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ABSTRACT
Methane, oxygen and hydrogen in relative concentrations of 1:0.5:98.5 were employed to deposit diamond
films by microwave plasma enhanced chemical vapor deposition on Si(001) substrates seeded with detonation
nanodiamonds of 5 ⋅ 1010 cm−2 density. The interaction between the nanodiamonds and the plasma was
investigated as a function of the chamber pressure and the substrate temperature. At 40 Torr and 935 ◦ C, 90%
of the seeds were etched, and growth induction occurred with an impractically long time of 23.5 h. Varying
the substrate temperature between 827 ◦ C and 935 ◦ C did not lead to faster growth induction. Reducing the
chamber pressure to 30 Torr instead resulted in continuous films with induction time as short as 12 min.
The induction time and the growth rate exhibited an Arrhenius dependence in the temperature range 769–
884 ◦ C with apparent activation energies of 3.7 eV/atom and 0.3 eV/atom, respectively. When at 30 Torr the
concentration of the oxygen additive was raised to 1 vol%, the seeds were completely dissolved and no film
deposition took place. However, film growth was possible with an oxygen admixture as high as 1.5 vol% on
a diamond precursor layer of approximately 55 nm thickness, which was nucleated in an oxygen-free plasma.

1. Introduction
Nanocrystalline diamond (NCD) films and coatings formed by chemical vapor deposition (CVD) have applications in machining [1–4],
sliding and rotating bearings [5,6], field-induced electron emission
[7–12], optoelectronics [13], quantum computing [14–16], dentistry
[17,18], biomedicine and biotechnology [10,19–22], and sensing via
micro- and nanoelectromechanical systems [23–25]. The quality of
NCD material is strongly dependent on both the nucleation process
and the growth conditions [26,27]. Nucleation is challenging because
NCD films and coatings are deposited on foreign substrates that are
physically and chemically dissimilar to diamond. A representative case
is provided by silicon, one of the most widely employed substrates for
NCD growth. The ≈34% smaller lattice parameter and circa fourfold
higher surface energy of diamond relative to silicon, the small sticking
coefficient of the gas precursors, the low adatoms’ mobility and the
competing formation of non-diamond carbon concur to yield on unprocessed silicon substrates a nucleation density of only 104 –105 cm−2 ,
which is insufficient for inducing film growth [28–30]. Pretreatment
of the initial surface is hence required to aid nucleation, e.g., ex
situ immersion of the substrate in an aqueous or alcohol suspension
of nanodiamond particles in ultrasonic bath or in situ exertion of
a negative bias between the substrate electrode and a surrounding

grounded electrode during the preliminary CVD steps [28,29,31]. A
high nucleation density hinders the formation of voids at the substrate–
film interface improving film adhesion, reduces undesired non-diamond
carbon inclusions and leads to smoother deposits [30]. Importantly, a
Young’s modulus approaching the single crystal value of 1200 GPa was
achieved for NCD films by increasing the density of the seeds from
approximately 1010 to 1012 cm−2 [32]. The growth parameters afford
control over the grain size and the crystal orientation [33,34] and
also of the purity of the material and other physical properties [35].
For instance, NCD films with Young’s moduli as high as 1100 GPa
were deposited by microwave chemical vapor deposition (MWCVD)
using methane concentrations less than or equal to 1 vol% in H2 .
Increasing the methane concentration and decreasing the plasma power
density resulted in smaller crystallite size, larger content of sp2 and
hydrogen in the grain boundaries in conjunction with a degradation of
the mechanical characteristics of the films [36].
Adding a small amount of oxygen to the hydrocarbon and hydrogen gas mixture is one way of improving NCD film quality [28,37].
Oxygen indeed hinders the formation of non-diamond carbon [38–41]
and the incorporation of foreign atoms such as hydrogen [42], boron
[43–45] and silicon [39,46,47]. Employing an oxygen additive can lead
to further functionalities and benefits. For instance, oxygen supplied
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as water vapor during hot filament CVD (HFCVD) was very recently
shown to permit the modulation of the wettability of NCD films in situ
in a cost-effective manner, which has tremendous potential for biotechnology [48]. Moreover, oxygen, typically in the form of CO2 , is used as
a means to achieve low growth temperatures in the plasma-enhanced
CVD of diamond films [49,50] and diamond nanostructures [51], which
is critical to applications requiring temperature-sensitive substrates
such as plastic. Numerous studies have been carried out to elucidate the
impact of an oxygen admixture on the overall film attributes. However,
to the best of our knowledge, the initial stages of growth in the presence
of an oxygen additive have not been explored yet. The stability of the
detonation nanodiamond seeds is especially crucial during the growth
of diamond films on a foreign substrate and is therefore investigated in
this work. Specifically, (001)-oriented silicon substrates were seeded
with detonation nanodiamonds and were subsequently exposed to a
plasma of methane and oxygen in hydrogen. The interaction of the nanodiamonds with the oxygen-rich plasma was studied as a function of the
chamber pressure and the sample temperature by means of in situ laser
interferometry and ex situ secondary electron microscopy (SEM). For
deposition conditions that permitted film growth, the diamond films
were characterized using ex situ SEM, white light reflectometry, atomic
force microscopy (AFM), Raman spectroscopy and X-ray diffraction
(XRD). It was found that the growth window is primarily determined by
the interplay between the chamber pressure and the oxygen admixture
concentration, and can be expanded towards high oxygen concentrations by introducing a preliminary deposition step without an oxygen
additive. It was also observed that the initial stages of growth are
governed by a surface reaction with an apparent activation energy
that is approximately one order of magnitude larger than the apparent
activation energy typically reported for diamond film growth.

