resistance contribute in series towards the net
effective resistance and from the known film thickness, the
resistivity of the deposits is estimated to be ~10% Q cm
(~3.2x10% Q cm for films on SnO,-coated substrates and
~1.8x10® Q cm for films on bare SS), typical for DLC films
with very low bound hydrogen [21].

Fig. 5 shows the typical AFM topographies of films
grown on bare SS and SnO, interlayer. It can be seen that
the films grown on SnO,-coated substrates are quite rough

(RMS roughness ~150 nm) with average crystallite size
ranging between 250 and 400 nm, while those grown on
bare SS are relatively smooth (RMS roughness ~25 nm),
and the particle size ranges between 100 and 250 nm.
However, roughness of the SnO,-coated samples depends
very much on the roughness of the interlayer used, which, in
turn, depends on the annealing temperature. XRD patterns
(not shown here) of the deposits obtained on both bare and
SnO,-coated substrates clearly show that they are amor-
phous in nature. Fig. 6 shows the micro-Raman spectrum of
the deposits obtained on bare and SnO,-coated SS
substrates, normalized to their respective time of acquis-
ition. Clearly, both the spectra exhibit a broad band centred
at ~1350 cm™ ! assigned to the disorder-allowed zone edge
mode of crystalline graphite (called the D-band) and a
relatively sharp peak centred at ~1580 cm™' corresponding
to the optically allowed E, , zone centre mode of crystalline
graphite (called the G-band), reportedly known to be the
signatures for diamond-like carbon films. Since these
Raman bands of diamond-like carbon are believed to
monitor the state of sp?-bonded material within the sp
matrix, an increased absolute intensity of the Raman
spectrum for samples grown on bare SS is indicative of
their higher sp” content. Besides, spectra of some samples
(inset in the Fig. 6) also exhibit a broad band at ~600 cm ™"
and a very weak feature at ~1075 cm ', which becomes
discernable only on zooming. The band at ~600 cm™' is
reportedly [22] observed for unhydrogenated amorphous
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Fig. 5. Typical AFM topography of deposits on bare and SnO,-coated SS
substrates.
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Fig. 6. Micro-Raman spectra in the range 1000~1800 cm ™' of DLC films
deposited on bare and SnO,-coated SS-304 substrates. The spectra are fitted
with BWF line shape, parameters tabulated below. Inset: a typical Raman
spectrum in the spectral range 300—1800 cm ™' exhibiting a broad band at
~600 cm ™.

carbon and roughly corresponds to the Raman inactive
acoustic and out-of-plane optical vibrational modes of
graphite [23,24]. However, it is not yet clear why such
delocalised low-frequency modes become Raman active in
hydrogen-free a-C and not in a-C:H. Tarmor et al. [22] tried
to explain this phenomenon on the basis of matrix
sensitivity of this Raman mode. Since the local bonding
configurations around the sp® clusters are much more
variable in a-C:H, the already broad low-frequency mode
gets broadened further and also softer (hence, shifts towards
the lower wave number) to such an extent that they are no
longer apparent in the Raman spectrum of a-C:H. It is well
known that the Raman cross-section in the visible range for
the sp” sites is much higher than the sp® ones [25]. So, it is
difficult to directly quantify the sp*-bonding fraction present
in DLC films using visible Raman spectroscopy. However,
for hydrogen-free DLC films, Prawer et al. [27] proposed to
fit the Raman spectrum using a Briet—Wigner—Fano (BWF)
line shape after subtracting a linear background. The BWF
line shape is described by

_ D[l +2(w — w)/OIT
1+ [2(w — o) /T)

where /() is the intensity as a function of frequency (), /o

is the maximum peak intensity, w, and I' are the peak

position and full width at half maximum (FWHM),
respectively, and Q is the BWF coupling coefficient.

