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1. Introduction

Roughness is the asperities and valleys that are present on
the solid surfaces. Generally, in case of chemical vapour
deposition (CVD) of materials from the vapour phase to
the solid phase onto the substrate surfaces, the adatoms,
which are physically adsorbed onto the substrate surface,
are naturally attracted towards the higher energy regions
of the substrate. Such high energy regions of pits and val-
leys are the starting points for nucleation of materials
under the thin film growth processes. Several authors have
studied the influence of surface roughness or topography
on the nucleation and subsequent growth behaviour of
materials [1-12]. Thermodynamic calculations have
shown that rough surfaces provide more area to form
nuclei thus apparently change the contact angle of the
hydrophilic material [13, 14].

Diamond has a very high surface energy which does
not allow it to nucleate in a spontaneous way [15].
Therefore, the wisdom of scratching silicon substrates
with abrasive materials for diamond nucleation enhance-
ment has been in practice since 1980s [16-21]. Although
the idea was not to create surface roughness but to seed
the substrate with diamond or related materials for pro-
moting CVD nucleation process. Earlier, it was found
that without scratching the silicon substrate, diamond
growth was difficult and time consuming during the
CVD process [22]. However, later, in the early 2000s, the
detonation nanodiamond (DND) seeding procedure
[23] came into practice, which does not require scratch-
ing the silicon substrate but to cover the surface of sili-
con substrate with a layer of small diamond particles,
which act as nucleation sites for the subsequent growth
of the diamond materials inside the CVD reactors. The
DND seeding has been most effective with water-based
suspension spin coating [24]. The zeta potential (and
thereby the hydrophilicity) of the substrate surface plays
an important role in effective seeding mechanisms of
DND seeds [25]. There are several reports of enhancing
the substrate surface nucleation by ultrasonic seeding
[26, 27], bias enhanced nucleation [28, 29], plasma treat-
ment [30], interlayer coating [31], etc., [32, 33] for effec-
tive diamond growth under CVD environment, but it is
very less reported about the role of surface roughness
or topography in enhancing the diamond nucleation on
silicon substrates [34]. Although it is a well-known fact
that rough surfaces help in making the surface hydro-
philic [2, 13, 35] and promotes heterogeneous nucle-
ation [36] but it has not been explored so far. It may be
because by intentionally creating rough surfaces one
may damage the silicon surface [37] properties, in terms
of electrical or any other real-life application, like their
tribological behaviour. However, there may be diamond
electrode applications for electrochemical or biochem-
ical sensing, which are enhanced by rough surfaces [38,
39]. Here an attempt is reported for the first time, to
combine the advantages of both the surface abrasion and

the DND seeding techniques, to enhance the nucleation
and growth behaviour of diamond under CVD growth
conditions [40-42]. Mechanical scratching of the silicon
surfaces has been in practice but there is no report of
creating surface roughness by argon ion bombardment
of the smooth silicon substrate. In the present work, it
has been tried to create substrate roughness both by
conventional abrasive grindings and by Ar*ion bom-
bardment. Thereafter the rough silicon surfaces were
seeded with water based DND seeds, following standard
procedures, before microwave plasma enhanced CVD
growth of diamond films on them. The paper discusses
the results obtained from such nucleation and growth
experiments.

2. Materials and methods
2.1. Substrate preparation and characterization

Silicon substrates were grinded with six different mesh
sizes of emery papers - P4000, P1200, P800, P320, P180,
and P120, respectively, to scratch the otherwise mirror
polished surface for producing different roughness. The
samples identified as “PX” series, are the ones treated
with different grades (X) of emery paper (P). The mesh
size numbers (X) are the number of perforations present
per mm length in a sieve, so the higher the mesh size
number of emery papers, the finer is the grinding. The
grinding was done for 5min duration in a grinding
wheel (Struers — Tegramin 30) rotating at 150 rpm. The
applied load was 5N for the P4000, P1200, and P800
finer variety grinding papers, while the applied load was
10N for the coarser grinding papers of P320, P180, and
P120 sizes. The as-received one-side polished Si wafer
always has a rough backside, which was also used as
experimental sample.

Thereafter, all the mechanically abraded silicon sub-
strates were chemically cleaned (ultrasonication in ace-
tone and isopropyl alcohol) and etched with oxygen
plasma for 10 min to remove any organic molecules [43]
from the surface (which is to be seeded with water-based
DND solution). The oxygen flow rate was 35 sccm and
the applied power was 50 W (Technis Plasma Gmbh).