(Supplementary Figure 1(a)). A similar seeding procedure yielded NCD
films of high quality on glass substrates as well [53,55]. The seeded
template was loaded onto a hollow molybdenum block, lying on the
water-cooled copper stage of a commercial SDS6500X MPCVD system
manufactured by Cornes Technologies Ltd. The chamber was pumped
down to a base pressure of 60 mTorr by means of a Kashiyama SDE90X
dry pump. The cavity between the hollow molybdenum holder and
the copper stage, the so called plenum, was differentially pumped via
an orifice in the center of the copper stage to a pressure between
the chamber operative pressure and the base pressure. Hereafter, 𝑃𝑐ℎ
and 𝑃𝑝𝑙 will denote the chamber pressure and the plenum pressure,
respectively. Two chamber pressures, 𝑃𝑐ℎ = 30 Torr and 40 Torr, were
investigated. These chamber pressures were chosen because they allow
for an ample space of deposition parameters in our reactor when a
gas feed of methane and hydrogen is employed. Moreover, they were
reported by other groups to yield high quality NCD films for plasma
forward powers and gas mixtures similar to the ones used in our
work [56]. Hydrogen, methane and oxygen with purity >99.9999%
were pre-mixed in the desired ratios and introduced in the chamber as
reactant gas. The methane concentration [CH4 ] was fixed to 1 vol%,
whereas the oxygen concentration [O2 ] was varied between 0 and
1.5 vol%. The total gas flow 𝛷𝑡𝑜𝑡 = 𝛷(CH4 ) + 𝛷(O2 ) + 𝛷(H2 ) was set
to 500 standard cubic centimeter per minute (sccm). The plasma was
activated by a magnetron generating 2.45 GHz electromagnetic waves
with a maximum forward power of 6000 W. The plasma forward power
P𝑓 𝑤 was 4000 W in all the experiments. The sample was heated up
by the microwaves and via convection from the plasma gas [57], and
its temperature was tuned by controlling 𝑃𝑝𝑙 as shown in Figs. 2(e)
and 3(a), exploiting the dependence of the thermal conductance of the
plenum cavity on the pressure. A lower limit to the range of accessible
temperatures existed because of the condition 𝑃𝑝𝑙 ≤ 𝑃𝑐ℎ and, without a
sample heater, both the reduction of 𝑃𝑐ℎ and the introduction of oxygen
caused an unsought decrease of the sample temperature at a given 𝑃𝑝𝑙 .
At the start of the run, P𝑓 𝑤 , 𝑃𝑐ℎ , 𝑃𝑝𝑙 and the gas flows were ramped
up in steps using an automatic routine. The deposition time 𝑡𝑑𝑒𝑝 was
6 h unless differently specified and was counted starting from when
steady growth conditions, namely, the stable growth temperature, were
attained. After the growth time had elapsed, the methane and oxygen
flows were instantaneously cut, and cooling down was carried out in a
plasma of pure hydrogen while the chamber pressure and the plasma
power were gradually reduced until plasma shutdown, again employing
a software recipe. Deposition parameters for 𝑃𝑐ℎ = 40 Torr and 30 Torr
are listed in Tables 1 and 2, respectively.
It is noted that some of the samples discussed hereafter may be classified as microcrystalline diamond (MCD) films, depending on which
naming convention is employed [26,29,37,58]. For this reason, in the
following the samples are generically referred to as diamond films.
Since for the employed deposition conditions NCD films evolve into
MCD films as the film thickness increases, the conclusions of our work
regarding the initial stages of growth are applicable to both NCD and
MCD films.

2. Materials and methods
2.1. Seeding and deposition
2 cm × 2 cm substrates were cleaved out of Czochralski, single-side
polished silicon wafers with 100 mm diameter, 525 ± 25 μm thickness,
(100) orientation, n-doping (phosphorous), resistivity 1–10 Ω ⋅ cm,
supplied by Electronics and Materials Corporation Limited. The cleaved
silicon substrates underwent in sequence 5 min ultrasonic bath in
acetone, 5 min ultrasonic bath in isopropanol, rinse in deionized (DI)
water, 15 min cleaning in a 5:1:1 solution of DI H2 O:NH4 OH:H2 O2
at 70◦ C (the SC-1 step of the RCA cleaning process, where SC and
RCA stand for Standard Clean and Radio Corporation of America, respectively [52]), rinse in DI water and drying under blown nitrogen.
0.1 g of a powder of detonation nanodiamonds with primary particle
size 3.9 ± 0.7 nm and density 1 ⋅ 1019 g−1 , purchased from NanoCarbon
Research Institute Co., Ltd., were dispersed in 0.2 l of DI water and
ultrasonicated as described in [53]. The resulting suspension appeared
turbid and was centrifuged at 7500 rpm and 20 ◦ C for 1 h to sediment
particles. Seeding of the silicon substrates was carried out as follows.
First, each cleaned silicon piece was treated in a Yamato Plasma Reactor
PR200 in a plasma of air (flow 100 sccm, pressure 10 Torr, plasma input
power 170 W, duration 60 s), aiming at enhancing the wettability of
the substrate. Next, the silicon piece was transferred onto the stage
of a spin coater and 180 μl of the suspension were drop-cast on its
surface. Immediately after the casting, the substrate was spun for 25 s
at 4000 rpm while flushing with DI water for the first 10 s to minimize
aggregation of the nanodiamonds. It is stressed that the time elapsed
between the plasma treatment and the seeding was consistently limited
to a few seconds to prevent the contamination of the substrate surface
with adventitious hydrocarbons, which was recently proven to affect
the contact angle of the colloidal suspension on the surface and the
seed density [54]. This protocol reproducibly led to a seed density
on the order of 5 ⋅ 1010 cm−2 so that circa 20% of the surface was
covered, as verified by SEM inspection on several seeded substrates

2.2. Characterization
Samples were characterized by multiple techniques. Growth
progress was monitored by means of a homemade in situ interferometer
employing a 532 nm laser source and a narrow pass-band filter in front
of a silicon photodiode. The angle between the impinging laser beam
and the sample surface normal was fixed to 25◦ . The diamond film
thickness corresponding to a full period oscillation of the interferometer
signal was estimated to be 113 nm using the formula that appears in
the work of Saada et al. [59] and assuming a refractive index of 2.4
for diamond. The temperature T of the specimen was monitored in
situ by means of an infrared thermometer with 0.970–1.625 μm spectral
bandwidth from Japan Sensor Corporation. The sample emissivity was
set to 0.65 [60,61]. From Tables 1 and 2, it is evident that the
2
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Fig. 1. MWCVD at 𝑃𝑐ℎ = 40 Torr from a gas feed of 1 vol% CH4 in H2 without oxygen additive (sample s1 of Table 1). (a) In situ interferometer curve. (b) Plot of the incremental
film thickness as a function of 𝑡𝑑𝑒𝑝 . The thickness increment is 56.5 nm, which is the thickness estimated to grow in between any two consecutive extrema of the interferometer
curve after the first minimum. The dashed line represents the least squares regression line of the data points. Its intercept with the 𝑥-axis and its slope provide the induction time
𝑡𝑑𝑒𝑝 (22 min) and the film deposition rate (186 nm/h), respectively. (c) SEM plan-view with magnification 5000× of the final surface.

uncertainty of the temperature was larger for recipes yielding a film.
This is because, during film growth, the radiation emitted from the
specimen was modulated by optical interference at the substrate–film
interface and at the film surface, which generated apparent temperature oscillations in the pyrometer signal [62]. The sample surface
was characterized ex situ using a FEI Quanta 250 FEG SEM and a
Bruker Dimension ICON3 AFM equipped with silicon probes with 7 nm
(14 μm) tip radius (length), 300 KHz resonant frequency and 26 N/m
spring constant, imaging in tapping mode. The density and the surface
coverage of the nanodiamond seeds and of the particles detected on
the non-coalesced specimens were estimated by digitally processing
SEM micrographs with a self-made Python program. The total layer
thickness was measured ex situ with an Optical NanoGauge C13027-12
from Hamamatsu Photonics K. K., mounting a halogen light source. The
fitting was performed assuming a simple layer stack model consisting
of a diamond film on a silicon substrate. The accuracy of the thickness
estimate was verified by means of SEM cross-sections (Supplementary
Figures 1(b–c)).
A structural and chemical characterization via XRD and Raman
spectroscopy of diamond films deposited with an oxygen admixture is
presented in Section Supplementary 3 of the Supplementary Material.

