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David Vázquez-Cortés, Stoffel D. Janssens, Burhannudin Sutisna
and Eliot Fried *

The chemical vapor deposition of polycrystalline diamond (PCD) films is typically done on substrates seeded

with diamond nanoparticles. Specular laser reflectance has been used in tandem with a continuous film

model to monitor the thickness of these films during their deposition. However, approaches to gain

information on properties that strongly affect film morphology, such as the areal density of seeds,

remain largely unexplored. This work outlines a strategy for using laser reflectance measurements to

refine the monitoring of film thickness during deposition, estimate the mean equivalent radii and the

areal density of seeds, and estimate growth incubation periods. We present a general model based on

the Rayleigh theory of scattering for laser reflectance at substrates with growing nanoparticles that

captures the early stages of PCD deposition. We test our model experimentally by depositing diamond

under identical conditions on silicon substrates with various seed densities and by comparing seed

densities obtained by scanning electron microscopy to those determined by our strategy. We also

explore the different deposition stages for which our model and a continuous film model can be used

safely. In addition to providing guidelines for characterizing PCD deposition, this work may also advance

the general understanding of nanoparticle growth and formation.
1 Introduction
1.1 Motivation and goals

According to Russell,1 the term “incubation time”, which is
used interchangeably with “incubation period”,2 “induction
time”,3 and “induction period”,4 describes thermally activated
processes that do not commence immediately aer establishing
a reaction temperature. A prime example of a thermally acti-
vated process is the chemical vapor deposition (CVD) of poly-
crystalline diamond (PCD).5 Due to high activation energies
associated with the nucleation of diamond grains on foreign
substrates, relative to those of diamond deposition, incubation
periods preceding deposition are observed.6–8 Such incubation
periods can be reduced signicantly, or even eliminated
entirely, by seeding diamond nanoparticles, typically detona-
tion nanodiamonds, on substrates before deposition.9 Still, the
seeding step does not prevent incubation under certain depo-
sition conditions.8,10,11 Incubation can be related to the etching
of seeds,2 which affects the seed density. Consequently, the
morphological features of lms and the physical properties
itute of Science and Technology Graduate
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24
such as thermal conductivity, transparency, and adhesiveness
are also affected.12–14 Incubation is mainly inferred from laser
reectance measurements. However, approaches to systemati-
cally obtain incubation periods and to gain information on
properties that strongly affect lm morphology, such as the
areal density of seeds, from these measurements remain largely
unexplored.

This work outlines a strategy for using laser reectance
measurements to estimate incubation periods, estimate the
mean equivalent radii and the areal density of seeds, and rene
the monitoring of lm thickness during deposition. The
specic goals of this work are to:

� Develop a semiquantitative, non-interference, and non-
continuous lm model for specular laser reectance based on
nanodiamond particle scattering that captures the early stages
of PCD CVD on seeded substrates.

� Test our model experimentally by depositing diamond on
substrates with different seed densities and by analyzing the
samples with several microscopy techniques.

� Explore the different deposition stages for which ourmodel
and a continuous lm model can be used safely.

� Develop a method to estimate incubation periods, which
we identify with a delay in deposition and/or a reduced depo-
sition rate during the early stages of deposition, with specular
laser reectance.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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For brevity, “specular laser reectance” is shortened to “laser
reectance”. The term “diamond particle” refers to a single
grain or to a cluster of grains isolated from other diamond
particles and the term “seed” refers to a diamond particle
deposited on the surface of a substrate before deposition.
Fig. 1 Schematic of a reflectance setup. (a) Schematic of a setup for
measuring the specular laser reflectance of a sample in a chemical
vapor deposition (CVD) system during deposition. A laser beam of
intensity Iin enters the CVD system at an angle q. After interaction with
the windows and the sample, the beam exits the system with intensity
Iout. The arrows indicate the propagation direction of the laser beam.
The windows cause attenuations a1 and a3, and attenuation a2 is
caused by the sample. The detailed view of the dashed rectange in (a)
shows a schematic of diamond particles at the outset of deposition,
with seed density n2D. (b) A typical graph obtained by plotting the
photodetector's signal in (a) as a function of time. Regular oscillations,
which are used for deposition rate estimation, are observed for thin-
film interference.
1.2 Background

The small lattice parameter and the high surface energies of
diamond limit diamond heteroepitaxy to diamond-on-
iridium.15–20 An alternative method to deposit diamond on
foreign substrates relies on seeding the substrate surface with
diamond particles.21–28 Most work on seeding aims to increase
the areal (seed) density with the objective of minimizing the
thickness at which lms become pinhole-free.29–31 However,
high seed densities are not always desirable. For example,
Mandal et al.32 found that a low seed density reduces stress in
a PCD lm grown on an aluminum nitride substrate, affording
the deposition of a thicker lm without delamination. Tsig-
kourakos et al.33 found that lowering the seed density increases
the electrical conductance of boron-doped lms by one order of
magnitude, and Janssens et al.34 showed, through simulations,
that the seed density strongly affects the grain size distribution.
These results show that the seed density is a useful parameter
for tuning the properties of PCD lms and is therefore explored
systematically in this work.

