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ARTICLE INFO ABSTRACT

Keywords: A two-dimensional (2D(r, 2)) self-consistent model developed and validated in previous studies of diamond
Di?mond deposition processes in microwave (MW) plasma activated chemical vapor deposition reactors is applied in a
N{mrowave systematic study of ways in which the gas pressure (over the range p = 75-350 Torr) and absorbed power (P =
P asma . 1-3 kW) affect the plasma parameters, species distributions and diamond deposition processes from a gas
Chemical vapor deposition . . N

Modeling mixture (1%CH4/H, with 60 ppm added N») at substrate temperatures (Ts = 1073 and 1323 K) and diameters (dg
Growth rate = 32-100 mm). A more limited set of process conditions for a 0.006%N>/4%CH4/H, gas mixture and Ts =
Nitrogen 1038-1153 K are investigated also. The study traces variations in the global distributions of electron concen-

tration, electron and gas temperature, absorbed power density, key species concentrations and the hydrocarbon
interconversion reactions, with particular focus on the radial profiles of CH3 radical and H atom concentrations
just above the substrate and on predicted diamond growth rates, G(r). The results and the trends revealed when
varying p and P should help guide future optimizations of deposition regimes. The absorbed power density is
shown to exhibit quite steep gradients in both the radial (r) and axial () directions. This, and the finding of
significant power absorption beyond the glowing plasma region, limits the utility of the oft-quoted ‘averaged
power density’ as a parameter. The modeling also highlights the essential 2D character of the hydrocarbon
interconversion and diffusion transfer processes, which challenges the applicability of any 1D modeling of such
MW plasmas. Trace additions of Ny to a MW plasma activated CH4/Hy gas mixture have negligible effect on the
plasma parameters or chemistry yet are known to boost the diamond growth rate. A semi-empirical expression
for G(r) is developed further to explicitly include the effects of added N3 and a new mechanistic picture presented
to account for the observed N-induced enhancements in G. This picture invokes stable moieties such as that
formed by CH; insertion into a C-N dimer bond on the 2 x 1 reconstructed (100) diamond surface as ‘anchor’
sites that enable shorter CH; surface migration lengths and more step-edges for irreversible incorporation of such
migrating groups on the growing diamond surface.

1. Introduction

The recent explosive increase in both the number and the range of
theoretical studies employing numerical modeling, quantum mechani-
cal calculations and purpose-developed codes is enabling stunning ad-
vances in many areas of the chemical, physical, biological and other
sciences, leading to breakthroughs and new technologies, materials and
products and revisions and refinements of much prior understanding.
However, the capabilities of numerical modeling in some specific areas,
for example in describing the complex and inter-related processes in
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plasma processing and the plasma-activated chemical vapor deposition
(PACVD) of thin films, are arguably less evident and indeed disputed by
some parts of the experimental community. Such skepticism may be
well-founded in the case of an unverified or incomplete model that has
been imposed on raw data. In contrast, thorough and consistent nu-
merical models, verified on a large and diverse body of experimental
data, can be very useful: indeed, sometimes they may be the only
possible tool for explaining and understanding the observed phenom-
ena, key processes and effects.

The role and importance of such two-dimensional (2D) modeling are
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clearly evident in a long-running series of combined theoretical-
experimental studies of diamond CVD processes activated by micro-
wave (MW) plasmas in a range of gas mixtures [1-3]. The 2D modeling
provides the distributions of numerous gas phase species and allows
determination of the optimal process parameters (e.g. gas pressure,
absorbed power, C,H,/H> input gas mixture, etc.) to address the needs of
the grower (e.g. deposition rate and uniformity, film quality, etc.) and a
rationale for the main trends. In the case of diamond growth by MW
PACVD, however, the long (~three decade) search for optimal reactor
configurations and diamond deposition regimes is still ongoing. Sys-
tematic variations of process parameters like the absorbed power P, gas
pressure p, source gas flow rate and mixing ratio (e.g. CHs/H,, with or
without deliberate (or otherwise) trace additives such as N, and/or O5),
substrate temperature T, etc., and the modes and geometry of the MW
PACVD reactor (e.g. reactor size, geometry and position of the substrate
holder, cooling schemes, etc.) provide a massive amount of experimental
data for analyzing parametric dependences of diamond growth rates and
film quality and uniformity. Some of these dependences are not uni-
versal, i.e. can be reactor-specific. For example, the growth rate in some
PACVD reactors reportedly increases sharply with p [4] whereas in
others it stays near constant [5]. Identifying effects attributable to just
one parameter is complicated in many studies where more than one
parameter are varied simultaneously as, for example, in studies where p
and P are both progressively increased [6].

Quantitative detection of species important for diamond growth (e.g.
CH3 radicals and H atoms) just above the substrate is experimentally
challenging. Modeling remains the best tool for probing these and many
other important species, and their process-dependent spatial distribu-
tions in MW PACVD reactors. 1D(z) [7,8], 1D(r) [7] and 2D(r, 2)
[3,9-18] models (where r and z are, respectively, radial and axial co-
ordinates defined relative to an origin at the center of the substrate
surface) have all been applied to aspects of the diamond deposition
process, plasma parameters and, in some cases, species distributions in
different PACVD reactors and gas mixtures. The focus of this article is
complementary 2D(r, z) modeling and experimental studies of different
input gas mixtures and spatially-dependent and process-dependent
species concentrations in the Bristol MW PACVD reactor. Early studies
revealed (i) that the methyl radical concentration, [CH3](r, 2), exhibited
an annular (shell-like) structure with comparable radial and axial con-
centration gradients and (ii) a complex picture of hydrocarbon in-
terconversions throughout the whole reactor with three main zones
[1,19,20]. Both these findings serve to illustrate the limitations of
applying 1D modeling when the species concentrations and plasma
parameters are clearly of higher dimensionality and flag the need for
caution when considering results and predictions derived from such 1D
modeling. Some of these challenges are discussed briefly in Section 2.5
of this article.

The deposition processes in the more complex gas mixtures used for
X-doped (X = B, N, Si, etc.) diamond growth and some of the puzzling
trends observed experimentally are inexplicable without companion
modeling. For example, the first comprehensive study of MW activated
BoHe/CH4/Ar/Hy plasmas operating under conditions relevant to B-
doped diamond (BDD) growth observed an order of magnitude ‘spike’ in
the B atom and BH radical concentrations when adding methane with
flow rates in the range 0 < F(CHy4) < 5 standard cm?® per minute (sccm)
to a pre-existing BoHg/Ar/Hy plasma, rather than the expected pro-
gressive decrease of [BH,] (x = 0,1) with increasing F(CH,) due to the
conversion BH,y — H,CBH,. 2D model calculations succeeded in
explaining this unexpected ‘explosion’ of [BH,] concentrations by
recognizing the presence of trace (~10 ppm) O within the process gas
mixture and developing a H/B/C/O reaction mechanism that included
the following key conversions: BH, < HyBC; (involving CoH and CoHj)
and BHy — H,BO — H,COBH, — BH, (via reaction with, or activation by,
H»0, CH, species and/or H atoms) [21]. Such a sharp dependence of [B]
(identified as the main doping species in BDD growth) upon starting F
(CHy4) hinted at the possibility of growing ultrathin (nanometric or
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‘delta’) layers of BDD with differing (by an order of magnitude or more)
doping levels by limited changes in F(CHy4) in an optimally chosen B/C/
H/O gas mixture. Addition of 0.2% O, to a plasma activated 0.2%CHg/
0.001%B(CH3)3/Hy gas mixture was later shown to reduce the local B-
doping level in a single crystal BDD sample by up to two orders of
magnitude [22]. Controlled addition of HyS to a MW plasma activated
ByHg/CH4/Hy gas mixture has also been shown to reduce the [BH,]
concentration available for BDD growth, allowing opportunities to form
delta layers of more heavily B-doped diamond [23]. No high-level
modeling of the B/C/H/S reactive system has yet been reported, but
similarities between the B/C/H/S and B/C/H/O chemical mechanisms
can be expected, e.g. BH, loss via reaction with HyS (cf. H,0) and the
formation of boron scavengers like H,BS, cf. H,BO [21,24].

Si-doped diamond is currently attracting much interest because of
the attractive optical properties of the negatively charged silicon-
vacancy (SiV™) defect [25]. A recent experimental/modeling study of
MW plasma activated Si/C/H plasmas [10] determined that Si atoms
and/or SiCy species are likely to be the most abundant gas-phase Si-
containing species just above the growing diamond surface and thus the
most likely carriers of the silicon incorporated in CVD diamond. Other
important features arising from that study included recognition that (i)
the total silicon content within the reactor volume is sensitive to silicon
deposition (at the reactor walls) and release via etching (by H atoms) of
such deposits, of the substrate itself (if silicon) and of any fused silica
components within the MW reactor, (ii) electron impact excitation and
chemiluminescent reactions both contribute to the observed 1Si*, 3Si*,
and SiH* emissions, and (iii) the high concentrations of ground state Si
atoms throughout the reactor volume can attenuate the 3Si* emission.
Nonetheless, the study also showed that optical emission spectroscopy
(OES) measurements of 'Si* or 3Si* atoms should both provide a reliable
measure of the Si content in the core of a MW activated Si/C/H plasma
[10] — a key requirement for growers who aspire to apply OE methods
for process control.