thickness in the range of a few nm [65–77]. Once the silicon carbide
has reached a critical thickness, it functions as a barrier against further
inter-diffusion between carbon and silicon [78], and carbon excess
becomes available on the surface to generate diamond nuclei in the
case of an untreated substrate or to initiate seed growth in the case
of a pretreated template. It is noted that, after the incubation, the
appearance of thickness fringes in the interferometer curve may be
further hampered by a slow lateral growth of the nuclei/seeds on the
heterogeneous substrate surface, as illustrated in Section 3.2. Disentangling the two phenomena of incubation and coalescence into a closed
film is not straightforward and falls outside the scope of this work.
Herein, the induction time 𝑡𝑖𝑛𝑑 is defined as the intercept with the
𝑥-axis of the linear regression of the incremental film thickness as a
function of the deposition time 𝑡𝑑𝑒𝑝 , and represents the duration of the
stage(s) preceding the growth of a closed diamond film. The method
for extracting a value for 𝑡𝑖𝑛𝑑 is indicated in Fig. 1(b), which shows
that 𝑡𝑖𝑛𝑑 = 22 min for specimen s1. The slope of the linear regression
of Fig. 1(b) yields the average growth rate r over the period between
the first local minimum and the last extremum in the interferometer
curve (186 nm/h). The SEM image of Fig. 1(c) reveals a continuous
pinhole-free diamond film.

3. Results and discussion

3.2. Oxygen addition

3.1. Reference growth, induction time, and growth rate

A seeded silicon substrate was exposed to the reactor parameters of
sample s1, except that an oxygen admixture of 0.5 vol% was added to
the gas feed (sample s2 of Table 1). The introduction of oxygen resulted
in a markedly different growth scenario with respect to the oxygen-less
deposition of sample s1. Fig. 2(a) illustrates the interferometer curve
recorded in situ. It is immediately noticeable that the profile spans 30 h
versus the 6 h of Fig. 1(a). For the reason outlined in the description
of Fig. 1(a), the interferometer signal steeply increased during the
ramp-up of the plasma. Here, however, the subsequent decrease of
the intensity did not quickly lead to a local minimum and to growth
oscillations. The signal rather stabilized, remaining nearly constant for
18 h until a marked drop to a local minimum occurred. Afterwards,
the interferometer curve displayed thickness fringes, attesting to the
growth of a diamond film at a rate of 40 nm/h, which amounts to circa
20% of the growth rate of sample s1. To gain insight into the evolution
of the surface over the deposition of 30 h, SEM plan-views were taken
of the final surface and at different stages into the process by preparing
new specimens with intermediate deposition times of 6 h and 18 h
(s3 and s4 of Table 1, respectively). Fig. 2(b) shows that after 6 h the
spin-coated seeds did not develop into a film, unlike the oxygen-less deposition of sample s1, which yielded a compact film of 1100 nm within
the same deposition time. Instead, the surface features sparse particles
with a density of 6 ⋅ 109 cm−2 and a surface coverage of 3% along with
pits as wide as 300 nm, revealing that 90% of the spin-coated seeds and
the silicon surface were etched by the plasma. Compared to the state of

When film growth begins, the interferometer signal is expected to
start oscillating as the beams reflected by the gas–film interface and the
film–silicon interface alternately undergo destructive and constructive
interference. This effect is exemplified in Fig. 1(a), which shows the
curve obtained for the MWCVD of a diamond film at 𝑃𝑐ℎ = 40 Torr
from a gas feed of 1 vol% CH4 in H2 without oxygen additive (specimen
s1 of Table 1). For approximately 5 min whilst the plasma was fired
and its forward power was gradually ramped up, the intensity of the
signal steeply rose owing to the increase of the reflectance of the silicon
substrate with the temperature [59]. A secondary contribution to the
increment of the signal was provided by stray light stemming from
the plasma ball and the heating of the specimen, which progressively
intensified during the plasma ramp-up and entered the photodetector,
thereby compounding effects due to the laser light reflected from the
sample surface. A delay in the onset of the oscillations is a measure of
the duration of the so called growth incubation or induction [29,63], a
preliminary stage to the formation of diamond during which carbon supersaturation of the substrate surface occurs via chemical interactions
with activated gas species. The incubation produces an intermediate
layer containing non-diamond carbon, whose nature, thickness, phase
and growth kinetics strongly depend on the substrate material and
the deposition parameters [64]. In the case of silicon substrates, the
interfacial layer is typically reported to be a silicon carbide with a
3
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Fig. 2. MWCVD process at 𝑃𝑐ℎ = 40 Torr from a gas feed of 1 vol% CH4 and 0.5 vol% O2 in H2 . (a) Interferometer signal recorded in situ during the 30 h long deposition of
sample s2 of Table 1. The vertical dashed lines mark the deposition times of 6 h and 18 h, which were employed to grow samples s3 and s4 of Table 1, respectively. The zoomed-in
inset shows signal oscillations attesting to the growth of a diamond film in the interval 𝑡𝑑𝑒𝑝 ≈25–30 h. (b) SEM image of the surface after 6 h of deposition (sample s3). (c) SEM
image of the surface after 18 h of deposition (sample s4). (d) SEM image of the surface after 30 h of deposition (sample s2), proving that a closed diamond film formed after
an extremely sluggish induction. The total film thickness was measured to be approximately 250 nm by ex situ white light reflectometry. (e) Dependence of the average sample
temperature 𝑇 on the plenum pressure 𝑃𝑝𝑙 for samples s3, s5-9 of Table 1, deposited for 6 h. (f) SEM image of the surface after 6 h of deposition with 𝑃𝑝𝑙 = 15 Torr, showing that
lowering the substrate temperature is not conducive to thin film growth within the 6 h time frame, but rather results in a harsher etch of the seeds (sample s7 of Table 1).

