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Deposition of diamond films onto various substrates can result in significant technological advantages in
terms of functionality and improved life and performance of components. Diamond is hard, wear resistant,
chemically inert, and biocompatible. It is considered to be the ideal material for surfaces of cutting tools and
biomedical components. However, it is well known that diamond deposition onto technologically important
substrates, such as co-cemented carbides and steels, is problematic due to carbon interaction with the
substrate, low nucleation densities, and poor adhesion. Several papers previously published in the relevant
literature have reported the application of interlayer materials such as metal nitrides and carbides to
provide bonding between diamond and hostile substrates. In this study, the chemical vapor deposition
(CVD) of polycrystalline diamond on TiN/SiNx nc (nc) interlayers deposited at relatively low temperatures
has been investigated for the first time. The nc layers were deposited at 70 or 400 °C on Si substrates using
a dual ion beam deposition system. The results showed that a preliminary seeding pretreatment with
diamond suspension was necessary to achieve large diamond nucleation densities and that diamond nucle-
ation was larger on nc films than on bare sc-Si subjected to the same pretreatment and CVD process
parameters. TiN/SiNx layers synthesized at 70 or 400 °C underwent different nanostructure modifications
during diamond CVD. The data also showed that TiN/SiNx films obtained at 400 °C are preferable in so
far as their use as interlayers between hostile substrates and CVD diamond is concerned.
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1. Introduction

The extreme hardness, high thermal conductivity, chemical
inertness, and remarkable wear resistant properties make dia-
mond one of the most technological and scientifically valuable
materials found in nature (Ref 1). To deposit quality adherent
diamond films on technologically important materials such as
Co-cemented tungsten carbide (WC-Co) and high-speed steel
(HSS) is highly desirable both in research and industrial appli-
cations. However, direct diamond film chemical vapor depo-
sition (CVD) onto WC-Co and ferrous alloys is proving to be
problematic due to the strong interaction between the carbon-
containing gas phase and the substrate at the high CVD tem-
peratures necessary to grow polycrystalline diamond films with
large phase purity (Ref 2-6). Interdiffusion processes between
the gas phase and the substrate can lead to carbon dissolution
into transition metals (Co, Ni, Fe), as well as cementite (Fe3C)
formation. Both these effects cause significant metallurgical
modifications of the substrate material and suppress diamond
nucleation. In addition, transition metals with a partially filled

3d shell also catalyze the formation of sp2 carbon at the sub-
strate/diamond interface, with deleterious effects on films ad-
hesion (Ref 7). Moreover, the large differences in thermal ex-
pansion coefficients of ferrous alloys and diamond cause large
compressive stresses at the diamond/steel interface that lead to
film delamination when cooling from the relatively high dia-
mond CVD temperatures to room temperature. One way of
improving the nucleation and adhesion of the diamond film is
to use a diffusion barrier layer between the substrate material
and the film. This layer should be an effective barrier against
diffusion of carbon into the substrate, accommodate the ther-
mally induced stresses developed during the growth stage and
ramp down process, and be of adequate thickness and morphol-
ogy (Ref 8-10). Endler et al. (Ref 11) have investigated the use
of TiN and Si3N4 interlayers on high speed steel to overcome
these problems. There are still complications caused by the
lack of adhesion and uniformity of diamond film nucleation.

Since the first attempts by Li and co-workers (Ref 12) to
increase the hardness of TiN by adding Si, it has been recently
shown by Vepřek’s group that nc-TiN/a-Si3N4 deposited by
plasma-induced CVD could exceed 80 GPa hardness (Ref 13).
These multiphase nc coatings consist of nanocrystalline TiN
embedded in an amorphous matrix of silicon nitride, providing
outstanding hardness and high oxidation resistance. Because
these properties are important in high-load/high-temperature
applications, these materials could also be potentially useful as
interlayers for high-temperature diamond CVD on hostile sub-
strates. In this paper, the first report on the behavior of TiN/
SiNx nc coatings is provided when subjected to diamond CVD.

