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Abstract: In this work, a diamond/Ti/diamond multilayer structure has been fabricated by succes-
sively following thin-film CVD and PVD routes. It has been found that a combined pre-treatment of
the silicon base substrate, via argon plasma etching for creating surface roughness and, thereafter,
detonation nanodiamond (DND) seeding, helps in the nucleation and growth of well-adherent CVD
diamond films with a well-defined Raman signal at 1332 cm L, showing the crystalline nature of the
film. Ti sputtering on such a CVD-grown diamond surface leads to an imprinted bead-like microstruc-
ture of the titanium film, generated from the underlying diamond layer. The cross-sectional thickness
of the titanium layer can be found to vary by as much as 0.5 um across the length of the surface, which
was caused by a subsequent hydrogen plasma etching process step of the composite film conducted
after Ti sputtering. The hydrogen plasma etching of the Ti—-diamond composite film was found to be
essential for smoothening the uneven as-grown texture of the films, which was developed due to the
unequal growth of the microcrystalline diamond columns. Such hydrogen plasma surface treatment
helped further the nucleation and growth of a nanocrystalline diamond film as the top layer, which
was deposited following a similar CVD route to that used in depositing the bottom diamond layer,
albeit with different process parameters. For the latter, a hydrogen gas diluted with PHj precursor
recipe produced smaller nanocrystalline diamond crystals for the top layer. The titanium layer in
between the two diamond layers possesses a very-fine-grained microstructure. Transmission electron
microscopy (TEM) results show evidence of intermixing between the titanium and diamond layers
at their respective interfaces. The thin films in the composite multilayer follow the contour of the
plasma-etched silicon substrate and are thus useful in producing continuous protective coatings on
3D objects—a requirement for many engineering applications.

Keywords: diamond; titanium; composite; chemical vapour deposition (CVD); physical vapour
deposition (PVD)

1. Introduction

Diamond and titanium are both important engineering materials. There are mechan-
ical, thermal, electrical, and biomedical applications, where the titanium metal and the
diamond ceramic can be used together [1-3]. Titanium and its alloys [4] are widely used as
medical implant materials due to their excellent ductility, but they have poor tribological
properties [5], which can be overcome by making a composite with wear-resistant diamond
ceramics [6-8]. Both of them are chemically inert and biocompatible with many biological
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applications [9-13]. Researchers (including from Hasselt University) have deposited dia-
mond coatings on Ti substrates [14—18], sometimes using intermediate layers [19,20] such
as SiC [21-23] via a CVD deposition route. Hydrogen diffusion into the Ti structure leading
to microstructure coarsening has been reported to be a CVD synthesis issue [24]. Due to
the various applications that diamond-Ti composite material may find in electrode [25],
thermal [26], mechanical [27], and biological fields, it is important to study this combination
of materials.

Joining diamond films with other metals [28] is an important post-CVD processing
step for integrating different components into making a device. Researchers have success-
fully brazed diamond coatings on Ti alloy substrates using Ti-Cu-Ag or Cu-Sn-Ti fillers
and studied their interfacial microstructures [29,30]. On the other hand, Ti films have been
deposited via sputtering for many engineering applications [31-36]. Some researchers
have also coated diamond powders with Ti via magnetron sputtering to improve their
oxidation and graphitization resistance [37]. There are also papers on magnetron sputtering
of Ti and diamond-like carbon composite films [38], and those dealing with Ti-doped CVD
diamond films using Tetra n-butyl titanate as a dopant precursor [39]. The objective of
introducing Ti inside the diamond crystal structure was to reduce the stress by improving
bonding with the base material by creating a strong interface [40]. Due to the reaction
between Ti and diamond, it can potentially act as bonding material [41]. Here, one Ti layer
is deposited between two diamond layers to study how well they adhere to each other.
Researchers have earlier investigated the brazing interfaces of diamond with other metals
using titanium-based filler materials. The present work will also throw light upon the
interfacial structure of the novel diamond/Ti/diamond composite. As the CVD of dia-
mond on the Ti substrates reportedly leads to adhesion problems [42], we have additionally
enhanced the diamond nucleation on the silicon substrate by combining substrate roughen-
ing and the detonation nanodiamond (DND)-seeding technique for promoting substrate
adhesion. Moreover, hydrogen gas in the CVD recipe was reported to influence the Ti film
microstructure [36]. Therefore, an additional hydrogen plasma CVD treatment was also
conducted on the Ti-diamond composite film before the deposition of the top CVD dia-
mond layer, which was grown without additional seeding steps. To avoid microstructure
coarsening [36], diluted phosphine in hydrogen gas was used in the precursor recipe for
growing the top diamond layer. The incorporated phosphorus atom reportedly produces
a finer nanocrystalline diamond microstructure [43,44]. This synthesises a smoother top
layer of the composite film.