the surface 6 h into the deposition, after 18 h the density of diamond
crystallites remained unchanged but the average particle size increased,
resulting in a circa tenfold higher surface coverage (Fig. 2(c)). Fig. 2(d)
demonstrates that after 30 h a closed faceted diamond film formed.
Interpreting the interferometer data in light of the SEM results, the first,
gentler decay of the signal of Fig. 2(a) is attributed to the roughening
of the sample surface, which is a consequence of the etch of the silicon
substrate and the seeds evidenced by Fig. 2(b). Silicon is known to
be attacked by atomic hydrogen [79,80] and was reported to etch
off during diamond HFCVD experiments employing diluted feeds of
CH4 in H2 [75]. The seeds likely etched off because of their high
defectivity. Indeed, detonation nanodiamonds are affected by both
structural and compositional faults intrinsic to the detonation process.
Twinning is the most common crystallographic flaw [81,82]. Nitrogen
atoms from the explosives tend to remain embedded with tetrahedral
coordination in the kernel of the nanodiamonds, and the concentration
of nitrogen impurities increases with the size of the nanoparticle.
Furthermore, nanodiamonds are surrounded by a graphitic shell [81,
83–88]. We allege that the majority of the spin-coated nanodiamonds
were highly defective and were therefore etched by the hydrogen and
oxygen radicals present in the plasma, and that only the more perfect
crystallites were enlarged by effectively incorporating carbon atoms
from the precursor, triggering film coalescence and growth. On this
regard, it is noted that, in a comprehensive investigation of the MWCVD
stability of detonation nanodiamonds on silicon by Arnault et al., the
initial seed density was reduced by up to 3.5 times following a H2
plasma pretreatment aimed at removing sp2 carbon and enhancing the
adhesion of the nanoparticles to the substrate [76]. In our experiments,
involving an oxygen additive and a higher plasma power, structural and
compositional imperfections may be more prone to etch than in a pure
H2 environment, leading to a higher loss of the seeds (a factor of ≈10,
from ≈5 ⋅ 1010 cm−2 to ≈6 ⋅ 109 cm−2 ).
The second, more pronounced drop of intensity in Fig. 2(a) is
assigned to the induction taking place with a time constant of 23.5 h,
which is circa 65 times longer than for the growth of sample s1 carried
out without an oxygen admixture under otherwise identical conditions.
The sluggish onset of thickness oscillations in the interferometer curve

is likely linked to the heavy etch of the seeds discussed above. According to the theory of nucleation of thin films, nuclei already existing
on the surface, such as the seeds, are predicted to enlarge by the
direct impingement of species from the vapor phase and the capture of
adatoms at a rate which is proportional to the nuclei circumference and
the adatoms’ diffusion coefficient [89]. Diamond clusters smaller than
a critical size are either etched into the gas phase by hydrogen radicals
or aggregate to reach the critical size and form stable nuclei [71,
73,90,91]. Since heterogeneous nucleation is hindered, it is to be
expected that coalescence into a thin film occurs on a longer time scale
the more seeds are etched by the plasma. The presence of activated
oxygen species may also slow down the carbon supersaturation of the
outermost layers of the substrate and the adatoms’ diffusivity.
Since both the sticking coefficient of the vapor species and the diffusion coefficient of the adatoms on the surface depend on the substrate
temperature [89], and the literature contemplates the achievement of
optimized diamond film nucleation by tuning the substrate temperature [65,92,93], it was decided to explore also the impact of the
substrate temperature on the induction. A set of specimens were grown
for 6 h at different 𝑃𝑝𝑙 set-points (samples s5-9 in Table 1, adding
to the already existing sample s3 for 𝑃𝑝𝑙 = 1 Torr). The data points
of Fig. 2(e) show that the growth temperature diminished with 𝑃𝑝𝑙
steeply between 1 and 4 Torr and weakly beyond 4 Torr, spanning
the range 827–935 ◦ C. None of the samples of the series evolved into a
diamond film, as the absence of thickness fringes in the corresponding
interferometer curves indicated in situ (not shown). In fact, reducing the
temperature within the range accessible via 𝑃𝑝𝑙 control turned out to be
detrimental. It resulted in a more aggressive etch of the substrate and
of the seeds until their complete disappearance. This is representatively
illustrated by the SEM photograph of the surface of sample s7 deposited
at 𝑃𝑝𝑙 = 15 Torr (Fig. 2(f)).
3.3. Oxygen addition and lower pressure
The effect of reducing the chamber pressure from 40 to 30 Torr
on the process with 1 vol% CH4 and 0.5 vol% O2 in H2 was studied.
The supposition is that a lower chamber pressure may exert a milder
4
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Table 1
MWCVD parameters of the samples processed at a chamber pressure 𝑃𝑐ℎ = 40 Torr. The plasma forward power P𝑓 𝑤 , the methane concentration [CH4 ] and the total gas flow
𝛷𝑡𝑜𝑡 = 𝛷(CH4 ) + 𝛷(O2 ) + 𝛷(H2 ) were set to 4000 W, 1 vol% and 500 sccm, respectively. 𝛿 (𝜎) represents the surface density (coverage) of either the spin-coated seeds pre-CVD
deposition or the residual particles detected on the surface after the CVD process in case thin film growth did not take place.
Sample ID

𝑃𝑐ℎ
[Torr]

𝑃𝑝𝑙
[Torr]

𝑇
[◦ C]

[O2 ]
[vol%]

𝑡𝑑𝑒𝑝
[min]

Total thickness
[nm]

Outcome

s1
s2 (s3∗ , s4† )

40
40

1
1

992 ± 14
935 ± 7

0
0.5

360
1800
∗
360

1100
250
–

†

–

Continuous film (Fig. 1(c))
Continuous film (Fig. 2(d))
Residual particles (𝛿 ≈ 6 ⋅ 109 cm−2 ; 𝜎 ≈ 3%); sub-μmsize pits (Fig. 2(b))
Growing particles (𝛿 ≈ 5 ⋅ 109 cm−2 ; 𝜎 ≈ 27%); sub-μmsize pits (Fig. 2(c))
Fewer particles (𝛿 ≈ 5 ⋅ 107 cm−2 ) and higher density
of sub-μm-sized pits than in sample s3 (not shown)
No residual particles; sub-μm-sized pits (not shown)
No residual particles; sub-μm-sized pits (Fig. 2(f))
No residual particles; sub-μm-sized pits (not shown)
No residual particles; sub-μm-sized pits (not shown)

1080

s5

40

4

876 ± 6

0.5

360

–

s6
s7
s8
s9

40
40
40
40

7.5
15
25
35

862 ± 7
846 ± 5
834 ± 4
827 ± 4

0.5
0.5
0.5
0.5

360
360
360
360

–
–
–
–

Table 2
MWCVD parameters of the samples processed at a chamber pressure 𝑃𝑐ℎ = 30 Torr. For all the specimens, the plasma forward power P𝑓 𝑤 , the methane concentration [CH4 ] and
the total gas flow 𝛷𝑡𝑜𝑡 = 𝛷(CH4 ) + 𝛷(O2 ) + 𝛷(H2 ) were 4000 W, 1 vol% and 500 sccm, respectively. In samples s18 and s19, a diamond film was grown without any oxygen additive
up to the first local minimum of the interferometer curve (precursor layer). Afterwards, an oxygen admixture of 1 vol% (1.5 vol%) was added to the gas feed in sample s18 (s19)
and the deposition was continued for 6 h. For these samples, the deposition parameters in the table except the total thickness refer to the second and main deposition step. The
total film thickness was assessed ex situ by white light reflectometry. The thickness of s11 was estimated by measuring the depth of the pinholes reaching the silicon substrate in
AFM images such as the one of Fig. 4(b).
Sample ID

