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ABSTRACT 

Wavelength and spatially resolved imaging and 2-D plasma chemical modelling methods 

have been used to study the emission from electronically excited C2 radicals in microwave 

activated dilute methane/hydrogen gas mixtures under process conditions relevant for the 

chemical vapor deposition (CVD) of diamond. Obvious differences in the spatial distributions 

of the much-studied C2(d
3g–a3u) Swan band emission and the little-studied, higher energy 

C2(C
1g–A1u) emission are rationalized by invoking a chemiluminescent (CL) reactive 

source, most probably involving collisions between H atoms and C2H radicals, that acts in 

tandem with the widely recognized electron impact excitation source term.  The CL source is 

relatively much more important for forming C2(d) state radicals and is deduced to account for 

>40% of C2(d) production in the hot plasma core under base operating conditions, which 

should encourage caution when estimating electron or gas temperatures from C2 Swan band 

emission measurements. Studies at higher pressures (p ~400 Torr) offer new insights into the 

plasma constriction that hampers efforts to achieve higher diamond CVD rates by using 

higher process pressures. Plasma constriction is proposed as being inevitable in regions 

where the local electron density (ne) exceeds some critical value (nec) and electron-electron 

collisions enhance the rates of H2 dissociation, H atom excitation and related associative 

ionization processes relative to those prevailing in the neighbouring non-constricted plasma 

region. The 2-D modelling identifies a further challenge to high p operation. The radial 

uniformities of the CH3 radical and H atom concentrations above the growing diamond 

surface both decline with increasing p, which are likely to manifest as less spatially uniform 

diamond growth (both in terms of rate and quality).  
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INTRODUCTION 

Synthetic (i.e. laboratory grown) diamond constitutes a growing fraction of annual diamond 

sales.  Two methods dominate the supply of synthetic diamond. High pressure high 

temperature (HPHT) growth, wherein diamond is formed by subjecting carbonaceous 

material along with an appropriate metal catalyst to extreme pressures and temperatures, 

gains its inspiration from nature and was first demonstrated by ASEA in 1953 (though not 

reported at the time) and then by General Electric.1 Most present-day HPHT synthesis 

exploits the temperature-gradient growth method introduced in the late 1950s.2 Chemical 

vapor deposition (CVD), in which diamond grows from a suitably activated C/H containing 

gas mixture, has emerged more recently 3,4 and the first CVD protocols capable of yielding 

diamond of reasonable quality at technologically relevant deposition rates only appeared in 

the early 1980s.5,6 Most of the higher quality CVD diamond is grown on an appropriate 

substrate (e.g. a Si wafer or a pre-existing single crystal seed diamond) from microwave 

(MW) plasma activated (PA) dilute methane/hydrogen gas mixtures that operate at sub-

atmospheric pressures. Judicious reactor design ensures that the hot plasma region sits close 

above the substrate, thereby ensuring that (i) free radical species generated in the plasma 

region can transport to the growing diamond surface and (ii) the substrate is maintained at the 

elevated temperature (Ts ~1000-1300 K) necessary for successful growth of diamond (rather 

than some poorly defined form of amorphous carbon).7-12 

The MW activated plasma is luminous,13 and spectroscopic analysis reveals emissions from 

electronically excited H atoms, H2 molecules,14,15 CH, C2 and C3 radicals 16 and even C2
− 

anions.17 These emissions will often be supplemented by CN radical emission if nitrogen has 

been added to the input gas mixture (or if the plasma contains any significant air 

contamination) 18 and will be enriched further by emissions from B atoms/BH radicals,19 OH 

radicals,20 Si atoms/SiH radicals  21 or PH radicals 22 upon addition of, respectively, a B, O,  

Si or P containing source gas. The relative intensities of these various emissions depend on 

process parameters like the C/H input mixing ratio (and any air impurities), the pressure and 

applied MW power and the spatial location within the reactor and, even without any detailed 

spectroscopic analysis, allow opportunities for checking the process reproducibility and 

control.   