Some of the mirror polished silicon substrates were
also etched with Ar* plasma in order to produce surface
roughness using an indigenously built sputtering unit.
Ar gas flow rate was 100 sccm at a bias voltage power of
150 W. The Ar* ion milling was interrupted after every
20 min to avoid excessive heating of the stage inside the
chamber. The process of Ar* ion milling with interme-
diate cooling was repeated for five times. Ar* milled/
etched surfaces were not further treated with any oxygen
plasma for organic matter removal (unlike emery paper
abraded substrates).

The surface roughness of the individual wafer sub-
strates was measured by the stylus profilometer instru-
ment Bruker Dektak XT. The tip of the diamond stylus



was 2 um in diameter. The hydrophilicity of the scratched
surfaces was determined by measuring the contact
angles in distilled water (dataphysics OCA, SCA20 soft-
ware package).

Thereafter all the Si substrate surfaces (unscratched,
scratched and Ar™ milled) were seeded with DND
water-based suspension following standard spin coat-
ing technique (Laurell Technologies Corporation,
model WS-400B-6NPP/LITE) for making DND mono-
layers [24].

Atomic force microscopy (AFM - Veeco NanoScope
III MultiMode) was used to observe the DND seeded
substrates, for determining the seeding density. AFM
scans were performed on a Bruker Multimode 8 in tap-
ping mode.

2.2. Chemical vapour deposition (CVD)
experiments

The effect of substrate roughness on the nucleation
and growth behaviour of diamond films were studied
for both the linear antenna and resonant cavity-based
microwave plasma-enhanced CVD reactors [44].
There are significant differences in the diamond film
growth process parameters between these two depo-
sition reactors. Resonant cavity CVD deposition takes
place at much higher substrate temperature and pres-
sure regime (700°-1100°C, >20 Torr) within a confined
spherical plasma zone, whereas the linear antenna
systems grow diamond at low pressure (0.23 Torr) and
low temperature (300°-400°C) regime over uncon-
fined area (depending on the length and numbers of
the antenna array). The typical CVD diamond growth
conditions used during the present work are shown in
Figure 1.

The seeded substrates were loaded into linear
antenna microwave plasma-enhanced CVD reactor
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(LA MW PECVD). About 5% CH, gas was flown into
the chamber in the presence of high hydrogen gas con-
centration of 89%. About 6% CO, gas was also added
in the precursor gas mixture to promote etching of the
non-diamond phases, leading to the growth of
high-quality diamond films (Figure 1(a)). The base
pressure was less than 10~ Torr and the operating pres-
sure was 0.23 Torr. Two sets of deposition were carried
out: one set for 4h and another set for 69 h of duration,
respectively. The substrate temperature was around
400°C during the diamond growth process. Two
microwave sources, each with individual input power
of 2500 W, and a distributed array of four antennas
inside quartz tubes, were present in the reactor.

On the other hand, the resonant cavity reactor CVD
deposition conditions were high temperature of 650°-700°C
and high pressure of 30 Torr, as shown in Figure 1(b), with
the use of 1% CH, in 99% H, (400sccm of total gas flow
rate) during two types of deposition periods 2h (short) and
64h (extended). Inside both the reactors, the CVD param-
eters, which are conducive for growing nanocrystalline
diamond (NCD) films was adapted [44], to investigate the
effect of Si substrate roughness on the nucleation and
growth behaviour of the NCD films.

2.3. Diamond film characterizations

Laser in-situ interferometer was used to measure the
thickness of the growing film, which was further ver-
ified by the cross-sectional scanning electron micros-
copy (SEM - FEI Quanta 200 FEG). SEM also revealed
the as-grown morphology of the diamond films.
Raman spectra were recorded with a HORIBA Jobin
Yvon T64000 spectrometer using laser light of 488 nm
wavelength. AFM (Bruker Multimode 8 in tapping
mode) was also used to observe the early diamond
growth stages.

Figure 1. Microwave plasma enhanced CVD growth of diamond films inside (a) linear antenna CVD reactor, (b) resonant cavity CVD

reactor, ASTeX 6500, 2.45 GHz, 3 kW.
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3. Results and discussion

3.1. Profilometer and contact angle measurements —
effect of substrate roughness on hydrophilicity of
substrates

Figure 2 describes the surface roughness created on sil-
icon surfaces and Figure 3 shows its effect on hydro-
philicity over few such surfaces. The as-received p-type
silicon wafer surfaces are one side polished with 1.17 nm
average surface roughness (R, Figure 2(a)) and the
unpolished backside of the same wafer has a surface
roughness of R, = 305.59 nm. The contact angles mea-
sured on both the sides of the as-received wafer with
distilled water, showed values of 36° and 28°, respec-
tively, for the polished and the rough surfaces. The as-
received wafer might have some organic contamination
which did not cause significant difference in between
the hydrophobic behaviour of the opposite faces of the
same silicon wafer, although their roughness values were
significantly different. The silicon surfaces were abraded
with different grit sizes of emery paper and subsequently
they were cleaned with acetone and alcohol to remove
contamination during grinding. In addition, the surfaces
were also cleaned with oxygen plasma for 10min to
remove any remnant organic contamination [43]. Now,
when such cleaned surfaces were tested for their hydro-
philic nature (days after O, plasma cleaning), they
showed gradual decrease in contact angles. The substrate
surfaces with very high roughness (P800, R, = 164nm
onwards) were completely wetted with water (contact
angles <6° or even less values which are beyond detec-
tion limit of the instrument). The finest grit size P4000
emery paper could produce a roughness of R, =9.35nm

