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ABSTRACT Thin nanocrystalline diamond/amorphous car-
bon (NCD/a-C) composite films and amorphous diamond-like
carbon (DLC) films were prepared by three methods: mi-
crowave plasma chemical vapour deposition (MWCVD) from
methane/nitrogen mixtures (NCD/a-C), RF magnetron sput-
tering of a pure graphite target in argon/methane ambients,
and pulsed laser deposition (PLD) in vacuum or argon atmo-
sphere (DLC). The films prepared by the three techniques were
comprehensively characterized with respect to their bonding
structure by Auger electron spectroscopy (AES) and X-ray pho-
toelectron spectroscopy (XPS).
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1 Introduction

Nanocrystalline diamond (NCD) films, either in
pure form or as a composite with an amorphous carbon
(a-C) matrix, and diamond-like carbon (DLC) films have
attracted great research interest, due to their properties ap-
proaching those of diamond in terms of hardness [1, 2],
low friction coefficient, high wear resistance [3, 4], optical
transparency [5, 6], chemical stability, thermal conductivity,
biocompatibility [7, 8], etc. The properties of DLC films can
vary over a wide range depending on the chemical bonding
nature, namely the sp3/sp2 carbon ratio and the content of hy-
drogen, from soft polymer-like carbon to hard coatings with
predominantly tetrahedrally coordinated (“diamond-like”)
carbon atoms. In a similar way the nature of the amorphous
carbon matrix can influence to a large extent the properties
of the NCD/a-C nanocomposite films, a problem which has
been somewhat neglected in the literature up to now.

In the present work DLC and NCD/a-C films were inves-
tigated with respect to their growth rate, morphology, topog-
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raphy, and especially their chemical bonding structure, and
some conclusions concerning the influence of the process pe-
culiarities on the film properties were drawn.

2 Experimental

Nanocrystalline diamond/amorphous carbon
(NCD/a-C) composite films were prepared by MWCVD from
CH4/N2 mixtures with 9 and 17% methane in a deposition
set-up described in detail elsewhere [9]. All deposition ex-
periments were performed at substrate temperatures up to
770 ◦C, a working pressure of 2.6 kPa and a MW plasma input
power of 800 W. The duration of the deposition processes was
420 min. The films were grown onto monocrystalline (100)
silicon wafers, etched in NH4F/HF and then pretreated ul-
trasonically in a suspension of diamond powder (grain size
up to 500 nm) in n-pentane in order to promote diamond nu-
cleation. Polycrystalline diamond (PCD) films deposited by
hot-filament CVD (0.9% CH4 in H2, 825–850 ◦C substrate
temperature and 2250 ◦C filament temperature) were used as
a reference for the analyses as well as substrates for the growth
of NCD without additional pretreatment.

DLC films were deposited by RF magnetron sputtering
(MS, in the following DLC-MS) from a target of isostatically
pressed graphite (5N) with a bulk density of 2.17 g/cm3; the
power applied to the target was 1000 W. The process was car-
ried out in Ar/CH4 mixtures with methane concentrations up
to 70% at a working pressure of 0.4 Pa. The films were de-
posited onto monocrystalline (100) silicon substrates, chem-
ically cleaned before charging into the deposition reactor, and
placed on a rotating holder 45 mm from the target. The rota-
tion improved the homogeneity and morphology of the layers.
The substrates were kept at room temperature.

DLC films were also prepared by PLD (DLC-PLD) using
a KrF excimer laser (λ = 248 nm, τ = 20 ns, f = 13 Hz) for
the ablation of a high purity graphite target (GoodFellow)
with an energy density of 20 J/cm2. The layers were de-
posited in vacuum or Ar ambient with working pressures up
to 1 Pa. The deposition time was 3.9–5.8 min, correspond-
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FIGURE 1 Top view SEM micro-
graphs of (a) NCD/a-C film and (b)
DLC-MS film (scale bar 1 µm)

ing to 3000–4500 laser pulses. Silicon wafers were used as
substrates; they were initially cleaned for 2 min. by a RF
discharge (4 Pa Ar, 100 W) in the chamber. The substrates
were not additionally heated during the deposition; the target-
substrate distance was kept constant at 40 mm.