As discussed above, the other researchers find investigating Ti-diamond composite
structures for various applications such as electrodes, thermal management, mechanical, etc.,
to be important. Moreover, multi-layer processing is studied here because the importance
of joining diamonds with metals and the role of Ti in interfacial bond formation has report-
edly been significant. The motivation of the research is to understand the interaction of
diamond with Ti as a composite layered structure by investigating their adhesion, their
reaction under hydrogen plasma, the effect of substrate roughness, and its influence on the
layered microstructure and other CVD and PVD growth characteristics, which has not been
studied before.

2. Materials and Methods
2.1. Ar* Ion Milling of the Base Substrate

A set of silicon substrates (p-type, (100) orientation) was treated with Ar* plasma
inside a PVD sputtering chamber [45]. The substrates were kept at a bias voltage power of
150 W, and the Ar gas was flown at 100 sccm. Plasma treatment was conducted for a total
of 100 min in periods of 20 min each to avoid excessive heating of the reactor component,
with four intermittent periods of cooling. A second set of samples underwent O, plasma
cleaning to remove the organic substances that are always present on their as-received
surfaces. Such O, plasma treatment was conducted for 10 min with 35 sccm flow rates of
gas at 50 W bias power.
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2.2. DND Seeding of the Base Substrates

Both sets of Ar- and O,-treated silicon substrates were seeded with detonation nanodi-
amond particles to enhance the nucleation and growth of diamond crystals during CVD
processing. DND powders were mixed in de-ionised water by 0.05 wt% and sonicated to
produce a water based DND suspension. A single drop of the suspension was added onto
the Si surface, which was vacuum mounted onto a spin coater. A monolayer coating of the
DND seeds was obtained [46] after spinning for 40 s at a speed of 4000 rpm, with short
rinsing with de-ionised water and successive drying by a nitrogen gun.

2.3. CVD of Microcrystalline Diamond (MCD)—Bottom Layer

An innovative linear antenna microwave plasma-enhanced CVD (LAMWCVD) reactor
(also referred elsewhere as surface wave plasma-enhanced CVD apparatus) was used to
grow diamond. In contrast to resonant cavity CVD reactors, where the typical diamond
growth temperature window is 700-1100 °C at sub-atmospheric pressures of 10-100 Torr,
inside the surface wave plasma CVD reactor, there is travelling microwave along the length
of the antenna which enables the production of diamond films at low temperatures of
300400 °C and very low pressures of 0.2-1 Torr. However, this low-temperature/low-
pressure process grows diamond films at slow growth rates of 5-20 nm per hour [47].
Therefore, it takes several hours of deposition to grow continuous thick diamond films.
The DND-seeded substrates were first loaded onto the molybdenum stage of the CVD
reactor, and the distance of the quartz tube to the stage was adjusted to 5 cm height before
evacuating the chamber to a base pressure of 6 x 10~* Torr. After reaching the desired
base pressure, the precursor gases Hy, CHy, and CO; were flown into the chamber at
133.5 sccm, 7.5 scem, and 9 scem rates, respectively. The addition of CO; in the precursor
recipe helps to remove graphitic carbon (as it contains oxygen) and promote the growth of
better-quality diamond films. The working pressure, with 150 sccm total volumetric flow
rate, was recorded to be 0.23 mTorr. Thereafter, two 2.45 GHz magnetrons were switched on
gradually to a total average output power of 2800 W in continuous wave mode. Since there
was no extra heater, it took more than 60 min to achieve a stable substrate temperature of
400 °C, solely heated by the microwave plasma. The substrate temperature was measured
via a thermocouple placed underneath the substrate stage (therefore protected from the
plasma environment).