on the mirror polished surface with initial R, =1.17 nm.
On the other hand, the coarsest grit size emery paper
P120, could make the smooth surface as highly rough
as R, = 1334.19nm. Scratching the silicon wafers with
different grades of emery papers made the surfaces
rough and thereby made them hydrophilic [13], condu-
cive for subsequent seeding step with DND water sus-
pension. Another method was adopted to create surface
roughness, i.e. Ar ion treatment. Ion milling is routine
procedure for preparing the electron microscopy test
samples, however, in this work, it was adopted to create
surface roughness. It was found that the mirror polished
silicon surfaces became rough by argon ion milling with
R, = 11.29 nm, which is almost equivalent to scratching
the surface with P4000 emery paper. It will be shown
later, that although the values of roughness they pro-
duced are equivalent, but the subsequent effect on the
nucleation and growth of CVD grown diamond on argon
ion milled surfaces are significantly different than
mechanically scratched surfaces. The relative difference
between the manually scratched surface and the argon
ion milled surface is reflected by the contact angle values.
The silicon surface scratched with P4000 emery paper
showed contact angle of 19°, whereas the surface treated
with Ar* ion plasma for 1h was completely wet with
water with 0° contact angle. Rabinovich et al. [45] earlier
showed that the nanoscale surface roughness (less than
20nm) plays an important role in determining the adhe-
sion 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
10nm. However, it is observed that although the P4000

Figure 2. Profilometer scans of the substrates after surface treatments. The samples have been arranged in the increasing order of
Ra surface roughness: (a) Si front face — 1.17 nm, (b) Si P4000 — 9.35 nm, (c) Si Ar* milled — 11.29 nm, (d) Si P800 — 164.5 nm, (e) Si back
face - 305.59nm and, (f) Si P120 — Ra 1334.19 nm. (abscissa is the scan length of 5mm and the ordinate is the average roughness
expressed in nm. As every sample has different orders of roughness values, the grid line widths along the y-axis are different for all
the samples. The red and green portions are, the initial and final lengths of stylus scans in mm, which were excluded during the aver-

age roughness calculations by the software.).
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Figure 3. Effect of Si surface roughness creation by abrasion on their hydrophilicity — contact angles: (a) Si polished surface — 36°, (b)
Si P4000 — 199, (c) Si P800 — 6° and, (d) Si P120~ 0° (equivalent length of the double headed arrow scale bar is 1 mm).

abraded and the Ar* ion milled Si surfaces had equiva-
lent surface roughness, but their hydrophilicity was sig-
nificantly different. This also may be due to their
differences in surface characteristics, like compositions,
chemical groups attached, etc. However, in the present
set of experiments the only difference was the method
in creating Si surface roughness. Mechanical abrasion
was random scratching by “micron” size grits, whereas
Ar* ion milling was creation of surface "nanostructures”
by atom size plasma gas species. 100 min of argon plasma
treatment cleaned the silicon surface thoroughly to pro-
duce complete hydrophilicity.

3.2. AFM and Raman - effect of substrate
roughness on enhancing DND seeding density

Figure 4(a,b) shows the different surface topographies of
the as received mirror polished silicon surface and, the
silicon surface treated with Ar* ion plasma. The as-
received silicon surface has inherent polishing marks on
them. On the other hand, the argon ion milled surface in
Figure 4(b) is uniformly damaged (2.6 x 10'*/cm? surface
damage density). The profilometer scan of such argon
treated surface shows intermittent spikes due to the for-
mation of pits across the silicon surface (Figure 2(c)).
When such intentionally created rough surfaces were
seeded with DND seeds in water suspension, then it was
found to enhance the seeding densities, as shown in
Figure 5. The AFM scan of the DND-seeded mirror-
polished silicon front surface shows a seeding density of
2% 10'%/cm? in Figure 5(a). But the back side of the same
silicon wafer shows preferential alignment of the DND
seeds along the grooves on the unpolished surface - thus
enhancement of the seeding density (6 x 10'%cm?) as