()

(1)

Following his proposition, we have fitted both the spectra
in the range 1000-1800 cm ' with a BWF line shape
centred around the G-peak, a Lorentzian centred at ~1400
cm ™! for the D-band and a linear background to account for
the luminescence. Though the origin of such Fano line
shape of the Raman spectrum in DLC films is not properly
understood as yet, the combination gives an excellent fit to
the data as evidenced from y* and R? values. The values of
the fitted parameters thus obtained are tabulated at the
bottom of the figure. It can be seen that the BWF line
position (w() moves down the energy and the coupling
parameter ( Q) decreases to a more negative value in case of
films grown on coated substrates indicating an improvement
of the quality of the deposit. From the empirical relationship
between the Q parameter and sp> /sp° ratio [27], we estimate
the sp” fraction in the bulk of the films grown on SnO,-
coated substrates to be less than 25% as compared to 35% in
the case of films grown on bare SS. However, it should be
borne in mind that these correlations were developed for
carbon films deposited by entirely different techniques, and
it may not strictly hold good for all types of carbons.
Alternately, the Raman spectra may be fitted with either two
Lorentzian or two Gaussian profiles, and from the different
fitted parameters like band position, band width and
intensity ratio /(D)/I(G), it is possible to get an idea about
the different physical properties of DLC (e.g., optical band
gap, hardness, etc.) and hence, the degree of sp” and sp’
bonding in them. Figs. 7 and 8 shows the Raman spectra in
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Fig. 7. Typical Raman spectra of DLC films on bare and SnO,-coated SS
substrates fitted with Gaussian line shape.
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Fig. 8. Typical Raman spectra of DLC films on bare and SnO,-coated SS
substrates fitted with Lorentzian line shape.

the wave number region 1100-1900 cm™' for DLC films
grown on bare and SnO,-coated SS substrates fitted (after
subtracting a linear background), respectively, with two
Gaussian and two Lorentzian profiles. The results are shown
in Table 1. Clearly, the trend observed for the Raman
parameters using the two different line shapes are self-
consistent. For samples grown on SnO,-coated substrates,
both the D and G bands broaden, shift to the lower wave
number region (the shift is more pronounced in case of D
band), and the /(D)/I(G) ratio decreases significantly when
compared to samples grown on bare SS. Though it is very
difficult to make unambiguous conclusions from these
trends due to contradicting reports in the literature, it is
well accepted that the sp” content of DLC films increases
with the /(D)/I(G) ratio [28]. Obviously, optical band gap
exhibits an opposite trend. Moreover, according to the
model for amorphous carbon proposed by Beeman et al.
[29], the downshift of the D and G bands of DLC films as
observed in case of SnO,-coated samples may be explained
to be due to an increased bond angle disorder induced by the
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Fig. 9. Main core level Cls X-ray photoelectron spectra of diamond-like
carbon films grown on bare and SnO,-coated SS-304 substrates along with
the deconvoluted features.

formation of sp>-hybridized tetrahedral bonds. On the other
hand, band broadening suggests that there is a decrease in
the cluster size and increased stress in those carbon films.
Following the works of Tarmor and Vassell [22] and
Schwan et al. [26], who have extensively studied on the
correlation of these Raman parameters with density, optical
gap, hardness, hydrogen content and sp® /sp’ ratio of the
DLC films, the optical gap of our films can be roughly
estimated to be ~1.5 eV and the hydrogen content to be
negligibly small. The size of the sp® clusters embedded in
the sp> matrix is estimated to be ~4 nm [26]. The sp> carbon
fraction in the films has also been estimated from the G-
band position [27], and that surprisingly shows very high
values ~0.6 for samples grown on bare SS and ~0.5 for
samples on coated substrates. Thus, in order to unambig-
uously confirm the sp> /sp” ratio of the DLC films, Cls XPS
spectra is recorded in a slow scan mode. Fig. 9 shows the set
of main core level Cls spectrum (along with deconvoluted
features) of DLC films grown on SnO,-coated and bare SS
substrates. Typically, the spectra may be deconvoluted using

Table 1

Fitted Raman parameters of DLC grown on bare and coated SS

Substrates Type of fitting D band G band 72 R? I(DY/I(G)

Position Width Position Width

Bare SS Gaussian 1374.05 187.01 1585.19 118.00 4.34 0.98 1.44
Lorentzian 1366.18 243.15 1584.68 144.03 4.45 0.98 1.61