2.4. PVD Sputtering of Ti Interlayer

After characterising the diamond-coated silicon substrates via different techniques
(as described in Section 2.7), a Ti film was sputtered on top of the diamond layer. A
commercially available 4-inch Ti-target was used for sputtering with 100 sccm flow rates
of Ar plasma in a line-of-sight biasing arrangement PVD chamber. The throttle valve was
kept open at 50% to maintain a working pressure of 1072 Torr, while the starting base
pressure was 10~ Torr. The applied power was 150 W, and the sputtering was conducted,
varying from 1 to 10 min, to deposit Ti film of different thickness. The typical sputtered Ti
deposition rate was 10 nm per minute.

2.5. Hydrogen Plasma Etching of Ti-Diamond Composite Double Layer

After sputtering, the as-deposited rough surface of the two-layer (Ti + diamond)
composite film was etched (smoothened) by hydrogen plasma for 20 min at 40 Torr pressure
inside a microwave plasma-enhanced resonant cavity CVD chamber. The applied power
was 3000 W with 400 sccm of Hy gas flow rate. The substrate temperature was recorded
around 680 °C via a double-wavelength optical pyrometer (Williamson, model No. PRO
92-400C, Concord, MA, USA). The samples were directly loaded into the CVD chamber
from the PVD sputtering chamber.
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2.6. LAMWCYVD of Nanocrystalline Diamond (NCD) Top Layer

Finally, a second diamond layer was grown on the top of the samples. There was
no DND seeding step prior to the growth of the top diamond layer. The CVD diamond
growth parameters were like the conditions used earlier for growing the bottom MCD layer,
described in Section 2.3. There were only two changes made: (1) the hydrogen precursor
gas was diluted with 0.1% PH3, as phosphorus addition reportedly promotes growth of
diamond nanocrystals [43,48]; (2) a substrate heater underneath the molybdenum stage
was used to preheat the substrate to 700 °C before starting the LAMWCVD plasma recipe
to assist phosphorous incorporation into the diamond crystal lattice.

2.7. Physical Characterisations

Atomic force microscopy (AFM—Bruker MultiMode 8 (Billerica, MA, USA)) was
performed in tapping mode to observe the effect of plasma etching and DND seeding
efficiency on silicon substrates. The surface roughness was also measured via the stylus
profilometer Bruker Dektak XT. The contact angles of the water droplets onto the substrate
surfaces were determined via the dataphysics OCA, SCA20 software package. Scanning
electron microscopy (SEM-FEI Quanta 200 FEG (Hillsboro, OR, USA)) revealed the as-
grown morphology and the cross-sectional film thickness of the multilayers, along with
the elemental analysis from energy dispersive X-ray spectroscopy (EDS). Raman spectra
were recorded with a HORIBA Jobin Yvon T64000 spectrometer (Irvine, CA, USA) using
laser light of 488 nm wavelength at 100 x objective length with 30 s of data acquisition time
for 5 repetitions. A transmission electron microscope (TEM) Jeol 2100 (Tokyo, Japan) with
accelerating voltage of 200 keV in diffraction-contrast mode was used to investigate the
diamond/Ti/diamond multilayer structures. TEM samples were prepared via mechanical
thinning and ion milling (PIPS from Gatan, Pleasanton, CA, USA).