2. Experimental Procedures

A dual ion bean source was used to deposit 0.2 �m thin nc
TiN/SiNx interlayers onto sc-Si wafers. In this system atoms
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are sputtered by one ion beam while a second ion beam is
used for energy assistance. The ion beam approach has the
advantages of providing excellent control of deposition param-
eters, removal of residual gases and other contaminants
from the substrate, transfer of additional energy to surface,
and depositing atoms, which give more surface mobility
and allow atoms to move to different sites producing denser
and better bonded films and allowing film stress to change,
usually from tensile to compressive (Ref 14). The use of
nc coatings on Si substrates was investigated as potential
barrier layers for diamond film nucleation and growth on
hostile substrates. The nc layers were deposited at two dif-
ferent substrate temperatures (70 and 400 °C). These two
interlayers, which will be referred to in the text as nc70
and nc400, were prepared according to the deposition param-
eters listed in Table 1 with the properties characterized by
Rutherford backscattering (RBS). Prior to diamond deposi-
tion, several substrates were ultrasonically treated for
10 min with a 0.25 �m diamond powder suspension (DP-
Suspension HQ, by Struers, Ballerup, Denmark). This treat-
ment, usually referred to as “seeding,” facilitates enhanced dia-
mond nucleation either by implanting tiny diamond fragments
into the substrate surface onto which diamond can subse-
quently grow during CVD (Ref 15), or by creating suitable
defects at the substrate surface, which favor the heterogeneous
nucleation of diamond from the gas phase (Ref 16). Diamond
deposition was carried out using the hot-filament CVD
(HFCVD) reactor previously described (Ref 17). In Table 2,
the diamond deposition parameters are reported. All samples
were characterized by field emission scanning electron micros-
copy (FE-SEM, Leo Supra 35) and by x-ray diffraction tech-
niques (XRD, Philips X’Pert-Pro, Cu K� radiation, � �
1.5418 Å, graphite filtered). The measurements were done at
glancing incidence where the angle between the x-ray beam
and the surface of the film was kept constant (1°). Particle sizes
were evaluated by means of the Scherrer equation, D � K��(�
cos �), after Warren’s correction for instrumental broadening.
In this equation, D is the mean crystallite diameter of the sup-
posedly spherical particles, K is a constant, equal to 0.9 rad, �
is the wavelength of the x-ray used (1.5418 Å), � is the effec-
tive line width of the x-ray reflection under observation (cal-
culated using �2 � B2 – b2, where B is the full width at
half-maximum (FWHM)), b is the instrumental line broaden-
ing, and � is the diffraction angle. To better estimate the po-
sition and the FWHM of XRD peaks, XRD spectra were sub-
mitted to a deconvolution procedure using the Peak Fitting
module of Origin Pro 7 (by OriginLab Corporation), using
pseudo-Voigt functions.

3. Experimental Results and Discussion

3.1 Nc70

Figure 1 shows the high-resolution SEM image of a virgin
nc70 film on Si. TiN particles embedded in the amorphous
silicon nitride matrix were clearly detectable, with dimensions
in the 10 to 20 nm range. Figure 2 shows the XRD spectra of
both virgin and diamond CVD nc70 samples. The sharp peaks
at around 55° are attributable to the substrate. The spectrum of
the virgin TiN/SiNx coating showed, besides substrate peaks,
the presence of only one phase. This phase can be assigned to
the cubic NaCl structure, typical for TiN (JCPDS card no.
38-1420) (Ref 18), with a lattice parameter of approximately
0.430 nm. The TiN crystals in nc films prepared at 70 °C
exhibited a (111) preferred orientation, as witnessed by the
scarcely visible (200) reflection (this should be the most in-
tense XRD peak of TiN), and the higher intensity of the (111)
reflection, whose broadening confirmed the nanostructure of
the TiN phase. In fact, the FWHM of the (111) peak, after
correction for instrumental line broadening, was 1.44°, which
allowed an average TiN particle size of 18.5 nm to be calculated.
This is in good agreement with FE-SEM observation (Fig. 1).

Both the lattice parameter and the (111) preferred orienta-
tion confirmed the findings of Rebouta et al. (Ref 19) with
respect to Ti-Si-N film growth prepared by DC reactive mag-
netron sputtering, with low (<10 at.%) Si levels.

The predominant (111) texture of TiN particles was still
present after diamond deposition (Fig. 2). The corrected
FWHM was 1.25°, corresponding to an estimated average par-
ticle size of 21 nm. The XRD data showed that the position of
the TiN (111) peaks was shifted to 36.86°, corresponding to a
lattice parameter of 0.422 nm, which is in agreement, within
the experimental error, with the value expected for an un-
stressed lattice (0.424 nm). These findings indicated that Ost-
wald ripening of TiN particles was negligible and that the
original stress state of TiN was relaxed after 4 h of diamond
CVD at 650 to 700 °C.