𝑃𝑐ℎ
[Torr]

𝑃𝑝𝑙
[Torr]

𝑇
[◦ C]

[O2 ]
[vol%]

s10 (s11‡ )

30

1

884 ± 11

0.5

𝑡𝑑𝑒𝑝
[min]

Total thickness
[nm]

Outcome

360
30
360
360
360
360
¶
30
360
360
360

860
50
765
620
530
420
–
–
410
190

Continuous film (Fig. 3(b))
Continuous film (Fig. 4(b))
Continuous film (Fig. 3(c))
Continuous film (Fig. 3(d))
Continuous film (Fig. 3(e))
Continuous film (Fig. 3(f))
Non-coalesced seeds (Fig. 4(c))
No residual particles; sub-μm-size pits (Fig. 5(b))
Continuous film (Fig. 5(c))
Continuous film (Fig. 5(d))

‡

s12
s13
s14
s15 (s16¶ )

30
30
30
30

4
8
16
25

841 ± 11
809 ± 10
789 ± 11
769 ± 12

0.5
0.5
0.5
0.5

s17
s18
s19

30
30
30

1
1
1

798 ± 7
830 ± 16
836 ± 6

1
1
1.5

For the sake of clarity, Fig. 4(a) presents only three representative
curves for the highest, middle and lowest deposition temperatures. Two
preliminary qualitative observations can be made by examining the
graph.
Firstly, the time to achieve the first minimum of the interferometer
curve clearly increased with 𝑃𝑝𝑙 , implying that thin film growth started
with a larger delay when the substrate temperature was reduced. The
trend can be visually appreciated by looking at the AFM images of
Figs. 4(b, c), which portray the morphology of the surface of two additional specimens deposited at the highest and the lowest temperature,
respectively, for only 30 min. At this deposition time, the black curve
of Fig. 4(a), recorded at 884 ◦ C (𝑃𝑝𝑙 = 1 Torr), was approaching the
first local minimum. Correspondingly, Fig. 4(b) shows the existence
of a diamond film. In contrast, the green curve of Fig. 4(a), logged
at 769 ◦ C (𝑃𝑝𝑙 = 25 Torr), was still in the initial plateau after 30 min
and accordingly Fig. 4(c) reveals non-coalesced seeds, attesting that the
MWCVD process was in an embryonal phase of the induction when the
run ended. The induction time was calculated for all the specimens of
the series, as outlined in Section 3.1 for sample s1. Its dependence on
the substrate temperature is illustrated in Fig. 4(d). From dimensional
analysis it is inferred that

attack on the nanodiamond seeds and on the silicon substrate in the
early MWCVD stages. Such a rationale was put forward by BuchkremerHermanns et al. to explain why the nucleation density on treated Si3 N4
templates considerably increased with decreasing 𝑃𝑐ℎ in a MWCVD
apparatus using CH4 and H2 gas mixtures [94]. Analogously, Kim et al.
found that, in the HFCVD of diamond from a CH4 and H2 feed on
unscratched Si(100) wafers, the nucleation density could be enhanced
by more than an order of magnitude by reducing the chamber pressure
from 50 to 5 Torr [95]. A few years after the work of Kim et al.,
Lee et al. established the use of even lower chamber pressures in the
0.1–1 Torr range to obtain unprecedented nucleation densities of 1010 –
1011 cm−2 on untreated silicon substrates employing 2 vol% CH4 in H2
in HFCVD. They attributed the enhanced nucleation at low pressure to
an augmented mean free path that resulted in a larger concentration of
nucleating species on the silicon surface [96].
A new series of specimens were therefore created at 𝑃𝑐ℎ = 30 Torr
for increasing 𝑃𝑝𝑙 set-points (samples s10, s12–15 in Table 2), similar
to the temperature-dependent study at 𝑃𝑐ℎ = 40 Torr outlined in
Section 3.2. Fig. 3(a) shows that the temperature interval that could be
covered at 𝑃𝑐ℎ = 30 Torr was 769–884 ◦ C, which is shifted downwards
by approximately 50 ◦ C with respect to 𝑃𝑐ℎ = 40 Torr. In stark contrast
to the surface of the specimens deposited for 6 h with a 0.5 vol% O2
additive at 𝑃𝑐ℎ = 40 Torr (Figs. 2(b, f)), the SEM images of Figs. 3(b–
f) show that after 6 h at 𝑃𝑐ℎ = 30 Torr a compact diamond film was
obtained at any temperature within the explored range. Furthermore,
the size of the crystallites was observed to increase as the temperature
was lowered despite a decrease of the film thickness (Fig. 4(f)). To
unveil how the growth evolved during the 6 h of deposition time,
an interferometer curve was taken in situ for each specimen. All the
curves exhibited thickness fringes at a certain point into the deposition,
indicating that the growth of a continuous film was taking place.

𝑡𝑖𝑛𝑑 ∝ 1∕𝑟𝑖𝑛𝑑 ,

(1)

where 𝑟𝑖𝑛𝑑 is an induction rate that can be described by an Arrhenius
relation of the type
𝑟𝑖𝑛𝑑 ∝ exp (−𝐸𝐴,𝑖𝑛𝑑 ∕𝐾𝐵 𝑇 ),

(2)

where 𝐸𝐴,𝑖𝑛𝑑 , 𝐾𝐵 , and 𝑇 are the apparent activation energy of the induction process, the Boltzmann constant, and the absolute temperature
on the Kelvin scale, respectively. Combining (1) and (2), the induction
time can be written as
𝑡𝑖𝑛𝑑 = 𝑡𝑖𝑛𝑑,0 exp (𝐸𝐴,𝑖𝑛𝑑 ∕𝐾𝐵 𝑇 ),
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Fig. 3. MWCVD process at 𝑃𝑐ℎ = 30 Torr from a gas feed of 1 vol% CH4 and 0.5 vol% O2 in H2 . (a) Dependence of the average substrate temperature on the plenum pressure 𝑃𝑝𝑙 .
Temperature data and other deposition parameters of the here displayed specimens are summarized in Table 2. 30000× magnified SEM images of the final surface of sample (b)
s10 (𝑃𝑝𝑙 = 1 Torr → 𝑇 = 884 ◦ C), (c) s12 (𝑃𝑝𝑙 = 4 Torr → 𝑇 = 841 ◦ C), (d) s13 (𝑃𝑝𝑙 = 8 Torr → 𝑇 = 809 ◦ C), (e) s14 (𝑃𝑝𝑙 = 16 Torr → 𝑇 = 789 ◦ C) and (f) s15 (𝑃𝑝𝑙 = 25 𝑇 𝑜𝑟𝑟 → 𝑇 = 769 ◦ C).