In situ laser reectance interferometry is widely used for
monitoring the thickness of a nanocrystalline diamond lm
during deposition. This is done by shining a laser beam on
a sample, collecting the specularly reected light with a photo-
detector, and analyzing the output signal that the photodetector
produces.35–37 Fig. 1 shows a schematic of a reectance setup
installed on a CVD reactor. The lm thickness and deposition
rate are typically calculated from the extrema of the oscillating
reectance and the time intervals separating these extrema,
respectively.4,38,39 The oscillations are caused by thin lm
interference.

In the early stage of diamond deposition on seeded silicon
substrates, laser reectance decays more slowly than expected
for a continuous lm.18,39 Some authors have related the initial
slow decay of the reectance to a reduced deposition rate or to
the varying roughness of the sample surface.2,38 For the depo-
sition of diamond on seeded substrates, the existence of incu-
bation is mainly derived from the slow decay in reectance
during the early stages of deposition. However, it is not clear
whether the estimation of an incubation period is strongly
affected by the assumption of a continuous lm. Here, we
investigate this systematically by comparing laser reectance
with atomic force microscopy (AFM) and scanning electron
microscopy (SEM).

Bonnot et al.40 showed that during the early stages of PCD
deposition, scattering from isolated diamond seeds increases
with time. This increase was measured by installing a detector
away from the specularly reected laser. The analysis of the
measured scattering was done using a model based on Rayleigh
scattering, assuming that scattering caused by seeds is
proportional to the square of their volume. This made it
© 2023 The Author(s). Published by the Royal Society of Chemistry
possible to calculate the diamond deposition rate using scat-
tering instead of reectance. As demonstrated by Smolin et al.,41

Mie scattering, which generalizes Rayleigh scattering to large
particles, can also explain the reectance behavior during the
initial stage of deposition. Smolin et al.measured reectance by
introducing a laser beam through a quartz window directed
normal to the substrate surface and bymeasuring the specularly
reected beam intensity with a photodiode. However, the
experiments reported in their work were limited by the control
over seeding available at the time. Also, the implications of
varying the diamond seed density on reectance were not
systematically investigated. These works demonstrate that light
scattering, rather than interference, can accurately describe
light-sample interactions during the early stages of PCD depo-
sition. However, to the best of our knowledge, a relation that
describes the reectance during the early stages of PCD depo-
sition has not yet appeared in the literature. Moreover, we are
not aware of any previous attempt to include light scattering
phenomena in the analysis of reectance curves measured
during incubation. We, therefore, develop an elementary model
based on the Rayleigh theory of scattering to explain the
behavior of laser reectance during the early stages of PCD
deposition and test the model experimentally.

Due to the non-interference nature of the light–sample
interaction in the early stages of PCD deposition, we avoid using
the term “laser reectance interferometry” and opt for the more
general term “laser reectance”.
Nanoscale Adv., 2023, 5, 412–424 | 413
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Fig. 2 Model for calculating scattering caused by growing diamond
particles. (a) Schematic of an imaginary experimental setup to calcu-
late the scattering caused by a collection of uniform size diamond
particles constrained to a plane. The beam exits the laser with intensity
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2 Model
2.1 Laser beam–sample interaction

A standard reectance setup mounted on a CVD system is
shown in Fig. 1. From linear optics, the attenuation a of a beam
with intensity Iin entering the CVD system during diamond
deposition is given by

a ¼ Iout

Iin
; (1)

where Iout is the intensity of the beam leaving the CVD system.
Using the same argument for the beam intensity arriving and
leaving the windows and sample, the total beam attenuation
can be expressed as

a = a1a2a3, (2)

where a1 and a3 are the beam attenuation caused by the windows
and a2 is the attenuation caused by the sample. The absolute
specular reectance is the ratio of the beam intensity leaving the
sample to that arriving at the sample. Following this denition,
a2 can be identied with the absolute specular reectance of the
sample consisting of diamond particles on a silicon surface. We
therefore write a2 as the product of the attenuation a21 caused by
scattering due to diamond particles and the absolute specular
reectance a22 of the silicon substrate:

a2 = a21a22. (3)

We then dene the relative reectance R through

R ¼ a2

a22

¼ a21: (4)

The voltage measured by the photodetector, as depicted in
Fig. 1a, is proportional to the responsivity r of the detector.
Dividing the voltage V measured in the presence of diamond
particles by the voltage V0 measured for a bare silicon substrate,
we obtain the relative voltage

V

V0

¼ ra1a21a22a3Iin

ra1a22a3Iin
¼ a21: (5)