3. Results and Discussion
3.1. Base Substrate: Argon Plasma Etching and DND Seeding

Figure la shows a 10 um x 10 pm area AFM scan of the Ar* ion plasma-treated
silicon substrate surface. It has a roughness depth scale from —120 nm to +200 nm. The
brighter white spots are as wide as 250 nm, whereas the darker pits are created by heavy
ion bombardments during plasma treatment. Figure 1b is the Ar* plasma-etched silicon
surface after DND seeding. It is not possible to distinguish the individual DND seeds from
the pits and valleys that are created by the plasma. However, it is evident from the 3D
AFM scan in Figure 1b that the silicon surface does not remain smooth after the plasma
treatment by heavy Ar* ions, as it is for the DND-seeded untreated silicon substrate surface
in Figure 1c,d. Such evidence of substrate surface roughening by argon plasma is further
confirmed via a stylus profilometer scan. The roughness was about R, = 11 nm, measured
with the stylus profilometer (scan length 4 mm) for the Ar* plasma-treated silicon surface,
whereas the roughness for the as-received (after O, plasma cleaning) silicon surface was
approximately 1 nm. The hydrophilicity of the substrate surfaces, as measured via the
water droplet contact angles, was enhanced with Ar* plasma etching in comparison to the
oxygen plasma cleaning of Si. The contact angle becomes 0° after Ar* bombardment, while
a value of 36° is found for the oxygen plasma-treated silicon surface. There were many more
surface irregularities (Figure 1a, 2.6 x 10'3/cm?) on the Ar* plasma-treated surface, which
helps in holding the greater number of DND seeds necessary for CVD growth of diamond
films. It is indeed evident that the surface irregularities, and therefore the trapped DND
seeds inside of the individual grooves, are considerably higher in Figure 1b as compared
to 1c or 1d. Moreover, the mechanical polishing marks visible on the as-received wafer
(Figure 1d,f) also disappeared after Ar* plasma treatment (Figure 1b). Figure le,c shows the
corresponding 2D images of Figure 1b,d over equivalent scan areas. The nucleation density
calculated on the DND-seeded as-received O, plasma-cleaned substrate (1 pm x 1 um area
AFM scan) was 2 x 101°/cm?. However, it was difficult to distinguish the DND seeds from
the surface irregularities present in the 5 um x 5 um area AFM scan in Figure 1b. However,
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the DND seed population or the surface roughness, necessary for diamond nucleation
and growth during CVD, is certainly enhanced for the Ar* plasma-etched base substrate.
Rabinovich et al. [49] previously showed that the nanoscale surface roughness plays an
important role in determining the adhesion force between the interacting particles and
surfaces. The adhesion force starts decreasing for low surface roughness (~1 nm); however,
the same adhesion force increases again when the roughness becomes more than 10 nm.
The Ar* plasma-treated surface had higher roughness (11 nm) than the as-received Si
surface (O; cleaned ~ 1 nm), which helped in enhancing the DND seeding efficiency.
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Figure 1. Base substrate AFM images of (a) Ar* plasma-etched, 2D; (b) DND-seeded, Ar* plasma-
etched, 3D; (c¢) DND seeded, as-received (O, plasma-cleaned); 2D, (d) DND-seeded, as-received (O,
plasma cleaned), 3D; (e) DND-seeded, Ar* plasma-etched, 2D; and (f) Si substrate, 2D.