The film thickness, from which the growth rates for each
process were calculated, was determined by profilometry and
cross-section scanning electron microscopy (SEM). SEM and
atomic force microscopy (AFM) provided information about
the morphology and topography of the films. The chemical
bonding structure of the NCD/a-C and DLC films was in-
vestigated by Auger electron spectroscopy (AES, Las3000,
Riber) with a primary electron energy of 3 keV, and by
X-ray photoelectron spectroscopy (XPS, ADES-400 VG Sci-
entific) with Al Kα radiation and 20 eV pass energy. The AES
and XPS analyses were performed without sputter cleaning
of the samples in order to prevent their amorphisation and/or
graphitisation.

3 Results and discussion

3.1 Growth rates, morphology, topography

The thicknesses of the films deposited by MWCVD
varied between 700 nm and 4 µm whereas those of the films
prepared by MS and PLD were in the range of 40–180 nm
and 50–120 nm, respectively, depending on the deposition
conditions. In the case of MWCVD, the growth rate was
influenced by the substrate temperature and the methane con-
centration in the gas phase. The growth rate increased when
increasing the temperature suggesting a kinetic control of
the process; it shows that surface reaction(s) are the rate-
limiting step of the deposition process. Higher CH4 concen-
trations also resulted in an increase of the growth rate due to
higher concentrations of film-forming species (1.8 nm/min.

for 9% CH4 and 9.5 nm/min. for 17% CH4 at 770 ◦C). An
increase of the methane concentration on the growth rates
of the DLC-MS films had a similar effect; the rate raised
from 10 nm/min. (5% CH4) to 68 nm/min. (70% CH4). This
result shows that methane plays an active role in the deposi-
tion process, either via enhanced sputtering of the target or
by co-deposition of carbon species originating from the CH4
molecules. The growth rate of the DLC-PLD films showed
a week dependence only on the working pressure, varying
between 20 nm/min. (vacuum 2 ×10−4 Pa) and 12 nm/min.

(1 Pa Ar); the slight decrease is probably due to the decreased

mean free path of the ablated species with the increase of the
pressure.

XRD measurements revealed that the NCD films are com-
posed of diamond nanocrystallites with a diameter of 3–5 nm,
embedded in an amorphous carbon matrix (a-C) [10], while
the DLC films were completely amorphous.

All films under investigation were uniform as seen from
the SEM images in Fig. 1. AFM analyses showed that the
NCD films were smooth with rms roughnesses down to
12 nm. In addition, a sub-structure of the films due to the
relatively low nucleation density achieved by the ultrasonic
pre-treatment of the substrates could be observed [11]. The
DLC films possess even smoother surfaces with rms rough-
nesses on the order of 2–5 nm. No distinct trend concerning
the influence of the deposition conditions on the surface
roughness was observed.

3.2 Chemical bonding structure – Auger electron
spectroscopy

The bonding structure of the NCD/a-C and DLC
films was investigated by AES; by analysis of the deriva-
tive Auger CKLL spectra the sp3-carbon fraction was eval-
uated. The kinetic energy width D between the most pos-
itive maximum and the most negative minimum (the so-
called D value) was determined for all samples under study,

FIGURE 2 Auger CKLL spectra of (a) PCD, (b) NCD/a-C, (c) DLC-MS
and (d) graphite films
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FIGURE 3 Fraction of sp3 atoms in different carbon films vs. the D value
determined from the analyses of the Auger spectra

as well as for graphite and polycrystalline diamond films,
which were measured under the same conditions and used as
references (Fig. 2).

Taking into account the two extreme cases – diamond
(100% sp3-bonded carbon atoms) and graphite
(100% sp2-bonded carbon atoms) – one can use a linear
interpolation of the D values to determine the fraction of
sp3-hybridized atoms in any carbon film [12–14]. For the
PCD films D was 13.0 eV, the same value as reported for
natural diamond [12]. It should be mentioned that the D
values of diamond in the literature vary between 13.0 and
14.5 eV depending on the type and facets of the examined
material [13, 14]. In the case of graphite, we found a value
of 22.6 eV, which is within the range reported in the liter-
ature (up to 22.8 eV for highly oriented pyrolytic graphite,
HOPG) [13, 14]. The difference of D for diamond and graph-
ite in our measurements was 9.6 eV. The D values for the
NCD/a-C and DLC films under investigation fall between
these two extremes; assuming a linear relation between D and
the fraction of sp3 carbon atoms, the bonding structure was
determined. For the DLC films prepared by sputtering D de-
creases from 18.8 to 17.7 eV when the CH4 concentration in
the gas phase is increased from 30 to 70%, corresponding to an
increase of the sp3-carbon fraction from 40 to 51%, while the
NCD/a-C films (D = 13.9 eV) are composed predominantly
of sp3-bonded atoms (90%). All results discussed above are
summarized in Fig. 3, together with data taken from literature.