The benefits of trace amounts of nitrogen in enhancing the growth
rates of both polycrystalline [26,27] and homoepitaxial [28-33] dia-
mond have long been recognized and the nitrogen-vacancy (NV) defects
in diamond (and the optical accessibility of single spin quantum states)
continue to attract huge interest in quantum technologies and in ap-
plications for electric and magnetic field measurements [34]. 2D
modeling of MW activated N/H [35] and N/C/H [2,3] gas mixtures has
revealed that most (>99.5 %) of the input Ny eludes chemical processing
and is exhausted unaltered from the reactor. A small fraction of the input
N3 is decomposed, however, by electron impact excitation or by reac-
tion, primarily with CH, (x = 0, 1) species or, when electronically
excited, with H atoms. The near surface N atom concentration is
calculated to be at least ten times larger than that of other potentially
reactive N-containing species like NH, NHy or CN. The near-substrate
gas phase [N]/[CH3] concentration ratios are so low (e.g. ~2 x 107°
for a 4%CH4/H; plasma with 60 ppm added N5 operating in the Bristol
reactor at p = 150 Torr, with an absorbed power P = 1.4 kW and total
flow rate Fiota) ~ 600 sccm) that it remains challenging to conceive of
mechanisms wherein the incorporation of such small concentrations of
any N-containing precursor can result in up to an order of magnitude
increases in growth rate [36]. We recently suggested [3] that an N-
containing species on the diamond surface can act as an ‘anchor’ site
which facilitates the growth of small islands that serve as additional
step-edges for further irreversible accommodation of surface migrating
CH,, groups and develop this idea further in Section 4 below.

The 2D(r, 2) modeling reported here focuses on common trends and
on how variations in p and P affect the diamond deposition processes.
The 2D(r, 2) self-consistent model has been developed, refined and
verified in many prior combined theoretical/experimental studies of the
Bristol MW PACVD reactor [2,3,10-21,24,35,37-42]. Section 2 provides
a summary of the model and reports calculated spatial distributions of
key plasma parameters and important species, including CHs radicals
and H atoms close above the substrate surface, as functions of p and P
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(for more than one substrate diameter (ds) and temperature (Ts)). Some
of the recognized shortcomings of 1D modeling are also emphasized and
illustrated at this point. The parameterized expression for the diamond
growth rate, G, is reprised in Section 3, where the effects on G of adding
Ny to MW activated CH4/Hy mixtures and of changing the substrate
diameter and temperature are all considered further. Section 4 offers a
new mechanistic perspective on this growth enhancement, that invokes
N-based ‘anchor’ sites and their beneficial effects with regard to limiting
the migration and encouraging the incorporation of CH; groups on the
growing diamond surface [3].

2. MW plasma parameters and species spatial distributions at
different gas pressures and absorbed powers; 2D vs 1D modeling

All results reported in this study of various regimes for diamond CVD
processes driven by MW activated dilute N/C/H plasmas were obtained
using the 2D(r, 2) self-consistent model that has been tested, enhanced
and verified against absorption and OES data for many different MW
activated gas mixtures including Hy [41], Ar/Hy and Kr/Hy [42], CHy/
Hy [11-19,39,40], SiH4/Hy and SiH4/CHs/Hp [10] and No/CH4/Hg
[2,35] plasmas operating in the Bristol reactor. The radius and height
(the distance between the top surface of the reactor base plate and the
lower surface of the quartz window that defines the top of the cylindrical
reactor) are R, = 6.1 and H; = 6.1 cm, respectively, and the substrate (a
3 mm-thick, 32 mm-diameter disc unless specified otherwise) is seated
centrally on a thin spacer wire on the base plate. The gas mixture
(0.006%N2/1%CH4/H,) was fixed for all regimes studied in this section,
as was the substrate temperature, Ts = 1073 K (again except when
specified otherwise), while p and P were varied over wide ranges.

The specific blocks of the model address the plasma-chemical and
electron (e) kinetics, heat, mass and species transfer and gas-surface
interactions, and solve Maxwell's equations to calculate the spatially
dependent MW electromagnetic (EM) fields and MW power. The elec-
tron energy distribution functions (EEDFs) for all cells in the (r, 2) grid
are calculated from the Boltzmann equation and sets of e-H, e-H, e-
CyHy, e-Cy;H,N, and e-ion collision cross sections (for different local
mixture compositions, reduced electric fields and gas temperatures, Tg)
to provide the necessary rate coefficients for the blocks describing the
plasma-chemical kinetics and the EM fields. The full reaction mecha-
nism involves 53 species, including key neutral species (H(n = 1-3), Hy,
C, CH, *CHy, 'CH,, CH3, CHy, CoHy (x = 0-6), CyHy (y = 3,4, x = 0-2),
NH, (x = 0-3), H,CN (x = 0-2), Ny, selected excited electronic states of
N2 and H,, N(®D) and C('D) atoms, CH(A?A), Cx(d’I,) and Ca(a’My)
radicals, electrons and the following ions: HY, H3, H3, CoH3, CoH3,
C4H3, NHj, NoH" and HCNH'. The N/C/H plasma chemistry is
described using a total of 535 reactions [3]. The modeling necessarily
includes plasma-chemical processes like electron impact ionization
(EII), excitation (EIE) and dissociation (EID), excitation of rovibrational
states of Hy and their vibrational-translational (V-T) and rotational-
translational (R-T) relaxations, associative ionization, ion conversion
and electron-ion recombination reactions, and a few important reactions
involving electronically excited species. Key reaction mechanisms,
plasma parameters and deposition processes were reprised recently [3]
and in two previous papers [2,35].

2.1. MW plasma parameters and species distributions returned by the 2D
(1, 2) self-consistent model

Here we illustrate how variations in p and P affect the 2D distribu-
tions of selected key species concentrations and plasma parameters.
Figs. 1 and 2 show, respectively, the response of the calculated 2D(r, z)
distributions of the electron concentration, ne, and electron tempera-
ture, T,, with increasing p (at fixed P = 1.4 kW) and increasing P (at fixed
p = 150 Torr). Unsurprisingly, the absorbed power density, PD, in-
creases with p (the maximal power density, PDp,ay, is found to vary as

~p'75 over the investigated range) mainly because of the increased rates
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of rovibrational excitation of Hy and CoHs and of elastic collisions of
electrons. As a result, the volume of the hot plasma core (V), the central
region with the highest values of n. and T.) shrinks with increasing p
(Figs. 1 and 2(a)). The maximal gas temperatures (Tgmax = 2910, 2985,
3196 and 3430 K for p = 60, 75, 150 and 350 Torr, respectively) and
electron concentrations nemax also increase with p (nemax ~ pl'l), but the
maximal electron temperatures, Temax, in the plasma core decrease. The
decline in Temax reflects the substantial increase in all ionization sources
(i.e. associative ionization via the H(n > 2) + Hy — H3 + e and H(n > 3)
+ H(n = 1) —» H3 + e reactions and the ionization of H, H, and CyHy
species by electron impact) as a result of the increased concentrations of
all these neutral species at higher p. As a result, the n, value required to
absorb a given power at higher pressures (notwithstanding the smaller
volume of the plasma core) is reached at lower values of Te.

The axial distribution Te(r = 0, 2) at low pressures (e.g. at p = 75
Torr, Fig. 1(b)) shows a second local maximum, Temax2 ~ 0.8 eV, near
the quartz window. This second maximum increases in relative impor-
tance upon reducing p further and is predicted to reach a similar T, value
to the near-substrate Temax Value at p = 60 Torr. This offers further
illustration of the value of the 2D modeling. 60 Torr is outside the range
of stable operation of the Bristol reactor (p > 75 Torr for P = 1.4 kW), but
the 2D modeling reveals formation of this secondary plasma region near
the quartz window with similar Temaxo and nemax2 values to those (Temax
and Nemayx) in the main plasma core above the substrate (Fig. 1(a)). This
secondary plasma region at p = 60 Torr induces excessive heating of the
quartz window; the predicted temperature at the center of the plasma
side of the quartz window Ty(r = 0) is ~1020 K, cf. Ty(r = 0) ~615,
~555 and ~590 K for p = 75, 150 and 350 Torr, respectively (with P =
1.4 kW in all cases). Such overheating, along with incident H atoms and
ions (especially hot C,Hy ions) can be expected to cause some etching of
the quartz window and the creation of volatile products (e.g. H,SiO,,
SiH,, SiC,Hy, etc.). Such species can react further with hydrogen and
with hydrocarbons [10] and result in eventual re-deposition of Si-based
material on the reactor walls and windows. The presence of such SiO,.
CyHy species in the reactor volume and, possibly, the simultaneous
deposition/etching of these species on the mirrors could explain the
time-evolving broadband visible absorption identified in previous cavity
ring down spectroscopy studies of MW plasma activated C/H/Ar gas
mixtures operating at p < 150 Torr [37,43].