3.2. First Layer of MCD Grown by LAMWCVD

Figure 2 shows SEM micrographs of the diamond coating grown by LAMWCVD over
a 3-day long deposition period on an Ar* plasma-treated silicon substrate. It is found that
the diamond coating has a bi-modal grain size distribution. The background microstructure
is a NCD matrix in which there are uniformly scattered MCD grains. The shape of the
MCD grains appear to be square in shape from Figure 2a, but at the higher magnification
of 15 kX, diamond octahedrals become visible. At a yet higher magnification of 60 kX,
the apparent square-shaped MCD grains are found to be the top surfaces of the grown
cubo-octahedral diamond crystals. However, the sample was charging under the SEM
beam, which may be due to the tip-like features of the cubo-octahedrals of the diamond
grains. The square/cubo-octahedrals are not single grains but are composed of individual
NCDs. Further investigation is necessary in order to understand the exact growth features
of diamond grains. The diagonal length of one such cubo-octahedral is found to be 1.3 um,
as shown in Figure 2c.

3.2.1. LAMWCVD Growth Rate

Figure 3a shows the cross-sectional view of the diamond coating grown over the base
substrate over a 3-day long LAMWCVD deposition run period. The MCD thickness was
found to be about 2.5 pm. As expected, due to the low-temperature and low-pressure
environment inside the surface wave plasma-enhanced CVD reactor, the diamond grows in
vertical columns at a very slow growth rate of 39 nm/hr. The interesting point to be noticed
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is that the length of the CVD-grown diamond columns are not very different in size from
the lateral size of the MCD grains found on the top surface SEM image in Figure 2. The
diamond crystals grown inside a resonant cavity CVD reactor generally have a very high
aspect ratio, with long columns. This is found not to be the case for the diamond crystals
growing inside surface wave plasma CVD reactor [47]. However, the uneven length of the
MCD columns (Figure 3a) along the z-direction produced an uneven rough top surface
morphology, with MCD grains scattered in an NCD matrix (Figure 2). Such roughness is
not desired for many industrial engineering applications. Therefore, it was then necessary
either to plasma-polish (Section 2.5) the as-grown MCD films or to use a different CVD
recipe for subsequently growing a smoother NCD film (as described in Section 2.6).

= ~ : s o - . -~ aw
. (8)-MCD ot Ar. + etched Si'sufstrate .=
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o T D P

a Eu v = . - -
20.0ym——— — L") 11 | —
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Figure 2. SEM micrographs of the LAMWCVD grown bottom layer of the MCD and NCD bi-modal
morphologies at (a) 6 kX, (b) 15 kX, and (c) 60 kX magnifications.
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Figure 3. (a) Cross-sectional SEM image of the MCD columnar growth. (b) Raman spectra of
the MCD.

3.2.2. Diamond Raman Signal

The Raman spectrum from a diamond film [50,51] grown on an Ar* plasma-etched
Si, deposited during a 3-day long LAMWCYVD run, is shown in Figure 3b. The sp3-
bonded carbon peak appears at 1332 cm~!. The FWHM of this peak is found to be around
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20 cm~L. There are also small bumps around 1140 cm ! and 1480 cm !, which correspond
to nanocrystalline diamond (v;) and trans-polyacetylene (TPA) phases deposited along
with the pure diamond sp3 phase. The crystalline graphite G peak is also found to be
present at 1600 cm~!; however, the disordered graphite D peak is not found to be prevalent
in the Raman spectrum.