Many prior studies have considered production and loss mechanisms for these various 

electronically excited species which under the prevailing process conditions are generally 

assumed to be dominated by, respectively, electron impact excitation (EIE) and quenching 
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(reactive and/or inelastic collisions). In addition to EIE, however, recent studies employing a 

combination of spectrally and spatially resolved imaging of the optical emission (OE) from 

three different excited states of the CH radical in MWPA C/H gas mixtures together with 

complementary self-consistent two-dimensional (2-D) plasma chemical modelling identified 

an additional source of excited CH radicals, particularly CH radicals in their first excited 

(A2) state. This additional source is chemiluminescent (CL) reactions, i.e. reactions 

occurring within the hot plasma region that are sufficiently exothermic to yield electronically 

excited products.23  

Emissions from C2 radicals, particularly via the d3g–a3u (Swan band) transition,24 are also 

ubiquitous in MWPA C/H (and C/H/Ar and C/H/O) gas mixtures used for diamond 

CVD.16,17,20,25-50 The present study applies OE imaging methods to two different C2 

emissions, the much-studied d–a Swan band system centred at wavelengths  ~515 nm and 

the C1g–A1u Deslandres-D’Azambuja transition at  ~385 nm,51 as functions of process 

conditions. The d and C states of C2 have significantly different energies (2.48 and 4.25 eV, 

respectively, defined relative to the ground (X) state). Again, undertaking the experimental 

program in parallel with plasma chemical modelling allows assessment of the relative 

importance of CL contributions to the C2 emissions observed from MWPA C/H gas mixtures. 

The studies are also extended to higher operating pressures than hitherto (p ~400 Torr) to 

allow further investigation of the plasma constriction 46 that hampers efforts to exploit higher 

process pressures to achieve higher diamond CVD rates.   

 

1. EXPERIMENTAL 

 

The CVD reactor, MW power supply, process gas regulation and the optical set-up for 

imaging the C2(d–a) and C2(C–A) and H Balmer- emissions from MWPA C/H gas mixtures 

have all been described previously 15,23 and details are not repeated here. The intensities of the 

two C2 emissions are henceforth referred to as Iem(C2(d)) and Iem(C2(C)), respectively, or 

collectively as Iem(C2*). The spectrometer/diffraction grating combinations employed meant 

that the chosen C2(d–a) and C2(C–A) emissions were sufficiently widely-separated in 

wavelength space that they had to be recorded successively, but multiple measurements 

ensured internal self-consistency between the various scans. As in our recent CH emission 

imaging studies, the optical set-up should ensure that the monitored emissions emanate from 
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the full depth of the plasma. Base conditions for the present studies were defined as: input 

MW power, P = 1.5 kW, total gas pressure, p = 150 Torr, with input gas flow rates F(H2) = 

300 standard cm3 per minute (sccm) and F(CH4) = 19 sccm. For the Iem(C2(d)) versus 

Iem(C2(C)) comparisons, F(CH4), P and p were varied over the ranges of 0 ≤ F(CH4) ≤ 20 

sccm, 0.7 ≤ P ≤ 1.85 kW and 50 ≤ p ≤ 275 Torr, while the exploratory plasma constriction 

studies maintained base F(H2), F(CH4) and P but explored pressures p ≤ 410 Torr. All 

experiments employed a 3 mm thick W disc as substrate (with diameter dsub = 32 mm), which 

was held off the water-cooled reactor baseplate using a thin (dwire = 0.01″) Mo spacer wire 

ensuring Ts ~1100 K under base conditions.   

 

2. RESULTS AND DISCUSSION 

This Section opens with descriptions of the Iem(C2(d)) and Iem(C2(C)) spectra and the ways in 

which their respective spatial distributions and relative intensities vary with changes in 

process conditions. These trends are then compared with outputs from the self-consistent 2-D 

plasma modelling first without, and then with, the inclusion of a bimolecular reactive source 

of excited state (particularly d state) C2 radicals.  The best-fit reaction mechanism is then 

used – along with the available experimental data – to explain features of the plasma 

constriction that prevails at high process pressures.  