From (4) and (5), we nd that the relative voltage V/V0 equals R,
which is entirely determined by the attenuation due to scat-
tering by diamond particles. We also note that these results are
applicable only when the specularly reected beam intensity is
much larger than the scattered intensity in the direction of the
detector. This condition is fullled for a polished substrate with
a high refractive index on which relatively small nanoparticles
are present.
I0, and the intensity after interaction with the particles is reduced to I.
The particles are assumed to be spherical and of the same radius a. (b)
To obtain a experimentally, we measure the projected area A of
a diamond particle, calculate the radius r of the circle with area A′ for
which A = A′, and take the mean value of r for all the particles. (c)
Uniform deposition on an equivalent seed with radius a0 at the outset
of the deposition is depicted. The radius of the particle is the sum of a0
and the deposited thickness d. The deposited thickness is expressed as
d = vdt, with vd and t denoting deposition rate and deposition time,
respectively.
2.2 Scattering caused by a collection of particles constrained
in a plane

To obtain a relation for a21, we rst recognize that the intensity
change, per unit length, dI/dz of a beam with initial intensity I0
traveling in a non-absorbing host uid containing particles with
number density per unit volume n can be expressed as
414 | Nanoscale Adv., 2023, 5, 412–424
dI

dz
¼ �I0ns; (6)

where s denotes the scattering cross-section of the particles in
the uid. The Rayleigh approximation can be written as l0 [

2a, where l0 is the wavelength of the incoming beam in the host
uid and a the radius of the suspended particles. In the Ray-
leigh approximation, the scattering cross-section sR is given by

sR ¼ 8p

3

�
2png
l0

�4

a6
�
m2 � 1

m2 þ 2

�2

; (7)

with m = np/ng, where np and ng are the refractive indices of the
particles and the host uid respectively.42 When the particles
are constrained to a plane, as shown in Fig. 2, the change DI
in intensity I for a beam traveling through the particles is
written as

DI = −I0n2DsR, (8)

where n2D is the density of particles. The beam intensity I aer
interaction with the particles is thus given by

I = I0 + DI = I0(1 − n2DsR). (9)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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A beam with oblique incidence at angle q interacts with an
effective density of particles given by n2D/cos q. Replacing n2D in
(9) with n2D/cos q and dividing by I0, we observe that the atten-
uation of this beam aer interaction with a collection of parti-
cles constrained on a plane can be expressed as

I

I0
¼ 1� b

n2D

cos q
a6; (10)

where b is dened by

b ¼ 8p

3

�
2png
l0

�4�
m2 � 1

m2 þ 2

�2

:

Relation (10) is valid for a collection of isolated, relatively
small, and uniformly sized spherical particles. However, in
processes of interest here, seeds are randomly positioned on the
silicon substrate aer seeding, and their size is not uniform.
Also, diamond particles grow homoepitaxially from the seeds
and coalesce during deposition, which affects n2D. Without
performing a complete statistical analysis of the growth and
coalescence of diamond particles, we model the relative reec-
tance R in the initial stages of diamond deposition using a21= I/
I0 and assuming that:

� The diamond particles are sufficiently small to ensure that
the Rayleigh approximation applies.

� Particle clustering, which reduces particle density, can be
ignored.

� Diamond particles can be represented by uniformly sized
spheres of radius a. The method for obtaining a experimentally
is described in Fig. 2b and its caption.

� The particle size increases uniformly. Consequently, the
radius a increases as

a = a0 + d, (11)

with a0 and d denoting the mean equivalent radius of seeds and
the deposited thickness, respectively, as illustrated in Fig. 2c.
The thickness d is expressed as

d = vdt, (12)

with vd and t denoting the deposition rate and deposition time,
respectively.

With these provisions, the length a in (10) represents the
mean equivalent radius of a collection of diamond particles.
Using (10) in (4), we obtain

R ¼ 1� b
n2D

cos q
a6: (13)

With the fourth assumption listed above, the particle radius at
time t is given by

a = a0 + vdt. (14)

Substituting (14) in (13), we obtain the representation for R,
namely

R ¼ 1� b
n2D

cos q
ða0 þ vdtÞ6; (15)
© 2023 The Author(s). Published by the Royal Society of Chemistry
which facilitates comparisons with data from reectance
measurements.