evident from Figure 5(b). Similar enhancement of the
seeding densities (5 x 10'%/cm?) is observed in Figure 5(c)
for the silicon surface treated with P4000 emery paper - it
shows to densely populate the mechanically scratched
grooves on the silicon surface. The AFM scan areas in
Figure 5(a—c) are 1 um x 1 pum, whereas Figure 5(d)
shows an AFM scan of Ar* ion milled silicon surface
with agglomerated DND seeds (density of 1.2 x 10°cm ™)
over 5 um x 5 um area. Surprisingly, there is five times
increase (=30 to =150 nm) in the individual DND seed
sizes under the AFM scan for the Ar plasma treated sil-
icon surface. Such distinction found in AFM images of
the DND seeded surfaces, between the Ar* ion milled
and the mechanically scratched silicon surfaces, is also
reflected in the respective SEM morphology images of
the treated silicon surfaces, as discussed in the subse-
quent sections.

The density of diamond grains (seeds grown bigger
to touch each other) was also attempted to be calculated
after 5min of growth inside the resonant cavity CVD
chamber on the DND seeded polished silicon surface,
as shown in Figure 4(c). The Raman signal from such
diamond grains, just grown enough to fully cover the
underneath Si surface, is shown in Figure 4(d). It is
observed that the diamond (sp3) Raman peak is present
at 1332cm™, along with the peaks, corresponding to
trans-polyacetylene (TPA) and disordered graphite (D)
and crystalline graphite (G), with very low intensities.

It appears that after 5min of diamond CVD growth,
the DND seeds grow very fast in lateral direction to cover
the silicon surface and started to touch each other -
thereby forming grain boundaries. If Figures 4(c) and
5(a) are compared, it is found that 30-50 nm size features
have grown into more than 100 nm sizes to coalesce with
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Figure 4. AFM scans of the (a) as-received silicon wafer surface, (b) argon ion milled silicon surface, (c) after 5-min resonant cavity CVD
growth on the silicon surface shown in figure (a) with DND seeds, (d) Raman signals from the diamond crystals shown in figure (c).

each other. But surprisingly, such coalescing feature of
the DND/diamond grains are already present in freshly
seeded silicon surface when it was treated with the argon
plasma (Figure 5(d)). Although such ion milling did not
produce high surface roughness (11.29 nm), but it made
the surface completely hydrophilic such that it was hav-
ing 0° contact angle. Moreover, ion bombarded surface
was having uniform pits and craters which also helped
in effectively seeding the silicon surface.

3.3. Artion milling effect on diamond film
morphologies - SEM

It has already been discussed in Section 3.1. that the
roughness created by argon ion milling/etching on the
silicon substrates helped in creating surfaces conducive
for water based DND seed suspension with zero contact
angles. It helped in uniformly covering the substrate
surface with agglomerated DND particles. Such uniform
seeding densities in contrast to non-uniform or scattered
DND seeds on untreated/unscratched silicon surface
(Figure 5(a,d)) also observed to affect the morphological
difference between the untreated and the Ar* ion milled
substrate surfaces, as shown in Figure 6(a,b), after the
CVD growth of diamond films. Figure 6(a) shows that
the NCD grains are elongated, square shaped or in

irregular shapes with approximately 95 nm average grain
sizes, when grown for 4h of duration inside the linear
antenna CVD chamber at very low temperature of 400°C
[46]. Whereas, during the same deposition conditions,
the growth on the Ar* ion milled silicon substrate kept
alongside the untreated silicon surface, could produce
much larger and uniform diamond film with granular
morphologies (approximately 150nm average grain
sizes), as shown in Figure 6(b). The magnification of
Figure 6(b) is %th smaller than 6a, but the apparent
grains sizes are almost similar. Therefore, it may be
inferred that the Ar* ion milled surfaces are promoting
bigger and uniform grain morphologies when both are
grown simultaneously by putting them side by side. It
was important to further magnify such uniform NCD
morphologies, as shown in Figure 6(d). The apparent
round shaped morphologies are consisting of tiny elon-
gated or somewhat irregular shaped diamond grains.
Essentially, the individual round morphology has many
secondary nucleation sites, very typical of nanodiamond
surface morphology grown by low temperature CVD
[46]. On the other hand, such NCD morphology trans-
forms into micro-crystalline diamond (MCD) morphol-
ogy with 1-2 um average grain sizes (Figure 6(c)) when
the diamond film was allowed to grow over long hours
(69h) of LACVD run, under identical process recipes.
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Figure 5. AFM images of DND seeded silicon substrates with seeding densities of (a) front face - 2x10°cm2, (b) back side -
6x10"cm2, (c) P4000 abraded - 5x 10'°cm=2 and, (d) Ar* milled - 1.2x10°cm~2