Sample Deposition FWHM sp3 ∆BE1 FWHM sp2 sp3 content ∆BE2 Oxygen sp3 content
conditions peak peak from XPS content from AES

[eV] [eV] [eV] [%] [eV] [at %] [%]

PCD 0.87 – – 100 1.2 7.7 100
NCD/a-C1 600 ◦C on Si 1.08 0.8 0.93 87 1.2 8.7 90
NCD/a-C2 600 ◦C on PCD 1.09 0.8 0.90 88 1.2 8.9 –
DLC-MS1 30% CH4 1.09 0.8 1.18 37 1.1 5.1 40
DLC-MS2 40% CH4 1.10 0.8 1.13 48 1.1 6.6 51
DLC-MS3 70% CH4 1.10 0.8 1.10 55 1.1 3.6 50
DLC-PLD1 1.0 Pa Ar 1.07 0.8 1.18 44 1.2 3.0 –
DLC-PLD2 0.5 Pa Ar 1.00 0.8 1.15 50 1.2 3.8 –
DLC-PLD3 0.25 Pa Ar 0.99 0.8 1.14 53 1.2 4.6 –
DLC-PLD4 vacuum 1.02 0.8 1.13 59 1.2 4.7 –

TABLE 1 Results of the deconvolution of C 1s XPS peaks of PCD, NCD/a-C, DLC-MS and DLC-PLD prepared at different conditions

FIGURE 4 Deconvoluted C 1s X-ray photoelectron spectra of PCD,
NCD/a-C, DLC-MS and DLC-PLD films. The spectra are given without
correction of the charging effect

3.3 Chemical bonding structure – X-ray photoelectron
spectroscopy

XPS measurements have been performed with nine
samples (two NCD/a-C, three DLC-MS and four DLC-PLD);
a PCD film was used as a reference. Representative and de-
convoluted C 1s spectra for each type of films are shown
in Fig. 4. From the figure it is evident that three contribu-
tions have to be taken into account for the C 1s peak (ex-
ception PCD). A summary of the deconvolution analysis is
given in Table 1. The major peak (PCD, NCD) or that with
higher binding energy when two peaks with similar inten-
sities appeared (DLC), can be attributed to sp3 bonded car-
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bon. In the case of NCD/a-C films it is impossible to dis-
tinguish between sp3 carbon in diamond nanocrystals and
sp3 C−C and C−H bonds in the amorphous matrix. The
FWHM of the sp3 peak of all samples was 1.0–1.1 eV with
the exception of the PCD sample (0.9 eV). Owing to charging
effects, the position of the peak varied considerably in dif-
ferent samples. Therefore, for the remaining two peaks the
binding energies are given with respect of that of the first
peak. The contribution at ∆E1 ≈ −0.8 eV can be identified
with sp2 carbon [15]. Since the sp2 related peak was ab-
sent for the measurement of the reference PCD film, it can
be concluded that adventitious carbon from surface contam-
inations has no influence on the results. The FWHM of the
sp2 peak was 0.9 eV for NCD films, and 1.1–1.2 eV for the
DLC films prepared by both techniques. The content of sp3

carbon in all films under investigation was evaluated from
the corresponding peak area, weighted by the sum of the
sp3 + sp2 areas; the results are summarized also in Table 1.
Areas of the peaks were determined following Shirley’s in-
elastic background subtraction mode. An increase of the sp3

fraction was observed with the increase of the methane con-
centration for DLC-MS and with the decrease of Ar pres-
sure for DLC-PLD, while NCD/a-C films possessed constant
content of sp3 bonded carbon atoms. Comparison of the sp3

fraction determined by XPS shows good agreement with the
results from AES.

The third peak at ∆E2 ≈ 1.1–1.2 eV can be identified with
C−O bonds, which are due to surface contamination after ex-
posure to the air. Results of the XPS survey analyses showed
that all samples under discussion contain up to 10% of surface
oxygen.

4 Conclusions

NCD/a-C and DLC films prepared by different
techniques were investigated with respect to their growth rate,

morphology, topography and chemical bonding nature. The
content of the sp3 carbon atoms was evaluated by analys-
ing the carbon AES and XPS peaks. The results from both
analyses showed good agreement revealing that the bonding
nature of the DLC films can be varied by the process pa-
rameters. In case of NCD/a-C films although impossible to
distinguish between sp3 carbon in diamond nanocrystallites
and in the amorphous matrix, the sp3/sp2 ratio was constant
for the investigated samples.
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