3 Experiment

Diamond deposition was performed on 2 × 2 cm silicon
substrates cleaved from 100 mm diameter phosphorus-doped
silicon wafers with a resistivity of 1–10 U cm obtained from
Electronics and Materials Corporation, Limited. Aer cleaving,
the substrates were cleaned by a sequential ultrasonic bath in
deionized (DI) water, acetone, isopropanol, and DI water for
5 min each. The substrates were then immersed for 10 min in
Semicoclean solution obtained from Furuuchi Chemical
Corporation, rinsed in DI water, and dried with high purity
nitrogen. Aer the cleaning process, the substrates were
exposed to an air plasma in a PR200 Plasma reactor obtained
from Yamato Scientic Corporation, Limited to improve the
wettability of their surfaces. The plasma power and exposure
time were set to 170 W and 60 s, respectively, and the airow
rate was kept at 100 sccm. Immediately aer the plasma treat-
ment, the substrates were transferred to a spin coater, where
they were seeded with suspensions of various nanodiamond
concentrations. Cleaning and seeding were done without pause
to avoid airborne surface contamination affecting the seeding.43

The seeding procedure was done by drop casting 150 mL of
nanodiamond suspension on an immobile substrate. One
minute aer drop casting the suspension, the sample was spun
at a rotation speed of 6000 rpm for 30 s while ushing the
wetted surface with DI water for the rst 5 s of spinning.

Nanodiamond suspensions were made by dispersion of
NanoAmando Hard Hydrogel detonated nanodiamond powder
obtained from NanoCarbon Research Institute Corporation,
Limited in 0.2 L of DI water at a proportion of 0.5 g L−1, and
ultrasonication of the mixture with an Epishear probe sonicator
with tip diameter 3.2 mm and length 4.5 cm. This was achieved
using an ultrasonic transducer with a power of 100 W and
a frequency of 20 kHz. To avoid overheating the system, an on/
off cycle of 1 s/1 s was xed for 90 min. The obtained suspension
was centrifuged at 15 000 rpm for 30 min to remove large
agglomerates of more than 140 nm. The supernatant was
recovered and diluted with DI water to obtain concentrations of
10–60% with respect to the as-centrifuged supernatant
concentration of 100%.

Diamond was deposited on the seeded substrates using an
SDS6500X microwave plasma-assisted CVD system from Cornes
Technologies. For all samples, PCD was deposited with
a plasma power of 1500 W, a hydrogen ow rate of 288 sccm,
a methane ow rate of 12 sccm, and a chamber pressure of 15
torr. This was done using programmed recipes to ensure
repeatability. The microwaves and the plasma in the CVD
chamber heated the substrate. The temperature of each sample
was found to stabilize at 530 ± 8 °C, as measured by an FLHX-
PNE0300 infrared thermometer with a spectral range of 0.6–1.8
mm from Japan Sensor Corporation with emissivity set to 0.6.
The deposition was monitored in situ by a homemade laser
reectance setup consisting of a 1 mW power semiconductor
laser emitting at 532 nm that was directed to the sample
Nanoscale Adv., 2023, 5, 412–424 | 415
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through a viewport in the CVD chamber at angle q equal to
approximately 20°. A schematic of this setup is provided in
Fig. 1a. A silicon photodetector collected the reected light from
the substrate surface. A laser line lter centered at 532 nm with
an FWHM of 1 nm was positioned between the viewport and the
silicon photodetector to avoid plasma emission from reaching
the photodetector.

The measured deposition rate was 0.6 ± 0.05 nm min−1

obtained by growing a reference sample for 5 h. The thickness
of the calibration layer was 180 nm, as measured with an optical
nanogauge C13027-11 obtained from Hamamatsu Photonics
and corroborated by cross-section scanning electron micros-
copy (SEM) observation. Seeded substrates were characterized
using a JEOL JSM-7900F scanning electronmicroscope obtained
from JEOL. Analysis of the SEM images was automated by
a Python (https://www.python.org) script that makes use of the
Image-J (https://imagej.net/Fiji) bandpass lter to denoise the
original images and the OpenCV “ndContours()” function for
the particle analysis. The number density n2D is the number of
isolated particles recognized by the Python script and aver-
aged over ve images at 50 000× magnication from different
portions on the substrates. Aer the deposition, the samples
were characterized by atomic force microscopy (AFM) on an
Agilent 5500 scanning probe microscope obtained from Key-
sight Technologies using silicon probes with 7 nm nominal
radius, 14 mm nominal cantilever length, a nominal cantilever
resonance frequency of 300 kHz and a 26 N m−1 spring
constant. AFM image analysis and prole extraction were done
using Gwyddion (https://gwyddion.net). Statistical analysis of
particle size was done by particle marking using the
“watershed” method.44
Fig. 3 Simulated reflectance during diamond deposition. (a) Relative
reflectance R calculated using (15) for diamond deposition on seeded
substrates as a function of deposition time t for various deposition
rates. (b) R calculated using (16) as a function of deposited thickness
d for various values of n2D. Radius a0 was set to 20 nm for all calcu-
lations. The black curve in (b) corresponds to the normalized reflec-
tance for a continuous diamond film calculated by the transfer-matrix
method.45
4 Results and discussion
4.1 Predictions of the model

To understand the implications of our model, we plot the
relative reectance R versus t using the Rayleigh scattering
relation (15) for various choices of vd with a0 = 20 nm and n2D =