The XRD spectra of samples subjected to diamond deposi-
tion showed that more abundant diamond formation occurred
on samples, which were seeded prior to CVD. In fact, the (111)
and (220) diamond peaks were clearly detectable after diamond
CVD only for seeded samples. The XRD characterization was
confirmed and clarified by SEM observations. Figure 3 shows
the low-magnification SEM image of both seeded and un-
seeded nc70 samples subjected to diamond CVD. The positive
effect of seeding on diamond nucleation was clearly evident.
The surface of the interlayer that underwent to the seeding
treatment prior to diamond CVD was almost entirely covered
by diamond, and this clarifies the larger intensities of diamond
XRD peaks observed for the seeded samples. Figure 4 shows
the surface morphology of the unseeded low-temperature (70 °C)

Table 1 Nc TiN/SiNx deposition parameters

Target

nc70 nc400

Ti/Si

Base pressure 2.7 × 10−6 torr
Reactive gas N2

Sputtering gas Ar
Temperature 70 °C 400 °C
Beam energy 600 eV
Si content at.% 8.7
Ti:Si:N ratio Ti0.38Si0.087N0.533

Ion to atom ratio 1:1
Deposition time 120 min

Table 2 Diamond deposition conditions

Operating parameters Operating conditions

Ch4/H2 volume ratio 1.0 vol.%
Total gas pressure 4.8 kPa
Total flow rate 300 sccm
Filament/substrate distance 8 mm
Filament temperature 2150-2200 °C
Substrate temperature 650-700 °C
Deposition time 4 h
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nc interlayer after diamond CVD. It was quite evident that de-
lamination of the interlayer occurred. This fact can be ascribed to
the large stresses the interlayer (formerly grown at 70 °C) under-
went when heated from room temperature up to the diamond de-
position temperature (around 700 °C). The thermal expansion
coefficient (TEC) of Ti-Si-N nc coatings is expected to be inter-
mediate between the one of TiN (9.35 × 10−6 K−1) and the one of
the amorphous silicon nitride matrix (whose value could range
from 1.19 × 10−6 K−1 for �-Si3N4 to 3.89 × 10−6 K−1 for c-Si3N4

at room temperature), and therefore, significantly larger than sili-
con’s TEC (2.49 × 10−6 K−1). Thus, delamination was most likely
caused by the large TEC mismatch at the two different deposition
temperatures. The same delamination was observed for samples

subjected to seeding prior to CVD in correspondence of substrate
areas, which were not covered by diamond. The interlayer de-
tachment could also be responsible for the TiN stress relaxation
after diamond CVD as detected by XRD.

3.2 Nc400

Figure 5 shows that the preliminary seeding treatment of the
TiN/SiNx layer had a positive effect on diamond nucleation in
the case of nc films deposited at the higher temperature. There
were some areas on the substrate where the deposition of the nc
film did not occur, and only Si was present even though the
entire substrate was immersed in the diamond suspension. It is
worth noting that diamond nucleation on bare Si was signifi-
cantly lower than on TiN/SiNx, which is clearly visible in Fig.
6. Diamond nucleation is related to the carbon solubility and
carbon diffusivity into the substrate (Ref 20), which in turn
determines the surface carbon concentration and supersatura-
tion (Ref 21). The larger number of diamond nuclei formed
under the same CVD conditions as on the TiN/SiNx with re-

Fig. 1 FE-SEM image of TiN/SiNx nc film deposited on sc-Si at
70 °C

Fig. 2 Low-angle XRD spectra of nc films grown on sc-Si at 70 °C
before (virgin) and after diamond CVD

Fig. 3 Different diamond nucleation on seeded (left) and unseeded
(right) nc70 interlayers after 4 h of CVD

Fig. 4 Delamination of the low-temperature (70 °C) nc interlayer
after diamond CVD
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spect to bare Si, which dissolves carbon and forms silicon
carbide. This suggests that nc materials could act as an effec-
tive buffer layer for carbon diffusion, limiting interaction with
the substrate.