3.3. Ti PVD Sputtering and Hy Plasma-Etching of Ti-MCD Composite Layer

After the LAMWCVD growth of the diamond, a Ti film was sputtered onto the MCD
microstructure distributed in the NCD matrix. The top surface microstructure (Figure 4a)
is also nanocrystalline in nature, with rounded micron sized granular features present
throughout the matrix. There are cracks present in the microstructure, as also found
previously by researchers with respect to a sputtered Cr layer [52]. Some of the grains are
loosely bound to the bottom layer. The as-grown diamond surface had a certain roughness.
A thin layer of sputtered Ti followed the contour of the rough, as-grown diamond surface.
Due to the large difference in thermal expansion coefficients between Ti and diamond, the
surface crack appeared unavoidably. The cross-sectional SEM image (Figure 4b) shows
the Ti PVD-sputtered film grown over LAMWCVD diamond layer on the Ar* plasma-
treated silicon substrates. It is to be noticed that the argon plasma-treated substrate has
deep grooves and pits (Figure 1a,b), which helped the diamond film to anchor firmly
into the silicon, enabling better film adhesion. The thickness of the CVD-grown diamond
columns vary in length from point to point. Figure 4b shows a uniform thickness of
2.45 um, whereas it was different in Figure 3a before Ti sputtering. The sputtered Ti film
was also found to vary in thickness from point to point by as much as 0.5 um in depth.
Figure 3a also shows variation in the diamond film thickness from point to point across
the surface length, with respective differences of as much as 0.5 pm. However, the wide
variation in Ti film thickness found in Figure 4b was not due to the variation in lengths
of the CVD-grown diamond columns; it was due to the hydrogen plasma treatment of
the Ti-diamond composite films (Section 2.5). There was very little time interval given in
between Ti sputtering and the subsequent H; plasma treatment. The sample was loaded
into the CVD reactor as soon as it was sputter-coated to avoid unwanted atmospheric
oxidation of the freshly coated Ti surface. Hydrogen plasma etched the Ti film to even
expose the underlying diamond layer in some places, as it is found in Figure 5a. The
underlying diamond film was also etched, becoming very even and smooth. There were
no bimodal MCD and NCD features visible (Figure 5a) as it was earlier found in Figure 2.
It could be imagined that the titanium film followed the contour of the MCD-filled NCD
matrix in Figure 2, which was apparent even after the hydrogen plasma treatment of the
Ti-diamond composite film. There were bead-like granular features, which must have
been imprinted onto the top Ti film from the underlying diamond microstructure. The top
titanium film also shows signs of delamination from the diamond surface. The electron
diffraction elemental analysis of the EDS spectra in Figure 5b shows a very small amount
of Ti, even smaller than Si, which might have originated from the underlying substrate and
might be a contamination from the CVD reactor used for hydrogen plasma etching [47].
The as-grown film surface unevenness was greatly reduced by the hydrogen CVD plasma
etching. No DND-seeding step was further required before the subsequent growth of
diamond layer on top of the hydrogen plasma-etched Ti film. Figure 5a shows that there are
exposed bottom layer diamond surfaces from place to place, which helped in the nucleation
and growth of the next diamond layer. Researchers have previously reported a similar
seeding method via a carbon transport phenomenon from the buried layers [52-54].

It is to be noted that Figures 4a and 5a are from different regions of the same surface
after hydrogen plasma treatment of the Ti sputtered layer. It shows the etching by hydrogen
plasma of the surface, surface cracks, and imprinted morphology. Cracks appeared due
to the thermal cycles the coating underwent due to sputtering and subsequent hydrogen
plasma exposure. However, the surface cracks have not penetrated inside the deposited
layers, as evidenced by the cross-sectional SEM image (Figure 4b). Hydrogen plasma
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etched out any oxide layer that might have appeared in between samples transferring
between two reactors. EDS data (Figure 5b) do not show the presence of any elemental
oxygen in the deposited composite layers. The top surface morphology varies from point
to point; moreover, the cross-sectional features show height undulations. However, the
layers are continuous, perhaps with local phase and height variations (metallic Ti and its
carbide). Such local variation (thickness and phases) across the length of the multilayer is
also noticed later in the TEM study.
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Figure 5. (a) SEM image showing hydrogen plasma etching of the Ti-sputtered layer and (b) EDS of
the image in subfigure (a).