1 × 1010 cm−2. Fig. 3a shows that R decays more slowly as vg
decreases. To avoid confusing this effect with the presence of
incubation, we use (12) and (15) to express R in terms of d:

R ¼ 1� b
n2D

cos q
ða0 þ dÞ6: (16)

Using (16), the reectance data in Fig. 3a collapses onto the
dashed curve in Fig. 3b, where R is plotted as a function of d. In
Fig. 3b R is also plotted for other values of n2D. The black curve
corresponds to R of a continuous diamond lm calculated by
the transfer-matrix method.45 The colored curves exhibit less
decay than the black curve as d increases. Guided by the hori-
zontal dotted line at a xed value of R, and assuming that our
model correctly predicts R as a function of d, we deduce that an
experimenter would underestimate the value of d using the
continuous lm model during the early stages of deposition.
Consequently, lm thickness and deposition rate are also
underestimated with the continuous lm model, and the
presence of an incubation period might falsely be deduced. Low
416 | Nanoscale Adv., 2023, 5, 412–424
values of n2D cause less scattering than high values, which
explains the slower decay of R as n2D decreases.

In a review on nanocrystalline diamond by Williams,2 R is
plotted as a function of t for diamond deposition on seeded
substrates. The reectance curves exhibit a decay that reduces
as the methane concentration in the gas phase reduces. This
trend is reasoned to be caused by an extension of the incuba-
tion period as the methane concentration is reduced. However,
by assuming that vd is proportional to the methane
© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration, a possible alternative explanation is that
a reduced methane concentration produces a lower deposition
rate that delays the reectance decay. The reality is probably
a combination of both descriptions since a plasma with lower
methane concentration might etch grains, leading to incuba-
tion. To resolve the ambiguity regarding the existence of
incubation, we refer to a method delineated in our previous
work8 for estimating incubation periods. In Section 4.3, we
extend this method.
Fig. 4 Seed density. (a) SEM image of a sample seeded using
a suspension of concentration x = 10%. (b) SEM image of a sample
seeded with an x = 100% suspension. (c) Seed density n2D and surface
coverage as function of x. Density n2D is defined as the number of
isolated diamond particles in the image, divided by the total area. For
the linear regression the value of n2D for x = 100% is not considered.
4.2 Experimental verication of the model

We test our model by comparing the relative reectance R
during diamond deposition on seeded substrates with various
values of n2D. The values of n2D and a0 were obtained by SEM
analysis. The Rayleigh scattering relation (15) was tted to the
reectance curves obtained during diamond deposition using
the parameters n2D, a0, and V0. The values of n2D and a0 were
compared with those obtained from SEM. Aer deposition, the
surface morphology of the samples was analyzed by AFM.
Finally, the height distributions of diamond particles were
correlated to the reectance measurements.

4.2.1 Seeding. The SEM images in Fig. 4a and b show
substrates seeded using suspensions of concentration x= 10%
and x = 100%, respectively, from which we observe that the
surface coverage and n2D increase as x increases. Fig. 4c reveals
that this increase is linear for the surface coverage in the full
range, and linear for n2D up to 60%. We speculate that the
deviation of n2D from the linear behavior observed at 100% is
caused by agglomeration and the limited resolution of the
SEM, which make it challenging to resolve seeds in close
proximity. These results show that our seeding procedure
enables control over n2D. A complete set of images of seeded
substrates is shown in Fig. S1 in the ESI.† The gure also
includes images aer particle analysis with contours drawn
around the detected seeds.

In the work of Tsigkourakos et al.33 the surface coverage
was found to vary non-linearly for suspension concentrations
in the range of 0.002 g L−1 to 2 g L−1. Recognizing that
nanodiamonds in suspension tend to aggregate relatively fast
at low concentrations,46 we hypothesize that nanodiamond
agglomerates were seeded in that work. Scorsone et al.29 ob-
tained good linearity between n2D and nanodiamond concen-
tration in the suspension. Still, the suspension preparation
required the addition of polyvinyl alcohol and ultrasonication
at 40 °C for 2 h. In the work described here, we simply diluted
a stock suspension immediately before seeding to avoid
dilution-induced agglomeration.

4.2.2 Reectance during the early stages of diamond
deposition. The relative reectance R measured during dia-
mond deposition on samples seeded with suspensions of
various x is shown in Fig. 5 as a function of d. The dashed black
lines in Fig. 5 are obtained by tting the alternative represen-
tation (15) for R to the data, and are discussed hereinaer.
Three time intervals can be identied in each plot: (i) the onset
of deposition, (ii) deposition, and (iii) end of the deposition.
The onset of deposition comprises the interval starting at the
© 2023 The Author(s). Published by the Royal Society of Chemistry
ignition of the plasma and nishing when the substrate
temperature reaches 530 °C. This time interval, typically about
5 min, begins and ends in the positions indicated by blue and
green vertical dashed lines, respectively. The end of deposition
starts when the plasma power is deactivated. During this time
interval, the substrate experiences a sudden drop in tempera-
ture, which is driven by the cooled stage of the CVD system. The
deposition interval occurs between the onset of the deposition
interval and the end of the deposition interval. A relatively small
vd of 0.6 nm min−1 was selected to guarantee that deposition
outside the deposition interval can be safely neglected.