Figure 7 shows the XRD spectra of both virgin and diamond
CVD nc400 samples. Again, the presence of TiN, with a lattice
parameter of approximately 0.425 nm, was evident. Moreover,
peaks attributable to the substrate at 2� � 55° and two un-
identified peaks (marked with an asterisk in Fig. 7) at 2� �
52.7 and 70.2°, were present. However, the XRD pattern of
TiN nanocrystals in the virgin TiN/SiNx nc coating prepared at
400 °C showed different features with respect to the nc70
sample. In fact, the TiN (200) reflection was now clearly vis-
ible in the XRD pattern, although at a lower intensity than the
(111) peak. In fact, the measured intensity ratio, I200/I111, was
0.81 instead of 1.39 (JCPDS card No. 38-1420) (Ref 18). This
fact suggests that a slight (111) preferential orientation of TiN
nanocrystals was present, but much less pronounced than the
one in nc films obtained at 70 °C. The FWHM of the (111) and
(200) peaks gave an average TiN nanocrystals size of 16 ± 4
nm. After diamond CVD, independent of a preliminary seeding
treatment, the texture of TiN nanocrystals changed to a pre-
dominant (100) orientation. In fact, for different samples, the
ratio of the integrated intensity of the (200) peak over the total
integrated intensity of all other TiN peaks in the 2� range from
30° to 90° was 1.4 ± 0.3, i.e., about twice the value corre-
sponding to randomly oriented crystallites (0.68). Also differ-
ent from nc70 samples, the average size of TiN particles, de-
termined by the FWHM of (111) and (200) TiN peaks,
increased to 50 ± 7 nm during diamond CVD. Their growth
was also assessed by SEM observation. In fact, the SEM mor-
phology of as-prepared nc400 layers was not significantly dif-
ferent from that of the TiN/SiNx film deposited at the lower
temperature (nc70, Fig. 1). However, after diamond CVD the
size of TiN particles detectable by high-resolution SEM was
significantly larger. Figure 8 shows the secondary electrons
image of the surface of the unseeded nc-coated substrate after
4 h of diamond CVD. The dimensions of the TiN particles
agreed well with the average crystallite size value estimated
from XRD data.

The XRD spectra of the samples subjected to diamond CVD
also showed weak peaks attributable to TiSi2 (JCPDS card No.
85-879) (Ref 22), which were more intense for the seeded
substrates (Fig. 7). Amorphous TiSi2 could be present in Ti-
Si-N nc materials, and its presence was verified by x-ray pho-
toelectron spectroscopy (Ref 13). Nanocrystalline (detectable
by XRD) TiSi2 can precipitate at larger Si contents (>10 at.%),

Fig. 5 SEM micrographs of the diamond deposit formed after 4 h of
CVD on (a) seeded and (b) unseeded nc400 interlayers

Fig. 6 SEM micrograph showing the effect of seeding on the dia-
mond nucleation density at the bare surface and at the TiN/SiNx coated
surface of the same silicon substrate. The nc layer was deposited at
400 °C.

Fig. 7 Low-angle XRD spectra of nc films grown on sc-Si at 400 °C
before (virgin) and after diamond CVD
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as shown by Vepřek et al. (Ref 13). However, because crys-
talline or nanocrystalline TiSi2 was not detected in the virgin nc
coatings, its formation could be associated with the diffusion
processes in the nc400 layers, which led to TiN particle growth
and the crystallization of TiSi2.

4. Conclusions

Thin (0.2 �m) TiN/SiNx coatings have been prepared at 70
and 400 °C to investigate their potential use as interlayers for
high-temperature diamond CVD on hostile substrates. XRD
and SEM characterization showed that these materials were
formed of amorphous silicon nitride with TiN crystallites of
about 10 to 20 nm. Nc layers deposited at the lower tempera-
ture underwent minor changes in the nanostructure, but they
delaminated during diamond CVD due to the large TEC mis-
match at the two deposition temperatures (70 and 700 °C). The
nc coatings deposited at the higher temperature underwent ma-
jor changes in structure during diamond CVD, namely, TiN
grain growth. It is well established that hardness enhancement
arises from nanostructural conditions and by maintaining the
TiN particle size as small as possible. Therefore, it is quite easy
to predict that the hardness of nc coatings prepared at 400 °C
would drop during diamond CVD. However, their use as in-
terlayers in this case acts as a barrier to carbon diffusion, rather
than as a wear-reducing coating. The nanostructural changes
exhibited by nc coatings deposited at 400 °C were canceled by
the absence of any visible delamination during diamond CVD
and by larger nucleation densities compared with bare Si sub-
strates subjected to the same seeding treatments prior to CVD.
Therefore, nc coatings are promising materials for use as in-
terlayers for diamond deposition onto hostile substrates, pro-
vided the deposition temperature is as close as possible to the
temperature of diamond CVD. These results have led to a
deposition approach that could potentially serve as an excep-
tional interlayer for film deposition onto steel and WC-Co.
Preliminary tests on nc interlayers deposited at 400 °C are in
progress.
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