3.4. Top Layer NCD Grown by LAMWCVD

Figure 6 shows the CVD-grown diamond morphology of the top layer, deposited
inside the same surface wave microwave plasma reactor used earlier to grow microcrys-
talline morphologies. The deposited morphology is completely different from the earlier
CVD-grown diamond film microstructure (Figure 2) grown by the same reactor but without
the addition of phosphine and additional substrate heating. In Figure 6, the microstruc-
ture of the diamond film looks cigar-like, elongated, and randomly oriented at a lower
magnification of 20 kX due to phosphine gas addition in the precursor recipe [43]. At
still-higher magnification (Figure 6b), it is found to have an aspect ratio of about 3:1, where
the length is 150—200 nm and width of the feature is 70-80 nm. Figure 6¢c shows that the
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individual cigar-like structure is spindle-like in shape, with a broad middle portion and
tapered ends. Each elongated structure is again found to be sub-divided into individual
diamond nanoparticles of 30-40 nm in size. Earlier research results with nitrogen-doped
diamond film showed high-aspect-ratio needle-like microstructures [55]. Therefore, the
research question is raised here, i.e., whether P being another Group V element, such as
nitrogen, also promotes a high-aspect-ratio diamond grain microstructure in the deposited
film. The phosphine-based gas LAMWCVD recipe at an elevated temperature produced
unique cigar-like NCD morphology, unlike the MCD-distributed NCD found on the bot-
tom layer of the diamond (produced over long hours of LAMWCVD run). Therefore, the
top-layer diamond surface is smoother than the bottom layer as-grown diamond surface.

~ 5

(a) 100-120 nm long:and 25-30 {b). NCDs at 50 kX magnification A(c) NCDs at 100 kX magnification
nm wide “cigar” like NCDs : o
at. 20 kX' magnification

LY

~

YA SRS, _—

Y — 31T £ E— — Tt

Institute for Materials Research Institute for Materials Research Institute for Materials Research

Figure 6. SEM morphologies of the NCDs grown at 700 °C with, 133.5 sccm H; (diluted with 0.01%
PH3), 7.5 sccm CHy, and 9 scem CO, precursor LAMWCVD recipe at (a) 20 kX, (b) 50 kX, and
(c) 100 kX magnifications.

Diamond/Ti/Diamond Sandwich Structure: TEM Cross-Section

The NCD layer grown with diluted phosphine at elevated temperature onto the
Ti-diamond composite film was further investigated under TEM. A Ti film was found
as expected: to be sandwiched in between two diamond layers (Figure 7c). The bottom
diamond layer (Figure 7b) prepared using the regular LAMWCVD recipe was found to be
more crystalline than the top LAMWCVD-grown diamond layer (Figure 7c) grown with
the diluted phosphine recipe. The bottom silicon substrate pre-treated with Ar* ion plasma
is observed to have many asperities and valleys, which indeed helped to firmly anchor
the CVD-grown film layer onto the base substrate, promoting diamond film adhesion.
The corresponding crystals have elongated columnar grains starting from the base silicon
substrate. There is evidence of a typical literature-reported [27] needle-like structure of
TiC penetration into the bottom diamond layer (Figure 7b). Figure 7a also shows that
both the top and the bottom interface-layers of the Ti with the adjacent diamond layers
are intermixed with each other. Figure 7 shows that the typical thickness of the diamond
layers is approximately 250 nm, whereas the Ti sputtered layer has approximately 50 nm
thickness. They tally with the deposition time and growth rates of the corresponding
LAMWCVD and sputtering processes. It is also known from the literature [27] that Ti has a
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propensity to form a dendritic carbide phase in chemical reaction with diamond. Figure 7¢c
shows that although the NCD grains are elongated in the top layer, they are not as big
as the bottom-layer diamond columns. Moreover, the intermediate titanium grains are
found to be very small and circular in shape (Figure 7c). The substrate surface irregularities
created by the argon plasma pre-treatment greatly influenced the growth of the successive
diamond and Ti layers. It is found that the crevices found in the AFM (Figure 1a,b) are
as deep as 100 nm, as also evidenced by the respective TEM images. Such a substrate
surface roughness promoted the growth of CVD diamond elongated grains. The immediate
diamond grains, next to the substrate, are nanocrystalline, which is typical when diamond
nanoparticles are used as seeds before the diamond layer coalesces, followed by further
growth in the z-direction. The base substrate surface seems to have a profound influence
on the surface topography of the growing films in the successive layers. Figure 7a shows
that each layer follows the contour of the base substrate. Each layer is very uneven in
nature, and the final top NCD surface has an undulating wavy feature in tandem with the
underlying layers. Figure 7d shows a triangular pyramidal base substrate surface with a
hillock structure caused by the Ar* plasma etching. Similar triangular features are present
all throughout the bottom layer of the diamond film. The base substrate hillock regions are
so influential in promoting the intermixing of the titanium in the sandwich layer with the
carbon atoms in the diamond layer that the titanium carbide needles are even found to be
touching the hillock structure of the base substrate at several points.