As predicted by our model, the decay of R as a function of d is
inversely proportional to n2D. In contrast to ndings reported in
the existing literature, our measurements show that a dimin-
ished decay of R is not per se related to incubation. Evidence for
incubation is mainly based on literature2,4 that describes poly-
crystalline diamond deposition by the bias-enhanced
Nanoscale Adv., 2023, 5, 412–424 | 417
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Fig. 5 Experimental and simulated reflectance curves. Laser reflec-
tance R as a function of the deposition time t and the deposited
thickness d. R is monitored during the deposition of diamond on
silicon substrates seeded with nanodiamond suspension of concen-
trations ranging from 10% to 100% relative to the stock suspension.
The dashed black curves correspond to fitting (15) to the experimental
curves. The green and dark yellow vertical dashed lines indicate the
start and end of the deposition, respectively. The blue dashed line
indicates the time at which the plasma is ignited.

Fig. 6 Estimated diamond particle densities. Diamond particle density
n2D, as a function of the concentration x, obtained by (i) fitting the
Rayleigh scattering relation (15) to the reflectance curves displayed in
Fig. 5, (ii) the SEM image analysis that is delineated in Section 4.2.1
(before deposition), and (iii) AFM particle marking that is delineated in
Section 4.2.3 (after deposition). For the linear regression, the values of
n2D at 100% obtained by SEM and AFM are not considered.
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nucleation method. Stoner4 found that in the initial stage of
diamond deposition, by this method, incubation is observed,
during which no diamond deposition occurs. This has been
corroborated by Jiang et al.3 using AFM measurements which
showed that diamond nuclei were not created until aer
6.5 min of plasma exposure. In the works of Stoner and Jiang
et al., incubation is ascribed to diamond nucleation that starts
aer the silicon substrate is saturated with carbon. For poly-
crystalline diamond deposition on seeded substrates under
harsh conditions, we previously showed that incubation is
present due to seed etching.8 However, under mild conditions
similar to those used in this work, incubation has never been
corroborated (to the best of our knowledge).47,48
Table 1 Nanodiamond seed densities and mean equivalent radius, meas
data in Fig. 5. The fitting range for all samples is also included

Sample% n2D (SEM) × 109 cm−2 a0 (SEM) nm

10 1.9 19
20 3.4 20
30 5.2 22
40 6.8 21
50 10.2 21
60 11.3 22
100 10.1 27

418 | Nanoscale Adv., 2023, 5, 412–424
Quantitative results are obtained by non-linear least-square
tting of (15) with the values vd = 0.6 nm min−1, np = 2.41, ng
= 1, and l0 = 532 nm and tting parameters n2D, a0, and V0. The
tting ranges are manually adjusted and are listed in Table 1.
From the dashed curves in Fig. 5, we observe that the ts for
samples seeded using low-concentration diamond suspensions
are good over the entire deposition interval. However, the ts
and the experimental data diverge for high concentrations
before the deposition ends. This can be attributed to the prox-
imity of neighboring particles for samples with high seed
densities. When the radius of a diamond particle exceeds half of
the distance to its nearest neighbor, they coalesce and form
a larger particle. This phenomenon has two consequences:

(1) The diamond particle density n2D will be reduced due to
coalescence.

(2) Coalesced particles may be larger than the wavelength for
which the Rayleigh scattering approximation holds, leading to
signicant discrepancies between the model and the experi-
mental data.
ured by SEM analysis and estimated by fitting (14) to the experimental

n2D (tting) × 109 cm−2
a0 (tting)
nm

Fitting range
d nm

0.9 10 10–69
1.6 13 10–67
1.8 14 10–65
2.8 14 10–63
3.9 14 10–61
5.5 18 10–41
8.4 23 10–29

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 AFM particle analysis. (a) AFM images of samples seeded with suspensions of concentration x = 10% and x = 100%, before and after
applying the watershed method for marking particles. (b) Height distribution and (c) the maximum and the minimum height of particles found in
the analysis of two AFM images of each sample.
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Once all diamond particles coalesce to form a continuous layer
of polycrystalline diamond, which we called the closed-lm
threshold in our previous work,34 the reectance signal can be
described using the transfer matrix method.45 By visual
inspection, it is also evident that the tting curves coincide with
experimental data up to a reectance value of 0.7 ± 0.1, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
we interpret as the empirical reectance limit above which our
model can be applied with condence.