In contrast to the effects of varying pressure, increasing P results in
an expansion of the hot plasma core and modest declines in nemax and
Temax (Fig. 2) and in the maximal gas temperature, Tgmax ~ 3200, 3196
and 3140 K for P =1, 1.4 and 3 kW, respectively (all at p = 150 Torr). We
note that the maximum value at high P (e.g. 3 kW) is realized in the off-
axial region (i.e. is shifted to the region above the substrate edge, as
shown in Fig. 2(b)). This can be traced to the electric field enhancement
at the substrate edge. Fig. 3 shows the calculated radial profiles of the
reduced electric field, |E[/(N x a) (where N is the concentration of
neutral particles, a is the pressure dependent factor a = (1 + ©2/4%)%5,
and ® and v are respectively the MW frequency » = 2n x 2.45 GHz and
the electron collision frequency) [3,40], at various heights z for P = (a)
1.4kW (r < 0in Fig. 3) and (b) 3kW (r > 0), allat p = 150 Torr. At low P,
the plasma core is compact and the {|E|/(N x a)}(r) profiles decline
steeply between the central region (r = 0) and the substrate edge
(r = —16 mm). The electric field enhancement at the substrate edge is
obvious at small z, but the value of |E|/(N x a) is lower than at
r =0 (Fig. 3(a)) and thus does not critically affect the spatial structure of
the plasma.

In contrast, the expansion of the plasma (and the electric field) at
high P reduces the radial decline of |E|/(N x a) and is predicted to lead
to another, larger, maximum in |E|/(N x a) above the substrate edge
(Fig. 3(b)), which manifests in off-axis maxima in nemax, Temax (Fig. 2(b))
and Tygmax at high absorbed powers. For P = 3 kW, the difference be-
tween Tgmax = 3140 K and the maximal axial temperature atr = 0 (3108
K) with the standard substrate (ds = 32 mm) is small (limited to ~1 %).
Additional calculations were run to explore how the reduced electric
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Fig. 1. Calculated 2D(r, 2) distributions of the electron concentration, n, (in cm ™3, left), and electron temperature, T, (in eV, right) for MW activated 0.006%N,/1%
CH4/H, gas mixtures at an absorbed power P = 1.4 kW and pressures p = (a) 60 Torr, (b) 75 Torr and (c) 350 Torr. The substrate diameter, d; = 32 mm, and
temperature, T; = 1073 K, and the colour scale used in each panel spans 13 equal intervals. Key elements of the reactor (substrate, quartz window, the incident MW
radiation, and the (radially symmetric) gas input) are illustrated in panel (a), which also defines the r and z axes used in the modeling with origin (r = 0, z = 0) at the

top center of the substrate.

field was affected by changing the substrate diameter. As Fig. 2(c)
shows, increasing ds to 100 mm (maintaining P = 3 kW and p = 150
Torr) largely preserves the 2-D spatial distributions of n and T, reduces
both nemax and Temax, and eliminates any edge enhancement effect on
the plasma core region. However, the differences between the overall
and the on-axis maxima of these distributions are predicted to be much
reduced, down to ~2 % for ds = 100 mm (cf. differences of ~11 % (for
ne) and ~ 6.5 % (for T.) when ds = 32 mm).

Fig. 4 shows z-profiles of the power density, PD, and the H(n = 3)
concentration (i.e. the population in the upper state associated with the
experimentally measured H Balmer-o (H,) emission) at various r values
for p = (a) 75 and (b) 150 Torr and P = 1.4 kW. Clearly, the regions of
MW power absorption and plasma emissions expand with decreasing
pressure. Experimentalists often use the volume of glowing plasma as a
proxy for the volume used in estimating the PD but, as Fig. 4 shows, such
a procedure is likely to overestimate the real PD. The 2D modeling shows
that a substantial fraction (up to 30-50 %) of the MW power is absorbed
in the cooler plasma outside the volume exhibiting H, (and other H*),
Co* and CH* emissions [11,12,38].

The 2D modeling also provides insights into how the absorbed MW
power is partitioned and transformed. The major fraction (typically >90
%) of the power absorbed by the electrons is partitioned into vibrational
(i.e., E - V) and rotational (i.e., E — R) excitation of (mainly) Hy and
CoH; (the dominant hydrocarbon in the hot plasma region) and is lost
through elastic collisions of electrons with Hj, H, CgHj, etc. The
remainder is expended on EID of Hy, CoHo, etc., and electronic excitation
of Hy, Hand C/H, species. Fast V — T and R — T energy transfer from the
rovibrationally excited species through collision with H atoms results in
translational excitation of the latter, which then dissipates as gas heat-
ing. The absorbed power transferred from the electrons to the gas dis-
sipates further by (i) thermal conduction to the substrate and reactor
walls and (ii) chemical conversions and radiation losses. For the present
MW plasma operating at p = 150 Torr and P = 1.4 kW, the relative
importance of the conduction loss pathways (1.29 kW in total) is illus-
trated by the following partitioning: ~22 % to the substrate, ~42 % to
the base plate, ~15 % to the top window and ~21 % to the sidewalls of
the cylindrical reactor. (The corresponding values for the plasma at p =
75 Torr, P = 1.4 kW are ~14 %, ~38 %, ~20.5 %, ~27.5 %, amounting
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CH4/H, gas mixtures at p = 150 Torr and absorbed powers P = (a) 1.4 kW and (b) 3 kW (both for d; = 32 mm) and (c) 3 kW, for ds = 100 mm. All other details are as
in Fig. 1.
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kW (r > 0), at p = 150 Torr and at various heights z above the substrate surface.
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Fig. 4. Calculated z-profiles of the power density (PD) and the H(n = 3) concentration for MW activated 0.006%N»/1%CH,/H, gas mixtures at p = (a) 75 and (b)
150 Torr, at P = 1.4 kW and at various radial coordinates r as shown in the inset box.

to 1.37 kW in total, consistent with the larger, more diffuse plasma re-
gion evident from comparing Figs. 2(a) and 1(b)). The minor fraction of
the total absorbed power dissipated via chemical conversions and ra-
diation losses (pathway (ii) above) is mostly consumed in thermal
dissociation of Hy and subsequent loss of H atoms in gas phase reactions
and by addition/recombination reactions at the substrate. For example,
the present 2D modeling suggests that H atom addition/recombination
reactions at p = 150 and 75 Torr (and P = 1.4 kW) contribute, respec-
tively, 95 W and 28 W to substrate heating. The foregoing responses of
the plasma parameters to variations in p and P are reflected in the spatial
distributions of the gas temperature, T, and the various species con-
centrations. To set the scene, Fig. 5 shows 2D(r, 2) plots of (a) CHs
concentration, [CH3], (b) CH4 and (d) CoHy mole fractions (X(CHy4) and
X(CaHy), respectively) and (c) Tg, for p = 150 Torr and P = 1.4 kW.
Annular (or ‘shell’-shaped) [CHs](r, 2) distributions are consistently
found - both in previous [1,19] and the present modeling — for a wide

range of process conditions and gas mixtures. The CH3 concentrations
maximize just outside the hot plasma core region, as had been recog-
nized in earlier 1D(r) and 1D(z) modeling studies [7]. In this region, the
CHj; formation rate via the key reversible reaction (1) is maximal [1,19].
Recognition of this source hints at the possibility of increasing [CHs]
adjacent to the substrate surface by injecting CH4 into the boundary
layer [6] or by raising the plasma region a little and thereby propagating
the optimal shell region over the entire substrate. The latter possibility
has been realized by designing a reactor wherein the substrate could be
translated by up to a few mm relative to the EM focus, thereby offering
some control of the discharge shape, size and position and enabling
growth rate enhancements of up to a factor of two [5]. In the cooler near
substrate regions, the recombination reaction (2) also provides a sig-
nificant contribution to CHg loss (with a rate comparable to that of re-
action (—1)) and, at sufficiently low substrate temperatures (e.g. T
<1200 K), reaction (3) constitutes another significant CHs production
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Fig. 5. Calculated 2D(r, 2) distributions of (a) CH3 concentration (in cm’3), (b) CH4 mole fraction (in %) (c), gas temperature, T (in K) and (d) C2H, mole fraction (in
%) for a MW activated 0.006%N>/1%CH4/H, gas mixture at p = 150 Torr, P = 1.4 kW and T; = 1073 K. The three main zones of hydrocarbon conversion are

indicated as A, B, and C (see text) and all other details are as for Fig. 1.

route.