3.1. Optical Emission Images, Spectral Analysis and Estimation of the Relative Excited 

State Abundances 

Figures 1(a) and 1(c) display spatially-resolved false colour Iem(, z) images of emissions 

from a MWPA C/H gas mixture operating under base conditions in the respective wavelength 

regions 490 ≤  ≤ 568 nm and 370 ≤  ≤ 448 nm, over the height range –3 ≤ z ≤ 27 mm, 

where z = 0 mm defines the top of the W substrate. Figures 1(b) and 1(d) show Iem() spectra 

of selected regions of these spectra, in the range 10.5 ≤ z ≤ 12 mm, together with best-fit 

simulations of the relevant C2(d–a), v = +1 (i.e. v′ → v″ = v′+1) and C2(C–A), v = 0 bands 

(offset vertically for ease of display). Additional features attributable to electronically excited 

C2
− anions and to excited H atoms and CH radicals are evident in the respective Figures. 

These best-fit simulations and the relative abundances of the C2(d) and C2(C) states were 

derived as follows.  The C2(d–a) Swan band system has been extensively studied; Brooke et 

al.24 have reported precise spectroscopic constants and oscillator strengths for the various d, 

v′→ a, v″ vibronic transitions that allow for the R dependence of the electronic transition 



 

6 
 

dipole moment (TDM). This allows detailed simulation of the measured band profile using 

the spectral simulation software PGOPHER,52 determination of an effective rotational (and 

vibrational) temperature Trot (and Tvib) for the excited state species (~2600±200 K, which is 

often assumed to be a good proxy for the local Tgas along the sampled column), reproduces 

the documented Einstein A coefficient (~107 s-1, corresponding to a radiative lifetime, rad 

~ 100 ns 24) and returns a measure of the total C2(d) state ‘abundance’ ([C2(d)], in photons s-

1). We note that the effective temperatures returned by simulating the C2(d–a) emission 

spectra are ~500 K lower than the Tgas values returned by the 2-D modelling for the plasma 

core (Tgas ~3150 K) and ~300 K lower than the Trot value derived from optical emission 

spectra of the C2
− anion under similar process conditions.17 Possible reasons for this 

difference are considered in section 3.3.1.   

The C2(C–A) system is much less thoroughly studied. Spectroscopic constants are listed in 

Huber and Herzberg 51 and the C state lifetime has been reported as rad ~30 ns.53,54  Franck-

Condon factors (FCFs) for the C–A transition have been reported by Nicholls,55 derived 

assuming that the respective potentials are adequately described by Morse functions. The 

latter study also gave FCFs for the C2(d–a) Swan band system derived in the same way (i.e. 

vibrational overlap integrals to be used with an assumed constant (R independent) TDM).  

The present analysis starts by testing how well the C2(d–a) FCFs from Nicholls 55 reproduce 

the [C2(d)] abundance calculated using the more accurate oscillator strengths provided by 

Brooke et al.,24 before applying the same strategy to estimate a [C2(C)] abundance under the 

same reactor and process conditions. Thus, the measured C2(d–a) emission spectrum was re-

simulated using PGOPHER, still with the best available spectroscopic constants 24 but with 

the Nicholls C2(d–a) FCFs. This returned a comparably good band contour and a very similar 

best-fit Trot value (~2600 K). To estimate an abundance, the radiative lifetime of the d state 

was adjusted manually (using the EinsteinA option within PGOPHER) to find the scaling 

factor between the square root of the FCFs (which are dimensionless) and the TDM (in 

Debye) required to achieve the measured C2(d) state lifetime. The returned [C2(d)] abundance 

was ~25% higher than that obtained using the ‘gold-standard’ oscillator strengths from 

Brooke et al. This is unsurprising, given the underlying assumptions (the R independent 

TDM and approximate FCFs), and was considered good enough to justify progressing the 

analysis further.  