Values for n2D obtained by tting the curves in Fig. 5 are
shown in Table 1 and values for n2D estimated by SEM analysis
in Section 4.2.1 are also shown for comparison. Fig. 6 shows
that except for the sample grown on the substrate seeded with
the 100% concentration suspension, the values for n2D obtained
Nanoscale Adv., 2023, 5, 412–424 | 419
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Fig. 8 Film deposition after the early stages of deposition. (a)
Reflectance data measured during diamond deposition plotted versus
deposited thickness d of samples SL and SH with seed density n2D
equal to 1.00 × 1010 cm−2 and 2.95 × 1010 cm−2, respectively. The
plots show that after depositing 180 nm of diamond, the positions of
the minima tend to the same value of d. (b) and (c) Show SEM cross-
sections of SL and SH, respectively. Both images show that SL and SH
have similar thicknesses (180 nm), but the RMS surface roughness of SL
appears larger than that of SH. A red dashed line in (b) or (c) indicates
the substrate–diamond interface.

Fig. 9 Schematic reflectance to depict the method to estimate the
incubation period. (a) Typical reflectance R curve obtained during
diamond deposition on seeded substrates as a function of time twhere
extrema are numbered. (b) Incremental thickness h as a function of t
for the curve in (a). The values of h are calculated with (17).
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by SEM analysis are proportional to those obtained by tting
using the Rayleigh scattering relation (15) with a proportionality
constant of 0.44.

4.2.3 Seed density versus deposition rate. Our model
hinges on the assumptions that the deposition rate vd (i) is
constant during deposition, and (ii) is independent of the
particle density n2D. The former assumption is supported by
experiments in this work and can also be inferred from Fig. 4 in
the work of Leigh and coworkers.49 In our work, particle height
statistics were performed on AFM data to assess the validity of
the latter assumption. We obtained statistical information from
the height of the particles by the “watershed” method.44 This
method allows for marking particles based on height local
minima/maxima in an AFM image; thereby, coalesced particles
forming clusters or forming a lm can be identied as indi-
vidual particles. The particle density, the height distribution,
the maximum particle height, and the minimum particle height
420 | Nanoscale Adv., 2023, 5, 412–424
for each sample were obtained by analyzing AFM data from two
areas measured at different positions. In Fig. 6, the values of n2D
obtained by SEM and AFM, before and aer deposition,
respectively, are plotted as functions of the concentration x of
diamond particles in solution. The smaller slope obtained from
AFM is caused by grain burying, as explained in the following
paragraph.

Fig. 7a contains examples of AFM images before and aer
particle marking. A complete set of images can be found in
Fig. S2 of the ESI.† The particle height distributions are shown
in Fig. 7b, and the maximum and minimum height as a func-
tion of x are provided in Fig. 7c. From this data, we nd that (i)
the particle height at the maximum frequency increases as x
increases, (ii) the maximum height (114 ± 10 nm) is not
signicantly dependent on x, and (iii) the minimum height
increases as x increases. These ndings can be explained as
follows. During deposition, smaller particles are buried by
larger particles.50 Burying occurs more frequently as n2D

increases because the mean distance between particles
decreases as n2D increases. Consequently, the particle height at
the maximum frequency and the minimum particle height shi
towards larger values. In this scenario, the particle of maximum
height is not affected by burying and its height is independent
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of n2D provided that vd is constant for all the samples, as we
assume to be so.
4.3 Seed density versus mean lm thickness

Since surface roughness decreases aer lm closure38 and the
maximum grain height is independent of n2D, as shown in
Section 4.2.3, the mean lm thickness should become less
dependent on n2D as the deposited thickness increases. As
a consequence, we hypothesize that the R curves for samples
grown on a substrate with dissimilar n2D should show extrema
at values of d that become more similar as d increases. Using
Fig. 8a, we test this hypothesis by comparing R as a function of
d for samples SL and SH with n2D = 1.00 × 1010 cm−2 and n2D =

2.95 × 1010 cm−2, respectively, as measured by SEM. While the
R curve for SL exhibits the rst minimum at approximately d =

86.0 nm, the rst minimum for the R curve of SH is at
approximately d = 61.5 nm. On the other hand, the position of
the second minimum is about d = 178 nm and d = 168 nm for
SL and SH, respectively. The difference in d for the second
minimum is only 10 nm, which is considerably smaller than the
24.5 nm observed for the rst minimum and, therefore,
supports our hypothesis.

Fig. 8b and c show the SEM cross-section of SL and SH,
respectively. From these cross-sections, we deduce that the mean
lm thickness is similar in both samples, which is in line with SL
thickness 182 nm and SH thickness 184 nm that we obtained by
an optical nanogauge. From these cross sections, we also observe
that the surface of SL is rougher than that of SH. We verify and
quantify this by analyzing AFM data, obtained from two 5 × 5
mm2 areas measured at different positions, for each sample. AFM
images from these samples and their proles along the selected
lines are shown in Fig. S3 of the ESI.† The result of the analysis is
14.6 nm and 11.0 nm RMS surface roughness for SL and SH,
respectively. This difference in surface roughness might
contribute to the difference in d for the secondminima in Fig. 8a.
In addition to surface roughness, we hypothesize that voids at the
substrate–lm interface might also contribute to this difference.