CH, +H< CH; +H, €y
CH; +H+H,—~CH, +H, (2)
C,H;s + H-CH; + CH; 3

The near balance between the backward and forward reactions in
equilibrium (Eq. (1)) determines the methyl radical concentrations
throughout the whole reactor volume apart for the near-substrate region
and close to the reactor walls, where reactions (2) and (3) provide local
perturbations, and implies relation (4):

[CH3] = [H] x (k; x [CH4] 42 X k3 x [CHs) ) /([H] % (k—1 + k> x [H]))
4

[CH3] depends on the spatial distributions of Ty directly (via the
temperature dependent rate coefficients k;(T,) presented in Table 1) and
indirectly (via the thermodiffusionally-induced increase [13] in hydro-
carbon mole fraction upon approaching the substrate) and on the con-
centrations [H] and [CH4] (and [CyHs]), which show opposite

Table 1

behaviors. CHy4 is introduced as part of the input gas flow and shows
maximal concentrations near the reactor walls and minimal concentra-
tions in the hot plasma core (Fig. 5). In contrast, the concentration of H
atoms (mainly formed by thermal dissociation of Hz) maximizes in the
hot plasma core and decays diffusively to the substrate and to all reactor
walls, as shown below (Figs. 6 and 7). Three regions supporting different
dominant CyH, interconversion behaviors are illustrated in Fig. 5: the
central, hot plasma region A, and two hemispherical shells, B and C,
characterized by different average T, and [H] values [1]. Region B
supports CH4 decomposition and conversion to (mainly) CoHo, at gas
temperatures 1400 K < Ty < 2200 K. (This multi-step conversion in-
volves the net consumption of four H atoms per 2CH4 — CyHjy conver-
sion [19]). The reverse CoHy — 2CHy4 conversion is dominant in region
C, where Ty < 1400 K. This latter conversion is activated by H atoms but
leads to no net H atom consumption [19]. The near-substrate region
shows a compressed replica of the behaviors in region B and, to a lesser
extent, C for the respective ranges of Ty, [C,H,], [H] and [H3], but with
much steeper axial gradients of Ty and most species concentrations.
Reaction (3) is an important contributor to the conversion between the

Most important reactions (and rate coefficients, k;) for the production and loss of CHj radicals just above the substrate center for MW activated 0.006%N2/x%CH4/Hy
gas mixtures. The last three columns show illustrative reaction rates, R;, for the following conditions: I; x = 1, p = 150 Torr, P = 1.4 kW, d; = 32 mm, T; = 1073 K (for
which the temperature jump AT = 88 K, (i.e. Tg = Ts + 88 K)), Il; x = 1, p = 150 Torr, P = 1.4 kW, Ty = 1323 K (AT = 90 K), II[; x = 4, p = 250 Torr, P = 3.5 kW, T; =
1123 K (AT = 72 K). The quoted k;(T,) expressions (approximated from the GRI-Mech mechanism [50] for the limited temperature range T, = 900-2000 K) are in units

of em®s! and cm® s ! (for the two- and three-body reactions, respectively), the reaction rates R; (at the stated T, values) are in cm

~3571 and the temperatures are in K.

The last row of the table illustrates the thermodiffusional transfer driven depletion of the carbon balance X(C) in the near-substrate region at each temperature.

i Reaction Rate coefficient, k; R; (D R; (ID) R; (11D

1 CH4 + H - CH; + H, 1.1 x 107 "°T %2 exp(—5455/T,) 1.21 x 108 8.46 x 10%7 8.79 x 10'8

-1 CH; + Hy —» CHs + H 4.9 x 10783 exp(—4900/Ty) 1.48 x 10'® 1.49 x 10'® 9.25 x 108

2 CHs3 + H 4 Hy — CH4 + Hy 1.31 x 10 22T exp(1400/Ty) 1.31 x 10'8 1.51 x 10" 1.24 x 10*°

3 C,Hs + H — CHj + CH3 1.47 x 10°T, " exp(—600/Ty) 2.02 x 10Y7 1.14 x 10'® 5.24 x 108
T, K 1073 1323 1123
%CH,; p, Torr 1 %; 150 1 %; 150 4 %; 250
Carbon balance, X(C), % 0.69 0.59 2.84
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Fig. 6. Calculated 2D(r, 2) distributions of (a) and (c) H atom concentrations
and (b) and (d) CH;3 radical concentrations for MW activated 0.006%N5/1%
CH4/H, gas mixtures at P = 1.4 kW and p = 75 Torr (panels (a) and (b)) and
350 Torr (panels (c) and (d)). All other details are as for Fig. 1.
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CoH, and CH, families in the near-substrate region.

The central hot region, A, is characterized by near equilibrium dis-
tributions in both the CH, (x = 0-4) and CoH, (x = 0-6) groups. The fast
forward and reverse H-shifting reactions (5) are almost in balance
within each group. The identification of regions A-C, each with their
own characteristic chemistries, provides obvious rationales for (i) the
local maximum of [CHg3] in shell B and (ii) the observed insensitivity of
the deposition process to the specific choice of hydrocarbon process gas
CyHy. But the demonstrably 2D character of the hydrocarbon in-
terconversions and diffusional transfer will necessarily provide sub-
stantial challenges to any attempt at reliable 1D modeling of such MW
plasma-activated processes.

CH,+HoCH_ +H, (x=1—4fory=1landx=1—-6fory=2) (5)

2.2. Effects of varying gas pressure on the CH3 radical and H atom
distributions

2D modeling allows calculation of the global distributions of all
species, including the CHj radicals and H atoms that are key to deter-
mining diamond growth rates, G(r)), as functions of gas pressure. Fig. 6
shows calculated 2D(r, z) distributions for these two species at p = 75
and 350 Torr with P = 1.4 kW. (The corresponding plot for [CH3] atp =
150 Torr was shown in Fig. 5(a)). The spatial extent of the H atom
distribution visibly shrinks with increasing p, as does the annular zone B
associated with maximal CH3 concentrations. The maximal H atom
concentration, [Hpax], increases near quadratically with p (i.e. [Hpax] ~
p2; [Hpax] = 1.5 x 1016, 7.7 x 10' and 3.6 x 107 for p =75, 150 and
350 Torr, respectively), while the maximal CHs concentration shows a
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Fig. 7. Calculated (a) [CH3](r, 2 = 0.5 mm) and (c) [H](r, z = 0.5 mm) distributions in a MW activated 0.006%N,/1%CH,/H, gas mixture at various pressures in the
range 75 < p < 350 Torr, with P = 1.4 kW and T; = 1073 K, and for two additional regimes with Ty = 1323 K. Panels (b) and (d) show the corresponding radial
profiles immediately above the substrate surface (z = 0). Note the different y-axis scales used for the z = 0.5 mm and z = 0 mm traces for each species.
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weaker p dependence ([CHsmax] ~ p°®). The maximal gas temperature,
Tgmax, also progressively increases with p, from 2985 K at p = 75 Torr,
through 3196 K at 150 Torr, to 3430 K at 350 Torr. The radial profiles of
Tg just above the substrate are rather uniform at low p but become
increasingly non-uniform at higher p — inducing predictable trends for
the species radial distributions. These trends are illustrated in Figs. 7(a)
and 7(c), which show, respectively, the CHj radical and H atom radial
distributions at z = 0.5 mm returned by the 2D modeling for P = 1.4 kW
and T, = 1073 K. The [H](r) distributions become increasingly non-
uniform at higher p, with the greatest increases at r ~ 0. The [CH3](r)
distributions are also non-uniform, showing a more complex p-depen-
dence with the largest increases at r >> 0. Fig. 7(b) and (d) show the
corresponding distributions at z = 0, estimated using the approach
described in Section 2.6.

2.3. Effects of varying the absorbed power on the CHs radical and H atom
distributions

Changes in P induce quite different trends in the plasma parameters
(Fig. 2) and the species distributions, particularly those for the CHz and
H atoms. For p = 150 Torr, Fig. 8 shows the 2D distributions of these
species calculated for P = 1 and 3 kW. (The [CHgs] distribution for P =
1.4 kW was shown in Fig. 5(a)). The H atom distribution expands with
increasing P, as does the width of the zone B of maximal CH3 concen-
tration. [Hp,ax] and [CH3max] both increase weakly with P, i.e. [Hyax] ~
P>* and [CH3max] ~ P%*, The maximal gas temperature Tgpyax declines
gently with increasing P, from Tgmax(1 kW, 150 Torr) ~3200 K down to
Tgmax(3 kW, 150 Torr) ~3140 K. As noted above, the maxima of n, T
(Fig. 2) and Ty at high power (P = 3 kW) are all in the region above the
substrate edge (at r ~ 1.6 cm) whereas, at lower powers (P < 1.4 kW),
these maxima fall in the axial region (at r = 0). That dn./dr, dT./dr and
dTg/dr all display positive gradients above the substrate at high P im-
proves the uniformity of the radial profile of [H] with increasing P
(Figs. 8 and 9(c), for constant p = 150 Torr and Ts = 1073 K). The [CH3]
(r) profiles at z = 0.5 mm (Fig. 9(a)) also become more uniform at higher
P, though the effect is less dramatic. The corresponding radial profiles
after extrapolation to z = 0, shown in Fig. 9(b) and (d), are discussed
further in Section 2.6. As these figures show, the predicted [CH3] and
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[H] values above the substrate center (r ~ 0) are only weakly P-
dependent, whereas [H] above the substrate edge is found to increase
faster than linearly with increasing P.