thickness passing from 789 ◦ C to 769 ◦ C is mostly ascribable to the
155% longer induction (Fig. 4(d)). Thickness estimates obtained by in
situ interferometry as detailed in the caption of Fig. 4 and by SEM crosssections on selected specimens (Supplementary Figures 1(b–c)) were
added to the graph and exhibit a good agreement with the thickness
values assessed by ex situ reflectometry.
A structural, morphological and chemical characterization of the
diamond films is presented in Section Supplementary 3 of the Supplementary Material.

where 𝑡𝑖𝑛𝑑,0 is the asymptotic induction time for 𝑇 → ∞. The data
points of Fig. 4(d) can be fitted to (3), thereby implying that the timelimiting factor in the induction process is a temperature-dependent
surface reaction with 𝐸𝐴,𝑖𝑛𝑑 = 3.7 ± 0.4 eV/atom (86 ± 9 kcal/mol).
To the best of our knowledge, this is the first time that a value of
the activation energy of the growth induction of a diamond thin film
on a foreign substrate in the presence of an oxygen additive has been
provided.
Secondly, Fig. 4(a) shows that, beyond the first local minimum, the
period of the fringes decreased with the substrate temperature. Since a
full oscillation corresponds to the deposition of approximately 113 nm
of diamond material, this means that the deposition rate increased with
the temperature. The dependence is depicted in the Arrhenius plot of
Fig. 4(e) and was found to be represented by the Arrhenius relation
𝑟 = 𝑟0 exp (−𝐸𝐴,𝑔 ∕𝐾𝐵 𝑇 ),

3.4. Two-stage growth: enabling large oxygen concentrations
When larger oxygen concentrations were employed at 𝑃𝑐ℎ = 30 Torr,
e.g., [O2 ] was raised from 0.5 to 1 vol% (sample s17 of Table 2),
the interferometer curve did not exhibit thickness oscillations (black
curve in Fig. 5(a)), indicating an absence of film growth. In line with
the in situ data, the ex situ SEM image of the surface reveals that
the seeds completely etched off in spite of the low chamber pressure
𝑃𝑐ℎ = 30 Torr (Fig. 5(b)). This suggests that, for a given set of plasma
power, chamber pressure, total gas flow and methane concentration,
there is an upper concentration of the oxygen admixture [O2 ] in the
gas feed, above which the seeds cannot survive the plasma. However,
the threshold parameters for the survival of the seeds did not coincide
with the threshold conditions for thin film growth. When the seeds on
a clean silicon substrate were first allowed to coalesce in the absence
of an oxygen admixture ([CH4 ] = 1 vol%, [O2 ] = 0 vol%, 𝑃𝑐ℎ =
30 Torr) and then the growth conditions were switched to the ones
of sample s17 ([CH4 ] = 1 vol%, [O2 ] = 1 vol%, 𝑃𝑐ℎ = 30 Torr), the
film continued growing as demonstrated by the thickness oscillations
in the red interferometer curve of Fig. 5(a) (sample s18 in Table 2).
The SEM image of the final surface in Fig. 5(c) shows the presence
of a continuous diamond film. Noteworthily, after the deposition of a
diamond precursor layer in an oxygen-less plasma, growth took place
even in the presence of a 1.5 vol% [O2 ] admixture, as proven by
the thickness fringes in the green interferometer curve of sample s19
in Fig. 5(a). The post-deposition SEM micrograph of sample s19 is
presented in Fig. 5(d) and confirms the growth of a compact diamond
film. Hence, based on the results illustrated in Fig. 5 and the previous
finding, that the diamond net growth rate of specimen s2 turned out
to be 40 nm/h albeit an induction of 23.5 h, it is concluded that in
an oxygenated plasma nanoseeds behave differently to the crystallites
of a compact diamond film. A similar observation was made about the

(4)

where 𝑟, 𝑟0 , and 𝐸𝐴,𝑔 are the deposition rate, the asymptotic deposition rate, namely, the deposition rate for 𝑇 → ∞, and the apparent
activation energy of the growth process, respectively. The least squares
regression of the natural logarithm of the deposition rate data points as
a function of the reciprocal absolute temperature yielded an apparent
activation energy 𝐸𝐴,𝑔 of 0.3 ± 0.05 eV/atom (7 ± 1 kcal/mol), which
is approximately an order of magnitude smaller than the activation
energy 𝐸𝐴,𝑖𝑛𝑑 of the induction process (Fig. 4(e)). The derived value
of 𝐸𝐴,𝑔 is within the range of values reported in the literature, namely
≈0.07–1.30 eV/atom (1.7–30 kcal/mol), which strongly depend on the
employed deposition method, gas mixture and reactor geometry [49,
97–99]. However, there are also accounts of the growth rate increasing
monotonically with the substrate temperature without obeying an Arrhenius law [100]. As a last comment on Figs. 4(d–e), it is conjectured
that controlling the temperature of the specimen independently from
the plasma variables by means of a dedicated heater could help reduce
data scattering, as pointed out by Kondoh et al. [101]. Since the
induction became longer and the deposition rate slowed down as the
substrate temperature was diminished by raising 𝑃𝑝𝑙 , within the fixed
6 h of deposition the total thickness of the diamond film decreased.
This is evident from Fig. 4(a), which visibly shows that the number
of thickness fringes is proportional to the substrate temperature, and
was quantitatively verified by measuring the total film thickness independently from the interferometer spectra using ex situ the Optical
NanoGauge. Fig. 4(f) illustrates the dependence. Notably, at the low
end of the growth temperature interval, the 20% reduction in film
6
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Fig. 4. MWCVD process at 𝑃𝑐ℎ = 30 Torr from a gas feed of 1 vol% CH4 and 0.5 vol% O2 in H2 (Table 2). (a) In situ interferometer spectra of three selected specimens, namely,
(black curve) s10 (𝑃𝑝𝑙 = 1 Torr → 𝑇 = 884 ◦ C), (red curve) s13 (𝑃𝑝𝑙 = 8 Torr → 𝑇 = 809 ◦ C), (green curve) s15 (𝑃𝑝𝑙 = 25 Torr → 𝑇 = 769 ◦ C). The delay of the onset of thickness
oscillations was found to be proportional to the growth temperature. In particular, the vertical dashed line shows that, 30 min into the deposition, the interferometer signal was
already approaching the first local minimum in sample s10, whereas it was still in the induction plateau in sample s15. 2 μm × 2 μm AFM image of the surface of (b) sample s11
and (c) sample s16, which were grown for 30 min at 𝑇 = 884 ◦ C and 𝑇 = 769 ◦ C, respectively. In line with the interferometer data in (a), (b) and (c) display a compact diamond
film and non-coalesced nanodiamonds, respectively. The color bar on the right side of the AFM images represents the height scale. The rms roughness 𝑅𝑞 was (b) 19 nm and (c)
4 nm. For samples s10, s12–15, (d) plot of the induction time 𝑡𝑖𝑛𝑑 as a function of the growth temperature 𝑇 , (e) Arrhenius plot of the deposition rate 𝑟 assessed as illustrated in
Fig. 1(b) for sample s1, and (f) plot of the total film thickness as a function of the growth temperature 𝑇 . In (d) the trend of 𝑡𝑖𝑛𝑑 with 𝑇 was fitted with a function of the form
𝑡𝑖𝑛𝑑 = 𝑡𝑖𝑛𝑑,0 exp[𝐸𝐴,𝑖𝑛𝑑 ∕(𝐾𝐵 𝑇 )], where 𝑡𝑖𝑛𝑑,0 , 𝐸𝐴,𝑖𝑛𝑑 , 𝐾𝐵 , and 𝑇 are the induction time for 𝑇 → ∞, the apparent activation energy of the induction process, the Boltzmann constant
and the absolute temperature in Kelvin, respectively. 𝐸𝐴,𝑖𝑛𝑑 turned out to be 3.7 ± 0.4 eV/atom (86 ± 9 kcal/mol). In (e) the natural logarithm of the deposition rate 𝑟 was plotted
versus the reciprocal of the absolute temperature. An Arrhenius relation of the type 𝑟 = 𝑟0 exp[−𝐸𝐴,𝑔 ∕(𝐾𝐵 𝑇 )] was fitted to the data. 𝑟0 and 𝐸𝐴,𝑔 are the asymptotic deposition rate,
namely, the deposition rate for 𝑇 → ∞, and the apparent activation energy of the growth process, respectively. 𝐸𝐴,𝑔 was found to be 0.3 ± 0.05 eV/atom (7 ± 1 kcal/mol). In
(f) the total film thickness was measured ex situ by means of the Optical NanoGauge (black full circles). The thickness was also estimated as 𝑟 ⋅ (𝑡𝑑𝑒𝑝 − 𝑡𝑖𝑛𝑑 ), with 𝑟 and 𝑡𝑖𝑛𝑑 derived
from the in situ laser interferometry data (red empty circles), and by taking SEM cross-sections from the center of selected specimens (blue full triangles; Supplementary Figures
1(b–c) of the Supplementary Material).