The octahedral shapes (double headed dotted line in
Figure 6(c)) of the individual diamond grains become
visible, although they are not as densely populated as the
round shaped grains which was observed over the short
duration CVD runs (a comparison between the inset of
Figure 6(c) and (b), at same magnification of 15K). The
similar effect of Ar* ion milling can also be found on the
morphological difference between the diamond films
grown on the unpolished back side of the silicon wafers.
The profilometer scan data (Figure 2(e)) and consequent
contact angle measurements have already shown the
effective nucleation enhancement due to roughness and
preferential alignment of DND seeds along the grooves
and pits of the unpolished back side of the silicon sub-
strate wafer (Figure 5(b)). Now such effect is also
observed in the as-grown NCD morphological differ-
ence between the argon treated and the untreated wafer
backside. Figure 6(e) shows a smaller diamond nano-
crystal size than in Figure 6(f), which are the diamond
nanocrystals grown on the Ar* ion milled silicon wafer
backside under the identical CVD growth conditions
inside the linear antenna reactor. Therefore, it is inferred
that additional treatment of substrate surface with argon
ions, in both the cases of silicon wafer, the polished front
side and the unpolished backside, makes bigger NCD

crystals during CVD growth processing. The most pos-
itive impact of the Ar* milling is to make a uniform
distribution of the shapes and the sizes of the diamond
grains. Such uniform nature of grain size distribution
may have a positive impact in making uniform diamond
surface properties. The reason behind producing uni-
form shape and sizes of the NCD grains with argon ion
milling is that the “surface damages” created by Ar*
plasma was more “uniform” than the “surface damages”
created by the solid particles embedded in the emery
papers. The scale of “roughness uniformity’, in case of
mechanical grinding was much less than the scale of
“roughness uniformity” created by the argon ions. It is
well reflected in Figure 2(c), where the profilometer scan
by 2 um stylus on the Ar* ion milled surface, produced
much less “scattering of data” in the average roughness
profile R, values, than the roughness profile scans of the
mechanically scratched silicon substrate surfaces in
Figure 2(b,d,e,f). The line profile in Figure 2(c) is almost
as smooth as the line profile in Figure 2(a) for the as
received polished silicon surface. The only apparent dif-
ference in between Figure 2(a,c) is the intermittent
appearance of 1 A wide (a gross approximation) and
100-150nm deep pits on the line scan of the argon
treated silicon surface. In other words, the Ar* milling
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Figure 6. SEM images of CVD grown NCD on (a) mirror polished silicon surface at magnification 60KX irregular shaped grains (4h
growth); (b) regular round shape morphology NCD after 4 h growth at magnification 15KX on Ar* ion milled substrates, (c) MCD mor-
phology after 69 h of growth at magnification 60KX and inset figure shows 15KX magnification image, on Ar* ion milled substrates,
(d) uniform rounded NCD grains at 60KX magnification from figure (b); () NCD on untreated silicon wafer unpolished backside and;

(f) NCD on Ar* ion milled silicon wafer unpolished backside.

created uniform surface damages conducive for uniform
CVD diamond nucleation and growth, but simultane-
ously, did not alter the average surface roughness of the
silicon surface — which is beneficial for many practical
applications [38, 39].

3.4. Effect of deposition time on diamond film
morphology and quality - SEM and Raman spectra

It has already been seen that the diamond film morphol-
ogy changes from nanocrystalline to microcrystalline
when it is allowed to grow for longer duration inside the

linear antenna microwave plasma CVD system for the
Ar* ion milled silicon substrate surface (Section 3.3).
This is also found to be true for the mechanically
scratched substrates (“PX”). Figure 7(a) shows the mor-
phology after 69 h of CVD growth and Figure 7(b) shows
the diamond film grown under similar conditions but
for shorter duration CVD growth of 4h, inside linear
antenna CVD chamber. The substrate surface for both
the figures is the silicon scratched with P800 emery
paper. It is observed in Figure 7(b) that the grooves cre-
ated by scratching are of almost 2 um in width, which
were still visible after 4h of CVD diamond deposition.
The advantage of the linear antenna CVD diamond
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Figure 7. SEM images of the (a) MCD after 69 h CVD growth, (b) NCD after 4 h CVD growth, at 60KX magnification for silicon sub-
strates scratched with P800 emery paper; cross-sectional images for columnar structures- (c) after 69 h CVD growth, (d) after 4h CVD
growth (e) Raman spectra for diamond films grown on scratched and unscratched wafers at different time intervals.