2.4. Effects of varying substrate temperature on the CHz radical and H
atom distributions

Additional traces in each panel of Fig. 7 show the calculated [CH3](r)
and [H](r) profiles at z = 0.5 mm and, after extrapolation, at z = 0 in the
same MW activated 0.006%N2/1%CH,4/H, mixture operating at two
pressures (p = 150 and 350 Torr), P = 1.4 kW and a higher substrate
temperature, Ty = 1323 K. Relative to the corresponding data for T
1073 K, the 2D calculations show that raising Ts reduces both [CH3] and
[H] in the near substrate region. This can be traced to the higher loss
probability for H atoms at the growing diamond surface (yy) (~0.134 at
Ts = 1323 K, cf. ~0.094 at Ty = 1073 K) [44] which encourages [H] loss
as z — 0. The reduced H atom concentration reduces the probability of
converting CoHy to CHy in zones B and C, which manifests in lower near
surface [CH4] and [CH3] values at higher T;. Higher T inevitably implies
higher T at small z, and thus lower total number density (at any fixed p).
This decline is further exacerbated in the case of the hydrocarbon species
by thermodiffusional transfer, which ensures a further reduction in the
carbon balance in the near substrate region at higher T (X(C) ~0.58 %
for Ts = 1323 K vs. ~0.67 % for T, = 1073 K, cf. 1 % for the input gas
mixture).

Discussion of the effects of ds on the radial distributions of [H] and
[CH3] near the growing diamond surface and thus on the growth rate G
are reserved for Section 3.3.

We end these sections by stressing that, though all these calculations
are for a 0.006%N3/1%CH4/H, gas mixture, the 60 ppm of N3 has no
significant effect on the EEDF, the plasma parameters or the C,H, con-
centrations (cf. an N-free 1%CH4/H, mixture). The effects of Ny addi-
tions on the plasma parameters and species concentrations were
reported recently for the case of a MW activated 0.6%N,/4%CH4/H; gas
mixture [3]. Even for this much higher N fraction (6000 ppm, cf. the 60
ppm of current interest), N-containing ions (principally HCNH', NHJ,
N,H™) were predicted to contribute no more than 1 % of the total ion
content in the hot plasma core (and only ~4 % of the total ion content
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Fig. 8. Calculated 2D(r, 2) distributions of (a) and (c) H atom concentrations and (b) and (d) CH; radical concentrations in a MW activated 0.006%N5/1%CH4/H, gas
mixture at p = 150 Torr, with P = 1 kW (panels (a) and (b)) and 3 kW (panels (c) and (d)). All other details are as for Fig. 1.
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Fig. 9. Calculated (a) [CH3](r, z = 0.5 mm) and (b) [H](r, z = 0.5 mm) distributions in a MW activated 0.006%N2/1%CH,/H, mixture at various absorbed powers in
the range 1 < P < 3 kW, with p = 150 Torr and T; = 1073 K. Panels (b) and (d) show the corresponding radial profiles immediately above the substrate surface (z

=0).

just above the substrate), and the addition of trace amounts of Ny was
shown to induce no discernible changes in the plasma parameters (g, Te,
Tg, reduced electric fields) or the CyH, species concentrations, as can be
seen, for example, from rows 6, 7 and 9 in Table 3 of Ref. [3].

2.5. Principal differences between 1D and 2D modeling

The data shown in Figs. 1-9 illustrate the fundamentally two-
dimensional spatial distributions of the plasma parameters and species
concentrations and the complex picture of hydrocarbon in-
terconversions throughout the whole reactor, i.e. the main problems
associated with attempting to use 1D models to describe PACVD re-
actors. As can be seen from the 2D plots, the radial and axial gradients
associated with diffusional/thermodiffusional transfer in the r and z
directions are broadly comparable. Calculations of C,H, axial concen-
tration profiles in a 1D(z, r = 0) model cannot accommodate any radial
transfers and neglect important conversions in off-axial regions. Simi-
larly, any radial 1D(r) model cannot allow for axial transfers and
important axially varying conversions. Further, there is no accurate
procedure for setting boundary conditions in 1D(z) and 1D(r) models, e.
g. species concentrations at the upper boundary (near the quartz win-
dow) for a 1D(z) model or near the walls of the cylindrical reactor for a
1D(r) model where, as Fig. 5 showed, the gas mixture is very different
from the initial CH4/Hy input mixture (with or without trace Ny
additions).

10

These problems are well illustrated by the quantitatively different
trends predicted by the previous 1D(z) model developed for, and applied
to, the Gicquel group reactor [6,45] and by the present 2D(r, z) modeling
for the relationship between the CH3 concentration just above the sub-
strate center and the maximal H atom concentration in the plasma core,
[Hmax], in plasmas operating with the same X(CH4) = 4%, ds = 50 mm
and T; = 1123 K and a range of different p and P. Fig. 10 shows four data
sets, each plotted as a function of [Hpax], where the [Hpax] values are
from two sources: experimental estimates from OES/actinometry mea-
surements (green points [6]) and the present 2D(r, z) modeling for the
specified p and P conditions (all other points). The agreement between
the experimental and predicted [Hpyax] values derived for similar con-
ditions (e.g. for p ~ 150 Torr, P = 3 kW or for p ~ 200 Torr, P = 3.5 kW)
is reassuring. The four displayed data sets are, respectively, [CH3](r = 0,
z = 0.5 mm) values returned by the 2D(r, z) model, [CH3](r = 0, z = 0)
and [H](r = 0, z = 0) values obtained by extrapolating the corresponding
r =0, z = 0.5 mm values as described in Section 2.6, and the [CH3](z =
0) values returned by the earlier 1D(z) calculations [6]. Whilst not
excluding the possibility that there might be some reactor specific rea-
sons for such very different predicted trends in [CH3](z = 0) vs [Hpyaxl,
the limited available data suggest that similarities (i.e. reactor inde-
pendent trends) are more likely — as found, for example, when
comparing the p-dependent I(Cy*)/I(H,) ratio returned by different re-
actors [12].

Thus, the difference between the 1D model prediction that [CH3](z
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= 0) increases near-linearly with [Hpyax] and the much shallower
dependence returned by the present 2D modeling is noteworthy, and
should sound a cautionary note when considering the application of 1D
models to describe the manifestly 2D nature of PACVD reactors. A 1D
model, for example, could not properly capture a dependence of [CHs]
(z = 0) (and thus the growth rate) on substrate diameter, which the
present 2D modeling predicts to be significant, particularly at low
pressures: e.g. [CH3](r=0,2=0) =5.5 x 10" and 4.2 x 10" em 2 for
ds = 32 and 50 mm, respectively, at p = 75 Torr and P = 1.5 kW. The
more complex (i.e. not simple linear) variation of [CH3](z = 0) with
[Hpmax] (and thus with [H](z = 0), given the proportionality [H](z = 0)
~ 0.03 x [Hpax] in Fig. 10) is unsurprising, given the contributions from
reactions involving CH4 and CoHs (Eq. (4) and Table 1), the concen-
trations of both of which also depend on many factors [19,20] in addi-
tion to [H].

2.6. Use of a 1D(z) model to extrapolate dependencies in the boundary
region (z < 0.5 mm)

Notwithstanding these reservations, there are instances where the
computational effort of 2D calculations becomes disproportionate and
pragmatic 1D modeling may be appropriate. Such 1D(z) modeling for
various r may well be appropriate if confined to the thin boundary layer
0 < z < 2 just above the substrate, where the steep gradients in Ty and
the various species concentrations and axial transfer rates far exceed the
corresponding radial gradients and transfer. Again, however, any such
1D(z) modeling requires appropriate boundary conditions at z;, (for a
range of r). 2D modeling provides the obvious (and arguably the only)
way of establishing adequate boundary conditions for the various spe-
cies concentrations and for T(r, zp).

Such a 1D(ry, 2) approach has been used here, using the 2D modeling
results at rj, 2z, = 0.5 mm (from calculations using grid cell dimensions
Az =1 mm and Ar = ri;; — r; = 1 mm) as the boundary conditions, to
gain a more detailed picture of the sharp variations in the various CyHy
species concentrations in the boundary layer above the substrate and to

11

calculate [CH3l(r, z = 0) and [H](r;, z = 0) values required for the
estimation and analysis of diamond growth rates (Section 3). The methyl
radical concentration at the substrate surface, [CH3](z = 0), is deter-
mined by the balance of reactions (1)—(3) and, to a lesser extent, by the
rate of carbon incorporation at the surface. However, the C,H, con-
centrations and thus the rates of reactions (1)—(3) in the near substrate
region are rapidly varying functions of z, because of the steep dT/dz and
d[H]/dz gradients and the ways in which these affect the various
chemical transformations and diffusional and thermodiffusional
transfers.

Additional 1D(ry, 2) calculations were therefore undertaken for the
near substrate (z = 0-0.5 mm) region to refine the behavior of the
various [CyHy]. These recognize the temperature jump AT at the
substrate

AT =Ty(z=0)— T, = 2.4 x (1 /o) — 0.5) X Mg X dT/dz, (6)
where oy and Ay are, respectively, the thermal accommodation coef-
ficient and mean free path of Hy molecules [46]. For hot (T > 1000 K)
surfaces, o is low (<0.1) and the typical temperature jumps range be-
tween AT[K] = 5.6/ay for p < 150 Torr and AT[K] =~ 3.7/ay; for p =
350 Torr under the conditions of current interest. Assuming oy ~ Oge/
1.5 ~ 0.07 [47], these jumps are in the range ~ 50-100 K and thus
sufficient to affect the To-dependent rate coefficients of reactions (1)-(3)
and thus the [CH3](2) values near the substrate.