The results presented in the present section also show that
even for a relatively low value of n2D, the continuous lm model
can provide a reasonable approximation of the mean lm
thickness beyond the early stages of deposition.
4.4 Estimation of incubation periods by laser reectance

To systematically obtain an incubation period and the deposi-
tion rate by laser reectance, we use the ndings presented in
this work to extend a previously proposed method.8 To quantify
the incubation period, we collect the values of t where the
extrema in R occur. A schematic of such a curve is provided in
Fig. 9a. Subsequently, we estimate the incremental thickness h
= lDh, which we dene as the thickness at the lth extremum,
calculated for a continuous lm. The thickness Dh is a constant
that can be calculated with the relations

Dh ¼ l0

4nDia cos g
; g ¼ arcsin

�
sin q

nDia

�
; (17)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where nDia is the refractive index of diamond, assuming that the
surrounding medium is vacuum with a refractive index equal to
unity. Corresponding pairs of h and t are then plotted as illus-
trated in Fig. 9b. Finally, we perform a linear regression with all
the data points except those corresponding to the rst two
extrema. From Section 4.3, we derive that the values of h cor-
responding to the rst two extrema are not well-described by the
continuous lm model. These extrema should therefore be
avoided, especially for low values of n2D. The intercept with the t-
axis and the slope, both obtained by linear regression, are the
incubation period and deposition rate, respectively.

In the event that few or no extrema are observed, more
sophisticated characterization techniques such as “specic
zone marking”,36 that enable the observation and measurement
of localized diamond particles before and aer diamond
deposition, can be used.

5 Conclusions

The chemical vapor deposition of polycrystalline diamond
(PCD) lms is typically done on substrates seeded with dia-
mond nanoparticles. In this work, we outlined a strategy for
using laser reectance measurements to rene the monitoring
of lm thickness during deposition, estimate the mean
equivalent radii and the areal density of seeds, and estimate
growth incubation periods. We presented a simple model to
describe specular laser reectance in the early stages of PCD
deposition. The reectance behavior predicted by our model
differed from that of a continuous lm, which is well-described
by a continuous lm model, and this difference enlarged as the
seed density used in our model decreased. These predictions
were tested and conrmed by in situ specular laser reectance
measurements of diamond deposition on silicon substrates
with various seed densities. A relation for reectance found in
our model was tted to the experimental reectance data, and
the seed density obtained by tting was found to be propor-
tional to the seed density obtained by scanning electron
microscopy analysis. Post-deposition atomic force microscopy
data analysis showed that the deposition rate is independent
of the seed density, which supports an assumption made in
our model. Other deposition experiments showed that the
continuous lm model can be used safely beyond the early
stages of deposition. We also showed that relying on the
continuous lm model for describing the early stages of
deposition can result in questionable conclusions regarding
the presence of incubation or the duration of incubation
periods. Inspired by this, we proposed a method for estimating
incubation periods together with a deposition rate, based on
laser reectance measurements. Our work provides guidelines
for using laser reectance as a tool to elucidate and guide the
deposition of PCD lms with tailored properties. Our work may
also advance the general understanding of nanoparticle
growth and formation.
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Nomenclature
a

422
Mean equivalent radius

a0
 Mean equivalent radius of diamond seeds

a
 Total beam attenuation caused by the CVD system

a1
 Beam attenuation caused by entering the CVD system

a2
 Beam attenuation caused by the sample

a21
 Beam attenuation caused by the diamond particles on the

silicon substrate

a22
 Beam attenuation caused by the total reectance of the

silicon substrate

a3
 Beam attenuation caused by exiting the CVD system� � � �

b

8p
3

2png
l0

4 m2 � 1
m2 þ 2

2

d
 Deposited thickness

s
 Scattering cross section

sR
 Rayleigh scattering cross section

I0
 Beam intensity before interaction with small particles

I
 Beam intensity

Iin
 Beam intensity entering the CVD system

Iout
 Beam intensity leaving the CVD system

l
 Sequence number of an extremum

l0
 Beam wavelength in the medium

m
 Ratio np/ng

ng
 Refractive index of the medium

np
 Refractive index of the particles

n
 Number density per unit volume

n2D
 Nanodiamond seed density

R
 Relative reectance

r
 Equivalent radius

t
 Time

q
 Angle of incidence

V
 Voltage measured during diamond deposition

V0
 Voltage for a beam reected on a bare silicon substrate

vd
 Deposition rate

x
 Suspension concentration
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