SnO,-coated SS Gaussian 1354.52 200.56 1584.84 162.42 1.23 0.86 1.09
Lorentzian 1358.71 239.52 1580.49 169.18 0.95 0.89 1.23
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Gaussian into three distinct features at ~283.4, 285 and 287
eV. The feature at ~285 eV corresponds to the sp’-
hybridized carbon atoms, while that at ~283.5 eV corre-
sponds to the sp>-hybridized carbon atoms [30]. The third
peak at ~287 eV may be associated with ester and/carboxyl
groups [31] formed upon oxidation of the highly reactive
surface components. The intensity ratio of the first two
peaks gives an estimate of the sp®/sp” carbon fraction. It is
clearly evident from the deconvoluted features that the sp®/
sp> ratio is much more in case of samples on bare SS
(~0.28) as compared to that on coated ones (~0.03). The sp’-
hybridized carbon atoms (as estimated from their respective
peak areas) comprise about 86% of the total signal intensity
in case of the SnO,-coated samples as compared to only
68.7% in case of the bare samples, implying an improved
DLC formation on the SnO, interlayer. These are very high
values when compared to the results obtained from Raman
analysis. Nevertheless, XPS provides information only
about the surface layers and does not reflect the bulk
property of the films, which can substantially differ from
that of the surface layers. It is proposed that part of the sp>
carbon sites on the surface gets converted to hydrogenated
sp” sites under drastic conditions of deposition. XPS survey
spectra of both the films have also been recorded with a
view to cross-check their continuity. The essential feature of
these spectra (not shown) is the absence of peaks
corresponding to nickel and other components of stainless
steel substrates, further confirming complete coverage of the
substrate area. Based on these above results, a mechanism
has been proposed for the deposition of DLC films via
dissociative cleavage of methanol. CH3;OH gets polarised
and transported with the electrolyte under high electric field
as

2CH;0H + 2H,0—2CH{ + 2H" + 40H~ (1)
2H' 42¢ —H, 1 (2)
2CH; + 2¢”—2CH; - (3)

Thus, the cathode surface would experience the presence
of very high concentration of methyl radicals and H"
required for the deposition of DLC films. The nanocrystal-
line SnO; interlayer with very high surface/volume ratio and
large number of oxygen-deficient sites provides anchorage
to these CHj- radicals along with H', thereby facilitating the
bond breaking and bond making of the sp” and sp> bonded

Table 2
Bulk carbon analysis of samples

carbon atoms at the film surface, thereby promoting the
growth of DLC films. Moreover, it also serves as a barrier
against carbon diffusion into the SS substrates and thus
helps in accelerating the onset of nucleation. A direct
evidence of SnO, acting as a barrier layer comes from the
bulk carbon analysis of the samples. The carbon films are
first removed by grinding; then the samples are analyzed
chemically using combustion technique where from carbon
flux, i.e., the weight of carbon diffusing into the bulk of SS
substrates per unit area per unit time is estimated. The
results of chemical analysis are shown in Table 2. As
expected, the diffused carbon flux is ~3.9 times more in case
of bare SS as compared to that of the coated substrates,
thereby confirming our conclusion that SnO, acts as a
barrier against carbon diffusion into the SS substrates.

4. Conclusions

It has been demonstrated that in contrast to bare SS on
which DLC films are not adherent at all, fairly adherent
films of diamond-like carbon materials can be deposited
electrochemically even at room temperature on SnO,-coated
SS substrates using CH3;OH as the electrolyte. The films
have been extensively characterised using Raman spectro-
scopy, XPS and AFM. Though the films deposited on
coated substrates are found to be rough, they are of much
superior quality from sp®/sp® ratio point of view. The sp*/sp’
ratio has been estimated both from Raman spectrum
analysis and XPS and is found to be fairly low (~35—
25%), lower in case of the SnO,-coated samples. The films
are also found to be practically free from hydrogen. The
nanocrystalline SnO, interlayer has been shown to act both
as protective barrier against carbon diffusion into the SS
substrates and promote nucleation due to anchorage of CHj3
and H' radicals (necessary for growth of DLC film) onto its
oxygen-deficient sites, thereby accelerating the growth of
DLC films.
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