HFCVD growth of diamond on platinum foils scratched with diamond
paste. Belton et al. indeed noticed that the addition of oxygen to the
CH4 and H2 feed in amounts [O]∕[C] ≥ 0.75 suppressed nucleation,
whereas growth could be obtained for [O]∕[C] = 1 once diamond islands had coalesced. They hypothesized that the nucleation sites, which
formed on a precursory graphitic layer stabilized by the scratches,
became metastable for high oxygen admixtures [102]. Remarkably,
such a commonality, that a nucleation site is more prone to etch in
an oxygenated plasma with respect to the crystallites of a developed
film, is shared between two material systems, diamond on platinum
and diamond on silicon, which nucleate in a dissimilar fashion, the
former through the formation of a graphitic deposit and the latter via
carburization of the surface.

smaller crystallites survived plasma etching, and were subsequently
enlarged by embedding carbon from the methane precursor until the
induction stage completed with a characteristic time of 23.5 h, which
is circa 65 times longer than for a growth carried out under the same
conditions but without an oxygen admixture. Such a long induction
time is obviously impractical for any application. Lowering the growth
temperature within the accessible interval from 935 ◦ C to 827 ◦ C did
not represent a pathway to a more rapid inception of growth, but
caused the full dissolution of the seeds. Decreasing 𝑃𝑐ℎ from 40 to
30 Torr instead led to a reasonably quick growth induction in spite
of the 0.5 vol% oxygen admixture, probably due to a milder attack of
the seeds and an increased concentration of nucleation-inducing species
at the lower pressure. At 𝑃𝑐ℎ = 30 Torr, as the sample temperature
was increased across the allowed range from 769 ◦ C to 884 ◦ C, the
induction time decayed exponentially from 126 min to 12 min and the
film growth rate increased from approximately 100 nm/h to 140 nm/h.
The induction time and the film growth rate were observed to depend
on the temperature consistent with an Arrhenius law, suggesting that
the rate-limiting factors in the induction and the growth process were
temperature-dependent surface reactions with apparent activation energies of 3.7 ± 0.4 eV/atom (86 ± 9 kcal/mol) and 0.3 ± 0.05 eV/atom
(7 ± 1 kcal/mol), respectively. To the best of our knowledge, this is
the first focused investigation of the stability of detonation nanodiamond seeds and the initial stages of the MWCVD of diamond films on
silicon substrates in a plasma of methane and hydrogen containing an
oxygen admixture. Noteworthily, when at 𝑃𝑐ℎ = 30 Torr the oxygen

4. Conclusions
Detonation nanodiamonds were spin-coated with a density of 5 ⋅
1010 cm−2 on the surface of Si(100) substrates to promote the growth of
thin diamond films by MWCVD. Methane, oxygen and hydrogen were
employed as the gas mixture in relative concentrations of 1:0.5:98.5.
The stability of the seeds was studied as a function of the chamber
pressure and the sample temperature. For a chamber pressure 𝑃𝑐ℎ
of 40 Torr, the sample temperature was varied between 827 ◦ C and
935 ◦ C. At the highest growth temperature of 935 ◦ C, 90% of the seeds
were etched by the plasma, likely due to the high structural and chemical defectivity of detonation nanodiamonds. A minority of flawless
7
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Fig. 5. Samples deposited from a feed of 1 vol% [CH4 ] and variable [O2 ] in H2 at 𝑃𝑐ℎ = 30 Torr (Table 2). (a) Interferometer curves of (black) s17 ([O2 ] = 1 vol% for 6 h), (red)
s18 ([O2 ] = 0 vol% until the first minimum of the interferometer curve, corresponding to approximately 55 nm of thickness (precursor layer), and afterwards [O2 ] = 1 vol% for 6 h)
and (green) s19 ([O2 ] = 0 vol% until the first minimum of the interferometer curve (precursor layer) and afterwards [O2 ] = 1.5 vol% for 6 h). The interferometer data anticipated
in situ that no growth (no thickness fringes) took place in sample s17, whereas film growth occurred with a deposition rate of 56 nm/h and 21 nm/h in sample s18 and sample
s19, respectively. The total film thickness, measured ex situ with the Optical Nano Gauge, was 410 nm and 190 nm for sample s18 and sample s19, respectively. 30000× magnified
SEM images of the final surface of (b) s17, (c) s18 and (d) s19, revealing (b) etching of the seeds and pitting of the substrate and (c–d) growth of a compact diamond film. SEM
imaging of samples s18-19 was affected by electrical charging owing to the insulating nature of diamond.