growth is that it produces conformal NCD coatings
which follow the contours of the underlying substrate.
Such templating of substrate contours is helpful for coat-
ing 3D structures as reported earlier [27]. With increas-
ing time, the films grow in columnar fashion and
produces laterally flat surface morphologies as shown in
Figure 7(a). The diagonals of such flat grains are 1-2 um
in length. The cross-sectional diamond film microstruc-
tures are shown in Figure 7(c,d). They show the colum-
nar nature of the CVD grown diamond films. The film
growth rates were initially faster at 55nm/h and later
with increasing time, it became sluggish to grow along
the z-direction with a growth rate as slow as 39nm/h,
observed over a 3 d-long CVD experimental run. Now,

this is since the diamond film starts to grow laterally
(rather not vertically), and the film morphology changes
from nanocrystalline to microcrystalline flat plate like
morphology, during the long duration CVD runs (as
also reported earlier [46]). In other words, the linear
antenna CVD diamond growth promotes flat grain mor-
phology or growth in lateral direction than in the per-
pendicular direction. Figure 7(a) shows a flat grain
(1-2 um) on the film surface which is almost equivalent to
the thickness (2-3 um) of the film, as shown in Figure 7(c)
along the z direction. The Raman signals from such dia-
mond surfaces [47], grown over different duration of
time, are also found to be different, as shown in Figure
7(e). The intensity of the sp3 peak at 1332cm™ is much
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Figure 8. SEM morphologies of the NCD films on substrates (a) mirror polished silicon - 1.2nm, (b) P4000 - 9.3nm, (c) P1200 —
92.4nm, (d) P800 — 164.5 nm, with different surface roughness (Ra) at identical magnification of 15KX, inside linear antenna micro-
wave plasma enhanced CVD system. The inset images in (c) and (d) were taken at higher magnification of 60KX.

higher for the diamond film grown over 3 d (on manu-
ally scratched substrate) than the sp3 signal from the
film grown (on the as-received silicon substrate) over
4h of CVD run. The diamond peak position for the
microcrystalline grains is somewhat both up and down
shifted with peak splitting, which is typical for films with
biaxial stress. The diamond films are indeed grown
anisotropically, i.e. “flat plates” in the lateral direction
and “columnar” structures in the perpendicular direction,
as evident from the previous SEM images. The bumps
around 1450 and 1580cm™ positions in Figure 7(e) for
the diamond grown on the scratched surface are due to
the TPA and crystalline graphitic (G) inclusion in the
films. TPA peaks also typically found at 1140 cm-! for
the NCD films grown inside linear antenna system. Such
non-diamond peaks are unexpectedly not prevalent in
the Raman spectra (Figure 7(e) bottom signal) from the
diamond film grown over mirror polished silicon surface
during the shorter period of 4h of CVD growth. It is
because the films are grown purer on the unscratched
substrates than the films grown on mechanically
scratched wafers. Moreover, the films grown over 69-h
CVD run period, also showed background lumines-
cence, as the spectra moves upwards with increasing

Raman shift. This can be due to the presence of defect
centres in the laterally grown flat film morphologies.

3.5. Effect of reactor types on morphology and
quality of diamond films - SEM and Raman spectra

The results from the nucleation and growth experiments
of the diamond films deposited on rough substrates but
grown inside two different classes of CVD reactors - at
different pressure and temperature growth regimes will
be presented and discussed in this section. The respec-
tive CVD processing conditions (recipes conducive to
promote NCD film growth) have already been depicted
in Figure 1 and Section 2.2.

Figure 8 is the microstructures of the NCD films
grown inside linear antenna reactor for 4h on silicon
surfaces with different roughness, as produced by
scratching with different grades of emery papers, already
shown in Figure 2. All the surfaces are uniformly coated
without any pinholes, which is the evidence of effective
nucleation and CVD growth process. Figure 8(a) is the
NCD on the polished silicon surface without any surface
irregularities, whereas the diamond film on the silicon
surface scratched with the finest P4000 grade emery
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Figure 9. SEM morphologies of the NCD on scratched substrates (a) P1200 — 92.4nm, (b) P800 — 164.5nm, (c) P320 — 500 nm, (d)
P180 — 825 nm, with different surface roughness (Ra) at identical magnification of 50KX, grown inside resonant cavity microwave
plasma enhanced CVD system for 2 hrs. The inset images were taken at higher magnifications of 100KX.

paper shows scratching marks in random directions,
shown inside Figure 8(b) by black double headed arrow
lines. The widths of such scratched lines are very small
(sub-micron, 0.3-0.6 pm) in Figure 8(b), shown by yel-
low double headed solid arrows. Such scratching mark
widths are found to be increasing with the increasing
grit sizes of the emery papers, from P4000, to P1200 and
up to P800. The magnifications of all the images in
Figure 8 are same, i.e. 15KX, however, with the increas-
ing grit sizes of the abrasives used for scratching, the
widths of the scratching marks become wider, and it
appears to become the predominant morphological fea-
ture of the grown films (Figure 8(c,d)). The dimensions
of the substrate scratching marks are in microns range,
whereas the CVD grown NCD grains present inside the
scratched groves are much smaller in-size - which
thereby helps in conformal covering of the entire sub-
strate surface. The insets of Figure 8(c-d) presented the
higher magnification images to show the NCD films
more clearly, which are having average grain sizes from
80 to 100 nm.