Art ion etched
(b)

Si substrate

Figure 7. TEM cross-sectional images of the (a) MCD/Ti/NCD sandwich structure on Ar* plasma-
etched silicon substrate, (b) elongated large bottom MCD crystals, (c) smaller grain sizes of top NCD
and middle Ti layers, and (d) deep penetration of the Ti intermediate layer into the underlying MCD
layer, even up to the bottom silicon substrate asperities.
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4. Conclusions

An innovative diamond /Ti/diamond sandwich structure has been synthesised by
successively following a combination of CVD and PVD routes. The base substrate was
etched by Ar* plasma (biasing power of 150 W, and the Ar gas was flown at 100 sccm) and
was found to produce deep pits and valleys (Ra = 11.7 nm, average surface roughness) onto
the as-received smooth silicon surfaces (Ra = 1.7 nm). The bottom diamond layer on the
base substrate, grown in an LAMWCVD reactor, (H,, CO,, and CHy gas—150 sccm volume
flow, without substrate heater (400 °C), at 0.23 mTorr, 2800 W continuous wave MW input)
produced a unique bi-modal film surface morphology, where MCD grains are uniformly
distributed in an NCD matrix. The Ti-sputtered film was deposited (using 100 sccm Ar,
power: 150 W, Ti-target, 10~2 Torr) onto the bottom layer of the diamond and was found to
follow the underlying MCD microstructures, imprinting them into the Ti film. However,
consecutive H, plasma treatment (for 20 min etching at 40 Torr, 3000 W microwave input
power, 680 °C, 400 sccm H flow inside a 2.45 GHz resonant cavity reactor) profoundly
etches the Ti-MCD layer. The etching by hydrogen was so intense that the underlying
diamond film became exposed, probably cracking and delaminating the sputtered Ti film
(which was locally observed on the top surface, however, neither detected into the depth
of the layer nor throughout the surface). However, the CVD plasma etching effectively
smoothened the as-grown film surfaces and promoted the nucleation and growth of the
next diamond top layer. Later, the top diamond layer was subsequently deposited by a
LAMWCVD reactor (the only parameter differently used from the parameters used for
the growth of the first bottom diamond layer deposition was - the addition of phosphine
diluted hydrogen gas recipe at an elevated temperature of 700 °C with a heater) which
promoted a nanocrystalline morphology with “cigar”-like grains with a high aspect ratio.
Such deposition of the NCD layer made the hydrogen plasma-etched sputtered Ti layer
surface morphology with defects invisible. The cross-sectional TEM confirms the integrity
of the three-layer diamond/Ti/diamond composite film, which follows a wavy contour
along the length of the sandwich structure. The diamond film microstructure can be tailor-
made, either in microform or in nanocrystalline form, by changing the process gas recipe
and by changing the deposition time and temperatures. Unique low-pressure and low-
temperature, CVD growth does not allow for rapid film growth in the vertical z-direction.
Such a well-adherent composite structure can be deposited onto many engineering surfaces
for potential mechanical, thermal, electrical, and biomedical applications.
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