Fig. 11 illustrates the strong variations of the base species
concentrations and of Ty(r = 0, 2) in the near substrate region for
0.006%N3/x%CH4/Hy gas mixtures under three different process
conditions: (a) x =1, p = 150 Torr, P=1.4 kW and T; = 1073 K (i.e. base
conditions for the results shown in Section 2.1); (b) x = 4, p = 150 Torr,
P=1.4kWand Ts = 1123 K; and (c) x = 4, p = 250 Torr, P = 3.5 kW and
Ts = 1123 K (both of which conditions featured in Fig. 10). All three
plots show an obvious increase in [Hz] on approaching the substrate,
reflecting the inevitable increase in total number density on moving to a
region of lower Ty whilst maintaining constant p. Thermodiffusional
transfer into the cooler near-substrate region ensures that the local
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Fig. 11. Plots illustrating the steep z-dependent variations in
Tg(r = 0, 2) and in the concentrations of selected species in the
near substrate region for 0.006%N5/x%CH,4/H, gas mixtures
under three different process conditions: (a) x = 1, p = 150
Torr, P=1.4 kW and T; = 1073 K; (b) x = 4, p = 150 Torr, P =
1.4 kW and Ty = 1123 K; and (c) x = 4, p = 250 Torr, P = 3.5
kW and T; = 1123 K. Data points for z > 0.5 mm are from
2D(r, 2) calculations while those for z < 0.5 mm are from the
1D(r; = 0, 2) calculations described in Section 2.6.
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carbon content (mainly determined by CyHj) increases more steeply
than [Hy] as 2 — 0, but the near substrate [CH4]/[CoHy] ratio is
significantly higher at the higher x (compare Fig. 11(a) and (b)) and
increases more steeply as z — 0 at higher p and P (compare Fig. 11(b)
and (c)). [H] decreases on approaching the substrate, as does [CHs]
under most regimes studied. [CH3] shows the gentler (relative) decline
due to a combination of thermodiffusional transfer effects and (indi-
rectly) because of the increasing carbon balance. The current modeling
returns [CH3](z = 0) ~ [CH3l(z = 0.5 mm) under high p, P conditions
(250 Torr, 3.5 kW —see Figs. 10 and 11(c)). Reference to Table 1 shows
that this can be traced to the much greater contribution from reaction
(3), which yields two CHjs radicals, under higher p, P conditions.

3. Diamond growth rates and their dependence on gas pressure,
absorbed power, N, additions and the substrate temperature and
diameter

3.1. Development of a growth rate expression

These calculated [CH3](z = 0) and [H](z = 0) concentrations at the
substrate surface along with a gas-surface reaction mechanism [48]
allow the proposal of a semi-empirical growth rate formula G-
del([CHsl, [HI, Ts, X(N3)) that can be normalized against experimental
diamond growth rates, Geyp, measured under the same (or very similar)
conditions. This modeling assumes the following reaction mechanism
for CH3 radical adsorption at relevant dimer radical (C*) sites created
and passivated by the H atom abstraction/addition reactions (7) and (8)
[1,44,48,49]:

CH+HoC +H, @)
C"+H-CH (8)
C" +CH; < CCH; 9

where all surface sites are designated in bold to distinguish them from
gas phase species. Reactions (7) and (8) with rate coefficients k7, k_7 and
kg from [48] provide an estimate of a dimer radical fraction.

F" =1/(1+0.3 x exp(3430/T,) +0.1 x exp( — 4420/T,) x [H,]/[H]) (10)

To derive the Gpogdel formula, we start from an upper estimate of the
growth rate (Gpax) under hypothetical conditions where every adsorbed
CHjsradical is assumed to be irreversibly incorporated into a diamond film:

Grax [pmh™'] & 2 x T,% x ([CH3] /10" ) x F* x f an
where the [CHs], [H] and [H;] concentrations just above the substrate
(i.e. atz = 0) are in cm ™~ and, in this limit, the incorporation probability,
f=1.Inreality, major uncertainties apply to the value of f, which can be
viewed as the product of a sticking probability associated with reaction
(9) and the probability of subsequent irreversible incorporation.
Considering analogous gas phase radical-radical addition reactions
(e.g. CH3 + CH3 + M — CgHg + M, with rate coefficient k ~ (2—10) x
1073% cm® s~ for the conditions of present interest and T, in the range
1350-1000 K [50]) suggests a high sticking probability at typical
substrate temperatures (T; = 1000-1200 K), though we also note
the results of earlier molecular dynamics calculations which suggested
sticking coefficients as low as ~0.1 for CHs radicals on bare (i.e. non-H-
terminated) diamond (100) 2 x 1 and (111) 1 x 1 surfaces at these
temperatures [51]. There are (at least) two pathways by which an
incident CH3 radical can proceed via CCHgz in Eq. (9) to a surface CHy
group: (i) chemisorption on a pure radical site C* (with all adjacent
surface atoms terminated as CH sites) followed by H abstraction by an
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impinging gas phase H atom; and (ii) chemisorption at a biradical site
C** (i.e. a surface radical site with another nearby C* site) followed by H
atom transfer from the CCHgz group to this adjacent site [1,36,49,52,53].

The surface CHy group deriving from an incident CHs radical can
suffer a range of fates, including migrating on the diamond surface,
being etched back into the gas phase (by incident H atoms) or ultimate
incorporation into a diamond film (e.g. at a step edge) [1,49,52-58]. To
develop the model further first requires some estimation of the fraction
of adsorbed CHjs groups that are further converted to surface CHjy
groups, migrate and ultimately incorporate into the growing diamond
film. The fraction of migrating CHy groups that are etched in the period
between initial accommodation and eventual irreversible incorporation
must depend on process conditions, crystallite surface and sizes, etc.,
and the probability that the C atom in a chemisorbed CHg species (Eq.
(9)) is irreversibly incorporated into growing diamond will have a
complex dependence on many parameters. To complicate matters
further, we recently proposed that incorporated N atoms might serve to
immobilize adjacent CHy groups on the diamond surface and thereby
facilitate growth of small islands that provide additional step-edges and
encourage further incorporation and higher growth rates [3]. This pic-
ture is developed further in Section 4.

Many prior studies have shown that the presence of some nitrogen in
the CH4/H; process gas mixture (either via unintended air contamina-
tion or by specific controlled N addition) can lead to enhanced diamond
growth rates, to extents that depend on process conditions [26-34].
These observations and the foregoing concepts can be accommodated by
stressing an X(Ns)-dependent incorporation probability, henceforth
designated as f(X(N3)), and introducing f(X(N3)) into the expression for
Gmodel, i-€.

Ginodet = Gmax X f(X(N2) ) & 2 x T,° x ([CH;] /10" ) x F" x f(X(N2))
(12)

where the factor f{ZX(N2)) < 1 describes the ratio of successful carbon
incorporations relative to all CHz radical - surface radical collision
events (Eq. (9)).

f(X(N3)) can be treated as an empirical, process-dependent factor
that could be estimated by, for example, comparison of modeling and
experimental results for the same PACVD regimes and gas mixtures.
Such comparisons for the Bristol PACVD reactor operating at process
parameters (p = 150 Torr, P = 1.4 kW, T; = 1038 K, X(CH4) ~4 % (the
average mole fraction during the first 0.5 h of deposition in a zero gas
flow study) in Hy with a minimal (unintended) nitrogen mole fraction
Xmin(N2) of a few ppm at most) yielding a measured polycrystalline
diamond growth rate Gex, ~ 1.4 pm h™! on a 10 x 10 mm? silicon
substrate [59] return values of [CH3](z = 0) ~6.5 x 10" em~3 (cf.
~10%atz =05 mm) — averaged over the substrate area — and

S (Xmin(N2) ) 2 0.03 13)

A similar calculation for Ts = 1153 K and Geyp ~ 1.8 pm h™! [59]
returns a value f(Xpmin(N2)) ~ 0.05, i.e. this approach would suggest that
~1 in 25 CHj3 species that impinge on a C* radical site are ultimately
incorporated into the diamond film under these practically N-free
growth conditions. This leaves open the possibility of a significantly
higher G at optimal nitrogen mole fraction Xop(N2); the maximum
possible increase in G by introducing an optimum amount of nitrogen
would be limited by the factor f(Xop(N2))/f(Xmin(N2)), which would
likely be process condition and sample dependent.

Derkaoui et al. reported near constant growth rates at p < 150 Torr
(Fig. 10(a) in ref. 6). Given G ~ [CH3](z = 0) (Eq. (12)), this observation
correlates much better with the mildly varying [CH3](z = 0) values
predicted by the current 2D(r, 2) modeling than with the 1D model
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prediction [6] that [CH3] increases linearly with [Hpax] (Fig. 10).
f(X(Ny)) values in a range 0.1 4+ 0.025 can be obtained from the G and
[CH3] data reported in that study, suggesting that addition of an optimal
amount of Ny could have afforded, at most, a ~10-fold enhancement in
G under the prevailing conditions. Under similar reactor conditions,
Achard et al. actually reported a 10-fold enhancement in the growth rate
of homoepitaxial single crystal diamond when adding 200 ppm N to a
MW activated 4%CH4 in Hy gas mixture operating at PD ~95 W em
[30]. They also noted a change in growth mode, from step flow (iden-
tified by classical step bunching phenomena and the appearance of
macro-steps) at low nitrogen concentrations to a bidimensional nucle-
ation mode and no observable macro-steps at high X(N2).