The diamond films grown under conventional reso-
nant cavity CVD reactor at higher pressure and higher
temperature conditions are shown in Figure 9. Such
reactor is found also to produce NCD grains without any

pinholes, confirming effective nucleation pre-treatment
by mechanical scratching and subsequent CVD growth.

The deposition inside resonant cavity reactor produces
similar nanocrystalline grains although within shorter
time of only 2h of CVD deposition. The substrate tem-
perature was at 650° — 700°C, which led to faster growth
of NCD grains than inside the linear antenna CVD cham-
ber. Moreover, the pressure regimes are also completely
different between these two types of CVD reactors. The
linear antenna low pressure CVD produced flat film mor-
phology promoting preferential growth in the lateral
dimension, whereas the resonant cavity CVD does not
promote such preferential growth in the lateral direction
with reference to the base substrate. Figure 9(a—d) shows
that the diamond films are having average grain sizes from
80 to 100nm, when they were grown on mechanically
scratched silicon substrates inside the resonant cavity sys-
tem. There is not much difference observed in between
the respective NCD grain sizes, when the diamond films
were grown over different substrates with different rough-
ness. Also, there is not much surface morphological dif-
ference between the diamond films grown under two
different CVD deposition processing conditions. The only
significant difference observed was, the flat plate like
microcrystalline diamond (MCD) morphologies that
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were present inside NCD matrix, for the long duration
(69h) run inside the linear antenna CVD reactor (Figure
7(a)). However, it will be seen later that resonant cavity
also could produce flat plate like diamond microcrystals
during the long periods of CVD growth.

Figure 10(a) is the SEM morphology of the diamond
nanocrystals deposited on mechanically scratched Si
surface (abraded by P4000 emery paper) after 2h
growth inside the resonant cavity CVD chamber.
Whereas such 147-178 nm size diamond nanocrystals
deposited during 2h CVD run, were found to grow
into 1-6 um size micron plates (Figure 10(b)) after
64h of CVD growth inside the resonant cavity reactor.
In Figure 10(b), it is observed that (100) or (110)
square plate like crystal orientations were deposited
in this study, inside the resonant cavity CVD growth
conditions (with 1% CH, in H, at 400 sccm total gas
flow rate). Such deposition parameters for resonant
cavity CVD growth were preferred, as it was found
earlier in Figure 7(b) that the diamond film grown for
shorter duration CVD growth of 4h, inside linear
antenna CVD chamber, changes to flat plate like MCD
morphology in Figure 7(a) after 69h of CVD growth (also
refer to Figure 6(c)). The thickness of diamond coating
deposited over 64h was about 35pum (Figure 10(d)) and

the growth rate was calculated to be 0.54 pm/h inside
such resonant cavity CVD chamber. Raman spectros-
copy signals, from the diamond films grown simulta-
neously on variety of substrates, inside resonant cavity
CVD chambers, show almost identical spectra in
Figure 10(c). All of the films, deposited onto differ-
ently treated silicon surfaces, had peaks at 1332 cm™,
1580cm™' and at 1140 cm™! and 1450 cm™! which cor-
respond to sp3, sp2, and TPA carbons, respectively
[46]. The quality of the diamond film is reported as
the relative integrated area peak intensities of the sp3
carbon peak at 1332 cm™! to other non-diamond car-
bon peaks. Figure 10(c) shows that the diamond sp3
bonded peaks are more intense for the films on the
mirror polished side and for the films on the Ar* ion
milled/etched silicon surface. Whereas the sp3 peak
intensity for the film grown on the unpolished silicon
backside wafer is somewhat suppressed. This may be
because the roughness helped in producing better
quality films with less non-diamond carbon phase
formation. But it was not the case for the quality of
the diamond films grown on the Ar*ion milled silicon
surface.