concentration in the gas feed was raised from 0.5 to 1 vol%, the seeds
were fully etched by the plasma and diamond growth could not be
initiated. However, film growth could be successfully carried out under
those conditions and even for an oxygen admixture [O2 ] = 1.5 vol% on
a diamond precursor layer of approximately 55 nm thickness, which
was grown in an oxygen-free plasma on a seeded Si(001) substrate.
These findings reveal that, within the space of parameters explored,
the stability of the seeds primarily depends on the interplay between
the chamber pressure and the concentration of the oxygen admixture,
and that plasma settings that are unsuitable to initiate seed growth on
a chemically dissimilar surface such as silicon can be employed to grow
diamond on a pre-existing diamond film.
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[60] T. Satō, Spectral emissivity of silicon, Japan. J. Appl. Phys. 6 (1967) 339–347,
http://dx.doi.org/10.1143/jjap.6.339.
[61] N.M. Ravindra, B. Sopori, O.H. Gokce, S.X. Cheng, A. Shenoy, L. Jin,
S. Abedrabbo, W. Chen, Y. Zhang, Emissivity measurements and modeling
of silicon-related materials: An overview, Int. J. Thermophys. 22 (2001)
1593–1611, http://dx.doi.org/10.1023/A:1012869710173.
[62] A.J. SpringThorpe, T.P. Humphreys, A. Majeed, W.T. Moore, In situ growth
rate measurements during molecular beam epitaxy using an optical pyrometer,
Appl. Phys. Lett. 55 (1989) 2138–2140, http://dx.doi.org/10.1063/1.102082.
[63] B.R. Stoner, B.E. Williams, S.D. Wolter, K. Nishimura, J.T. Glass, In situ growth
rate measurement and nucleation enhancement for microwave plasma CVD of
diamond, J. Mater. Res. 7 (1992) 257–260, http://dx.doi.org/10.1557/JMR.
1992.0257.
[64] H. Liu, D.S. Dandy, Studies on nucleation process in diamond CVD: an overview
of recent developments, Diam. Relat. Mater. 4 (1995) 1173–1188, http://dx.doi.
org/10.1016/0925-9635(96)00297-2.
[65] R. Meilunas, M.S. Wong, K.C. Sheng, R.P.H. Chang, R.P. Van Duyne, Early stages
of plasma synthesis of diamond films, Appl. Phys. Lett. 54 (1989) 2204–2206,
http://dx.doi.org/10.1063/1.101124.
[66] B.E. Williams, J.T. Glass, Characterization of diamond thin films: Diamond
phase identification, surface morphology, and defect structures, J. Mater. Res.
4 (1989) 373–384, http://dx.doi.org/10.1557/JMR.1989.0373.
[67] D.N. Belton, S.J. Harris, S.J. Schmieg, A.M. Weiner, T.A. Perry, In situ
characterization of diamond nucleation and growth, Appl. Phys. Lett. 54 (1989)
416–417, http://dx.doi.org/10.1063/1.100938.
[68] F.G. Celii, J.E. Butler, Diamond chemical vapor deposition, Annu. Rev. Phys.
Chem. 42 (1991) 643–684, http://dx.doi.org/10.1146/annurev.pc.42.100191.
003235.
[69] S.I. Shah, M.M. Waite, Effect of oxygen on the nucleation and growth of
diamond thin films, Appl. Phys. Lett. 61 (1992) 3113–3115, http://dx.doi.org/
10.1063/1.107977.
[70] M.M. Waite, S.I. Shah, X-ray photoelectron spectroscopy of initial stages of
nucleation and growth of diamond thin films during plasma assisted chemical
vapor deposition, Appl. Phys. Lett. 60 (1992) 2344–2346, http://dx.doi.org/10.
1063/1.107474.
[71] B.R. Stoner, G.-H.M. Ma, S.D. Wolter, J.T. Glass, Characterization of biasenhanced nucleation of diamond on silicon by invacuo surface analysis and
transmission electron microscopy, Phys. Rev. B 45 (1992) 11067–11084, http:
//dx.doi.org/10.1103/PhysRevB.45.11067.
[72] F. Arezzo, N. Zacchetti, W. Zhu, X-ray photoelectron spectroscopy study of
substrate surface pretreatments for diamond nucleation, J. Appl. Phys. 75
(1994) 5375–5381, http://dx.doi.org/10.1063/1.355692.
[73] X. Jiang, K. Schiffmann, C.-P. Klages, Nucleation and initial growth phase
of diamond thin films on (100) silicon, Phys. Rev. B 50 (1994) 8402–8410,
http://dx.doi.org/10.1103/PhysRevB.50.8402.
10

Applied Surface Science 581 (2022) 152103

A. Giussani et al.
[97] W. Zhu, R. Messier, A.R. Badzian, Effects of process parameters on CVD
diamond films, in: First International Symposium on Diamond and DiamondLike Films, in: ECS Proceedings Volumes, Vol. 89–12, The Electrochemical
Society, Pennington, NJ, 1989, pp. 61–79.
[98] T.G. McCauley, D.M. Gruen, A.R. Krauss, Temperature dependence of the
growth rate for nanocrystalline diamond films deposited from an Ar/CH4
microwave plasma, Appl. Phys. Lett. 73 (1998) 1646–1648, http://dx.doi.org/
10.1063/1.122233.
[99] S. Potocky, A. Kromka, J. Potmesil, Z. Remes, Z. Polackova, M. Vanecek, Growth
of nanocrystalline diamond films deposited by microwave plasma CVD system
at low substrate temperatures, Phys. Status Solidi a 203 (2006) 3011–3015,
http://dx.doi.org/10.1002/pssa.200671110.

[100] S.Z. Rotter, J.C. Madaleno, Diamond CVD by a combined plasma pretreatment
and seeding procedure, Chem. Vap. Depos. 15 (2009) 209–216, http://dx.doi.
org/10.1002/cvde.200806745.
[101] E. Kondoh, T. Ohta, T. Mitomo, K. Ohtsuka, Determination of activation
energies for diamond growth by an advanced hot filament chemical vapor
deposition method, Appl. Phys. Lett. 59 (1991) 488–490, http://dx.doi.org/10.
1063/1.105417.
[102] D.N. Belton, S.J. Schmieg, Nucleation of chemically vapor deposited diamond
on platinum and nickel substrates, Thin Solid Films 212 (1992) 68–80, http:
//dx.doi.org/10.1016/0040-6090(92)90502-3.

11