Bogdanov et al. reported similar increases of G (by factors of ~6 at
PD ~40 W cm ™2 and ~14 for PD ~110 W cm ™) in the case of poly-
crystalline films grown on Si substrates when using their optimal
nitrogen addition X,,(N2) ~200 ppm, cf. an N-free CH4/H3 plasma with
X(N3) <1 ppm [27]. Even 50 ppm N additions in the latter study were
shown to result in ~5-fold increases of G at both power densities. The
smaller increases in G reported in some other studies upon adding
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N into a CyH,/Hz mixture could have arisen if the nominally N-free
‘base’ mixture actually contained some unintended Ny fraction
(e.g. from process gas contamination and/or air leakage into the
reactor).

3.2. Effects of changing substrate temperature

As noted above, the value of f{X(N5)) in the growth expression (Eq.
(12)) will depend on many factors, including process conditions and the
morphology of the growing surface. In general, process regimes with
higher [H](z = 0) should be expected to suppress f(X(N3)) values due to
H-induced etching of migrating CHy groups. Conversely, increasing X
(N3) can demonstrably result in higher f{X(Ny)) values. It can be ex-
pected that variations in f(X(Ny)) values and [CH3]/[H](z = 0) ratios
will affect the quality of the deposited material.

The illustrative examples in the remainder of this Section are all
for the base 0.006%N,/1%CH4/Hy gas mixture and assume a value
f(X(N2)) = 0.03. Under these conditions, Eq. (12), with constant Ty =
1073 K, returns growth rates at the substrate center in the range 0.5 <
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Gmodel/(fIX(ND)/f(Xmin(N2))) < 1.3 pm h™L, for a broadly constant F*
~0.11 (from Eq. (11)) and respective methyl concentrations in the range
2.5 x 1013 < [CH3](r=0,2=10) < 5.9 x 103 ¢cm 3 for the spread of p
and P conditions considered in Figs. 7 and 9. As Fig. 12(b) shows, G is
predicted to maximize near the substrate edge. For this small substrate
size (ds = 32 mm), the predicted increase in [CH3] under base conditions
(p = 150 Torr, P = 1.4 kW, Ts = 1073 K) more than outweighs the
gentle decline in [H] with increasing r (Fig. 7(d)). Note, the predicted
[CH3]/[H] ratio at z = 0 increases from ~0.006 to ~0.04 (i.e. by a factor
of ~7) as r increases from 0 to ds/2 (16 mm), so the deposited material
quality would likely show an r dependence. A second G vs r plot in
Fig. 12(b) shows a similar r dependence at higher T; (1323 K, whilst
maintaining p = 150 Torr and P = 1.4 kW). Such an increase in T; is
predicted to reduce G(r = 0) but to increase G(r = dy/2); a ~5-fold
increase in the [CH3l/[Hl(z = 0) ratio is predicted in this case
(from ~0.004 to ~0.02) and, again, the caveat about r-dependent ma-
terial quality must apply. Increasing T; (while holding all other process
conditions fixed) changes the CH3 balance (reactions (1)-(3) in Table 1)
and results in lower [CH3]/[H](z = 0) ratios. The evident r dependence
of the [CH3]/[HI(z = 0) ratio under any given process conditions
suggests that any more sophisticated growth model must recognize that f
(X(N3)) is also likely to be r dependent.

In experiments such as those reported in ref. 59, the (near-)constancy
of Ts in the various p and P regimes (and thus at the various powers
loadings to the substrate) could be achieved using an annular wire
spacer of user-selectable diameter to hold the substrate off the water-
cooled base-plate of the reactor. In alternative regimes employing a
constant spacer wire thickness (i.e. constant gas gap), increasing p and/
or P would change the power loading to the substrate (due to both heat
conduction from the hot plasma and H atom accommodation at radical
surface sites [39]) and thus change Ts accordingly, as described in
ref. [3]. For very high Ts (e.g. >1500 K), Eq. (11) can be modified to
allow for thermal desorption of CHg (reaction (—9)) [60,61]. Other
modifications of the growth rate formula to accommodate possible
adsorption of CH, (x = 0-2) radicals and of CHg radicals on dimer bir-
adical sites have been presented also [48,60].

3.3. Effects of changing substrate diameter

Section 3.1 offers a kinetic description of how the nitrogen in a MW
activated N/C/H gas mixture can lead to increased diamond growth
rates, G, defined in terms of thickness per unit time. In some instances,
the measurable of interest might be the volume (or mass) of diamond
grown per unit time, and one obvious way of increasing the latter would
be to increase the area over which deposition occurs. Fig. 2b and c
illustrated how the n, and T, distributions change upon increasing the
substrate diameter from d; = 32 mm to 100 mm. Fig. 12 shows the
calculated effects of d on the radial profiles of (a) [H] and [CH3] at z =
0 and (b) G (in um hr™!). Base conditions of p =150 Torr, P = 3 kW and
Ts = 1073 K were chosen for these comparisons, with d values of 32, 60,
80 and 100 mm. The [H](z = 0) profile is predicted to be relatively flat
for d = 32 mm at this higher P, maximizing at r = dg/2 = 16 mm (as in
the 2D(r, z = 0.5 mm) data shown in Fig. 9), but for all larger ds values
[H]l(z = 0) is predicted to maximize at r = 0 and to fall fairly mono-
tonically out to the substrate edge. [CH3]l(z = 0) is predicted to maxi-
mize at r = dg/2 for all but the largest diameter (d; = 100 mm).

The competing r dependences of [H] and [CHs] at the substrate
surface determine the predicted G(r) profiles shown in Fig. 12(b)
though, at larger d;, the r dependence of F* can no longer be ignored. For
illustration, Fig. 12(b) also shows the F*(r) profile for ds = 100 mm
under these conditions: the ~2-fold drop of F* near the substrate edge
can be traced to contributions from reaction (—7) at low [H](r, z = 0)
and its effect on the last term in Eq. (9). As Fig. 12(b) shows, the pre-
dicted growth rates at r ~ 0 are largely insensitive to ds but the d; de-
pendences of CH3(r, z = 0) are clearly reflected in G(r), which is still
predicted to peak at the substrate edge when dy = 60 mm, but then to
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maximize at r ~ 30 mm for dg > 80 mm.

Angular integration of these predicted G(r) values over all r suggests
that ~6.5x more material would be deposited under the specified
conditions per unit time when using a substrate with d; = 100 mm (cf. d
= 32 mm) but, again, we note the very different [CH3]/[H](z = 0) ratios
at the substrate edge and center (which vary by factors of 13 (2.2) when
ds = 100 (32) mm) and caution that such large differences in gas phase
composition would likely lead to r-dependent material quality and r-
dependent f{X(N2) values — for which the present calculations make no
allowance. (The calculated [CH3]/[H](z = 0) ratios under these higher P
conditions increase between r = 0 and r = dy/2 from 0.007 to 0.015 for
ds = 32 mm, from 0.01 to 0.044 for d; = 60 mm, from 0.009 to 0.09 for
ds = 80 mm and from 0.008 to 0.1 for d; = 100 mm). The modeling also
assumes constant T across the entire substrate diameter, which may be
hard to realize experimentally given the finite size of the hot plasma
volume (Fig. 3) and the decline in [H](z = 0) at large r (Fig. 12(a)). The
predicted decrease in the conductive contribution to substrate heating
between r = 0 and r = dy/2 is <25 % for d; = 32 mm but approaches a
factor of 7 when d; = 100 mm. Such non-uniformities will be largely
mitigated by fast radial heat conduction through the substrate, however,
particularly given the relatively thick substrate holders used in most MW
PACVD reactors.

4. Mechanism of N-induced growth rate enhancement

As noted earlier, a mechanistic interpretation of how and why trace
amounts of nitrogen accelerate the rate of CVD diamond growth has
been a topic of longstanding interest. Optical diagnoses of MW activated
N/C/H plasmas have established N atoms as the most abundant poten-
tially reactive N-containing species just above the growing diamond
surface [2], and companion 2D(r, z) modeling has shown that trace
additions of Ny have minimal effect on the plasma parameters and the
near-surface H atom or CyH, species concentrations [3]. Oberg et al.
[36] recently summarized many model studies that have sought to
explore ways in which sub-surface N atoms or N-containing adsorbate
species might enhance growth rates by reducing reaction and/or tran-
sition state energies for growth on an H-terminated (100) surface
[62-68], and showed (using density functional theory) the much
reduced energy requirements for C insertion into a surface C-N dimer
bond (cf. into the surface C-C dimer bond implicated in the accepted
model for such C insertion [1]). These authors also reported energeti-
cally feasible reaction sequences leading to new layer growth propa-
gating from the surface-embedded N atom and suggested that such
surface C-N dimer bonds might serve as ‘super-nucleating’ species [55]
capable of accelerating G in cases where new layer formation is the rate
limiting step for growth. Such ideas chime with our recent suggestion
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Fig. 13. A: Reaction pathway for migration of a pre-inserted CH, group to
bridge a void in a chain of C-C dimer bonds on a (100)-2 x 1 diamond surface.
B: Analogous, energetically improbable, reaction sequence that would be
required when one of the dimers contains a substitutional nitrogen atom.
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Fig. 14. Migration pathway of a CH, bridge group along a C-C dimer chain (A), and the improbable analogous reaction that would be required if approaching the N

end of a C-N dimer (B).

that an incorporated N-atom (or small N-containing species) might serve
as an anchor, immobilizing adjacent CHy groups on the diamond surface
and thereby facilitating the formation of new, small islands that provide
additional step-edges and encourage further incorporation [3]. These
ideas are here outlined further.