The CVD growth processes appeared to be different
in between the low temperature linear antenna CVD

Figure 10. (a) SEM image of the diamond nanocrystals grown over P4000 abraded Si substrate after 2 h growth, (b) SEM image of the
diamond micro-plates grown over mirror polished Si after 64 h growth, (c) Raman spectra of the different NCD films on substrates
with different surface roughness after 2 h CVD growth, (d) cross-sectional SEM of the diamond coating shown in Figure 10b — all were
grown inside resonant cavity microwave plasma enhanced CVD system.
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Substrate pretreatment Substrate surface  Contact Seeding Resonant cavity
# Sisubstrate  (Roughness creation roughness angle (°) in density  Linear antenna CVD CVD diamond % Quality of diamond
identification and seeding) (Ra, nm) DI water (cm2) diamond grain size grain size Q=1553/ (53 + lon-sp3)
Polished front As-received +0, 117 36 2x 10" 95nm (4h) 30-50nm (5min)  43.24 (2 h resonant
side plasma clean+DND 100 (2h) cavity)
4495 (4h linear
antenna)

P4000 Emery paper 9.35 19 5x 10" 80-100nm (4 h) ~150nmin2h -

abraded + Organic (1-6 pm after 64 h)

Cleaning+0,

plasma clean+DND
P800 Emery paper 164.5 6 - 80-100nm after4h; 80-100nm (2h) 33.47 (2 h resonant

abraded + Organic 1-2 um after 69 h cavity)

Cleaning+0,

plasma clean+DND
Ar* milled Plasma treated + DND 11.29 0 1.2%10° 95nm after4h; - 42.78 (2 h resonant

1-2 pm after 69h cavity)

reactor and the conventional resonant cavity high tem-
perature deposition CVD chamber. The pressure inside
both types of reactors and the plasma volume densities
are completely different [44]. Therefore, to estimate the
relative NCD film qualities grown by the two different
reactors, the Raman spectra of Figures 10(c) and 7(e)
are compared. It is observed that in both the cases,
NCD films grown over Si mirror polished side is of
better quality than the films grown over mechanically
scratched Si surfaces. In order to quantify the different
diamond film qualities grown over the rough substrate
surfaces, the integrated area over the diamond peak
position at 1332 cm™' (I,;) and the integrated area over
the non-diamond bands from 1400 to 1744cm™
(Lon-sp3) Were calculated [48]. Then a relative Raman
peak area ratio of the diamond to non-diamond car-
bons, in percentages, provide an indication of the
grown diamond film quality, i.e. Q=1 3/ (I; + Lon gp3)-
It was found that the films grown inside resonant cavity
reactor onto mirror polished silicon surface is 43.24%
good in diamond quality, like the quality of the dia-
mond grown on Ar* ion milled silicon surfaces, which
is 42.78%. But the diamond film quality is considerably
poorer 33.47% for the NCD deposited on mechanically
scratched Si substrates. The Raman spectra in Figure
7(e), from the films grown inside linear antenna system
showed somewhat better quality 44.95% for the NCD
deposited on mirror polished surface. However, the
quality of the films deposited on the Ar* ion milled Si
surface could not be calculated by integrating the area
of the diamond to the non-diamond peaks due to the
inherent fluorescent nature of the Raman spectrum.

The key experimental results and discussion are sum-
marised in Table 1 to enhance reader comprehension
and facilitate a more comprehensive understanding of
the experimental data.

4. Conclusions

The important conclusions are as follows:

Silicon surfaces were mechanically scratched to
produce different surface roughness, which could
effectively enhance the hydrophilicity of the
substrates.

Ar* ion milling could uniformly scratch/damage
(2.6 x10"cm™2) the silicon surface and successfully
did not produce very high surface roughness (Ra
=~11nm).

Roughness enables preferential alignment of DND
seeds along the grooves and pits on the silicon
surfaces.

DND seeds were more densely populated on the
rough Si surfaces (6x10° ¢m™) than on the
unscratched flat Si substrate (2 x 10'° cm™2).
DND seeding efficiency, in terms of its density
(1.2x10° cm™) and seed sizes (150nm) were
greatly enhanced for the Ar* ion milled surfaces.
Such specially treated surfaces are completely
hydrophilic (0° contact angle) which further facil-
itates coverage of the water based DND suspension
on silicon substrates.

Ar* ion milled Si surfaces produced uniformly
dispersed spherical NCD grains (unique feature)
after subsequent CVD growth.

There was not much difference in the NCD grain
sizes (80-180 nm) between the films grown under
two different CVD reactor systems, namely linear
antenna and resonant cavity, both using 2.45 GHz
frequency at almost similar power levels (=3 kW)
for shorter CVD runs (2-4h) on rough Si
substrates.

The NCD films were following the rough substrate
surface template without any pinhole formation at
the top surface, which is important in view of
potential application for coating 3D structures.
The NCD grains became 1-6 pum average size MCD
crystals if they were allowed to grow over long
periods (64-69h). Both the rector types produced
flat plate like MCD morphologies, after long hours
of CVD runs.
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