Section 3.1 emphasized that the evolution from initial chemisorption
of a CHgs radical to irreversible C atom incorporation has a low success
probability under typical diamond CVD conditions. Any picture of sur-
face migration as a random walk process suggests short (few surface
atom) net migration distances [49,56]. Growth models show a strong,
energetically-driven propensity for eventual incorporation at step edges
— consistent with observations of terraced surfaces and step-flow growth
[1]. Most mechanistic studies focus on an idealised, flat, 2 x 1 recon-
structed (100) diamond surface and build on the generally accepted
model [69] wherein a CHj3 species attaches to a radical site on a C-C
dimer bond and incorporates (as a bridging CH, group) via a successive
ring-opening, ring-closing process. For eventual incorporation, this CHy
group must migrate to a step edge, and several energetically feasible
routes for migration along both dimer rows and dimer chains have been
identified [52].

Fig. 13A shows one illustrative sequence (reaction 18 in ref. [49])
starting from two C-C dimer bonds, each after CH; insertion, separated
by a void. Atoms in the surface dimer bonds prior to insertion are shown
with a subscript d, and radical sites (dangling bonds) are indicated with
a dot (e). In this depiction, the right hand CHy group migrates via a bond
breaking, bond forming process via a transition state involving a
pendant =CHj group leading to a bridge-next-to-bridge configuration, i.
e., towards formation of a smooth surface. All steps are calculated to be
energetically feasible at relevant substrate temperatures and the rate of
this migration is predicted to be much (~2 orders of magnitude) faster
than the rates of the H abstraction and addition reactions that control
the surface radical population dynamics [49,52].

Fig. 13B depicts the analogous situation of two post-inserted dimer
bonds, in one of which a C4 atom in the original dimer bond has been
replaced by a substitutional nitrogen atom (Ng). The right-hand moiety
in this case is the (H-terminated version of the) C-N dimer bond post CH,
insertion, that Oberg et al. have shown to be stable [36]. The inability of
the Ng atom to support a radical site ensures that CHy group migration

16

across the void (the analogue of Fig. 13A) will be blocked by the ener-
getic penalty associated with trying to form the valency-defying
Nyg=CH; group. Post-insertion, therefore, the adjacent Ny atom serves
to anchor the CH; group; it cannot migrate past the Ny atom. But that
does not prevent further migration up to the anchored CHj group (as can
be visualised by replacing the H terminated Cq atom in the left-hand
structure in Fig. 13A with a substitutional Ngq atom).

Similar arguments are likely to apply to other of the previously
identified migration reactions. For example, Fig. 14A shows the migra-
tion of a CHy bridge group along a C-C dimer chain (reaction 20 in
ref. [49]) that again will be prevented when approaching the N end of a
C-N dimer (Fig. 14B).

In many regards, this analysis can be viewed simply as another
perspective on a long-standing issue. The potential of an Ng atom to slow
the propagation of a migrating step-edge and encourage step bunching
was recognized long ago by van Enckevort and coworkers [70]. Oberg
et al. focussed on the energetics of the sequence of elementary reactions
resulting in CHy insertion into a C-N dimer bond and rearrangement
reactions involving its immediate neighbours and noted that the Ny
atom in this scenario has many of the attributes required of a ‘super-
nucleating’ species [36]. The present analysis focusses more on surface
migration efficiencies and the requirement of irreversible incorporation
to achieve growth. The C-N dimer serves to lock an inserted CH; group,
thereby offering a new nucleation or ‘anchor’ site on the surface. The Ng
atom also acts as a barrier to the migratory passage of other CH; groups.
Suitably immobilized, these CH; groups are ideally positioned to bond to
the ‘anchor’ site and/or to pre-extended islands developing therefrom.
The ‘catalytic’ effect of added nitrogen can thus be understood in terms
of (i) creating additional, fixed, nucleation sites, which (ii) reduce the
average migration distances needed to (iii) incorporate at the emerging
step edges supported by such sites — thereby boosting the C incorpora-
tion probability relative to that prevailing under N-free conditions
where more extensive surface migrations will typically be required.

5. Conclusions

Diamond deposition from MW plasma activated 0.006%N5/1%CH,/
H, gas mixtures has been investigated by 2D(r, z) self-consistent
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modeling, as functions of pressure (p = 75-350 Torr) and absorbed
power (P = 1-3 kW), mostly at a fixed substrate temperature Ts = 1073 K
and substrate diameter, d; = 32 mm. The modeling elucidates a complex
2D picture of hydrocarbon interconversion throughout the whole
reactor volume, revealing three main interconversion zones, compara-
ble radial (r) and axial (z) gradients of the various species concentra-
tions, and an annular shell-like [CH3](r, 2) profile that reflects the spatial
distribution of the main CHj3 radical source reaction, i.e. the rate of CH,
+ H & CHjs + Hj reaction, for which the r- and z-gradients of the reactant
species concentrations are diametrically opposite (Figs. 6-9). These re-
sults serve to highlight the challenge of using 1D(z) models to describe a
complete MW PACVD reactor: 1D(z) models necessarily neglect any
radial dependences and, for example, predict variations in CHsz con-
centration above the substrate center, [CH3]l(r = 0, 2), that are very
different from those returned by the 2D modeling. At high pressures, the
2D modeling predicts substantial and contrasting radial gradients of
[CH3] and [H] above the substrate and a radially increasing diamond
growth rate profile.

The 2D modeling traces the various pathways by which the absorbed
MW power is partitioned and the main transformations/heat flows that
follow (i.e. from the initially activated electrons, via rovibrational
excitation of Hy and CoHj, collisional energy transfer leading to gas
heating and eventual heat transfer to the reactor substrate and walls).
The modeling reveals how the various plasma parameters (and the hot
plasma volume, V}) respond to changes in p and P. At fixed P, the
maximal power densities, PDp,x, and electron concentrations nemax both
increase with p; V}, shrinks. In all regimes, the calculated PD(r, 2) dis-
tributions are non-uniform in both the radial and axial directions, which
raise questions about the meaningfulness of the oft-quoted average
power density quantity, PD,yer. The 2D modeling also reveals that PDgyer
estimates based on experimental measurements of the glowing plasma
volume (e.g. from the spatial distributions of Co* and/or H, emissions)
are likely to be significant overestimates of the real PDgy.r; a substantial
part of the absorbed power (~30 % at p = 150 Torr) is shown to be
absorbed in cooler regions outside the glowing plasma volume. At lower
powers (P < 1.4 kW), the maximal values of n,, T, and the gas tem-
perature, Tg, are all found above the centre of the substrate (i.e. atr = 0),
but these maxima are all predicted to shift to above the substrate edge (i.
e. atr ~ 16 mm for the d; = 32 mm substrate) at high powers (P = 3 kW).

The plasma rearrangements and changes in plasma parameters upon
varying p and P induce corresponding variations in the spatial distri-
butions of the various species, including the radial concentration pro-
files of CH3 radicals and H atoms just above the substrate. Upon
increasing p, [CH3](z = 0) is predicted to increase most steeply at the
substrate edge (i.e. at r = dy/2), whilst [H](z = 0) increases most steeply
above the substrate center (i.e. at r = 0). [CH3](r = 0,2 = 0) and H(r =
ds/2, z = 0) are found to vary only weakly with p at constant P. The
spatial distributions of radical species (e.g. zone B in Fig. 5, which
contains the maximal CH3 concentrations) expand with increasing P (at
constant p). [CH3] and [H] above the substrate center are predicted to
vary only weakly with P (again at constant p) and the radial profiles of
[H] become more uniform at higher P.

Spatial variations in the diamond deposition rate, G, are determined
by the radial profiles of [CH3] and [H] just above the substrate. Analyses
of the various G(r) profiles calculated for different p, P and, to lesser
extent, Ty and ds provide a basis for understanding and optimizing
deposition regimes and rates. A previously proposed semi-empirical,
process-parameter-dependent expression for G [48] is developed
further to explicitly include the addition of N3 to MW activated CH4/Hy
gas mixtures and a new mechanistic picture presented to account for the
observed N-induced enhancements in G. This picture requires surface
embedded N atoms, which act as 'anchor' sites and offer a mechanism for
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reduced CH, surface migration and more step-edges for irreversible
incorporation of such migrating groups. Such a picture chimes with the
concept of 'super-nucleation' sites [55] such as the recently recognized
stable moiety formed by CHj insertion into a C-N dimer bond on the 2 x
1 reconstructed (100) diamond surface [36].
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