Thus the measured C2(C–A) emission spectrum was simulated in the same way, using the 

available spectroscopic constants,51 FCFs from Nicholls 55 and the EinsteinA option within 
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PGOPHER 52 to establish the scaling of the FCFs to TDM required to reproduce the 

documented radiative lifetime of the C2(C) state.53,54 That the returned scaling factor is ~3 

larger than that required for the C2(d–a) transition is plausible, given that the two transitions 

involve the same g*→ u orbital demotion and the difference in the reported A coefficients 

(much of which can be ascribed to the respective 3 factors). The [C2(C)]:[C2(d)] abundance 

ratio obtained in this way, ~1:80, requires further (small) adjustments to allow for the 

wavelength dependences of the reflection efficiency of the diffraction grating in the 

spectrometer and the quantum efficiency of the CCD detector. This results in a best estimate 

for the [C2(C)]:[C2(d)] abundance ratio under base conditions of ~1:60, with a rather large 

(~50%) uncertainty that mostly reflects the approximate treatment of the respective transition 

probabilities.  

3.2. Measured C2* Emission Intensities and Spatial Distributions with Changing 

Process Conditions  

Spatial distributions of both Iem(C2*) emissions were derived by analysing the appropriate 

Iem(C2*; , z) images at high (i.e. Δz = 1.5 mm) resolution, while trends in any given Iem(C2*) 

as a function of changing process conditions were typically determined at a lower (Δz = 3 

mm) spatial resolution. Figures 2(a) and 2(b) show plots of, respectively, Iem(C2(d)) and 

Iem(C2(C)) versus z for a MW activated C/H plasma operating at three different pressures p 

with F(CH4) and P maintained at their base values. Even a cursory inspection of these data 

suffices to reveal that the two emissions exhibit different p-dependences. The Iem(C2(C)) and 

Iem(C2(d)) profiles at p = 150 Torr are replotted on a common intensity scale in Figure 2(c). 

The Iem(C2(C)) values are much smaller, and it proves helpful to present these data on an 

expanded vertical scale so that the peak of the profile is scaled to approximately match the 

maximum intensity of the Iem(C2(d)) profile. Viewed in this way, the Iem(C2(C)) profile is 

clearly centred at slightly lower z and, at all pressures, the Iem(C2(C))/Iem(C2(d)) ratio, R(C/d), 

(Figure 2(d)) clearly decreases with increasing z.  

Equivalent comparisons of Iem(C2(d)) and Iem(C2(C)) profiles recorded at other powers (P = 

0.9, 1.3 and 1.7 kW) and methane flow rates (F(CH4) = 5, 10 and 20 sccm) with, in each case, 

all other variables maintained at their base values are shown in the Supporting Information 

(SI), Figures S1 and S2.  It proves more convenient to discuss the trends revealed in these 

data in parallel with the predictions and insights provided by the complementary 2-D plasma 

chemical modelling. 
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3.3  2-D modelling of MW Activated C/H Plasmas. 

3.3.1 Production and Loss Mechanisms for the C2(d) and C2(C) States; CL Sources. 

The recently developed self-consistent 2-D model of MW activated C/H plasmas,23 which 

builds on earlier models,15,17,36,56,57 was further extended to include production and loss 

mechanisms for the d3Пg and  C1Пg  states of the C2 radical. The specific blocks of the model 

address the plasma-chemical (now 40 species and ~340 reactions) and electron (e) kinetics, 

heat and species transfer, gas-surface interactions, and solve Maxwell’s equations to calculate 

the spatially dependent MW electromagnetic (EM) fields and MW power absorption in the 

C/H plasma. The electron energy distribution functions (EEDFs) for all cells in the (r, z) grid 

– where r and z are, respectively, the radial distance and vertical height from the center of the 

substrate surface (which defines the point r = 0, z = 0) – are calculated from the Boltzmann 

equation and sets of e−H, e−H2, e−CxHy and e−ion collision cross-sections to provide the 

necessary rate coefficients for the blocks describing the plasma-chemical kinetics and the EM 

fields. The plasma-chemical kinetics mechanism involves key charged species (electrons and 

the Hx
+ (x = 1-3), C2H2

+, C2H3
+ and C4H3

+ ions) and neutral species (H(n = 1-3), H2(v), C(3P), 

C(1D), CH, 3CH2, 
1CH2, CH3, CH4, 

1C2(X), 3C2(a), other C2Hy (y = 1-6) species, C3Hy (y = 0-

3), C4Hy (y = 0-3), H2(B
1Σu

+), H2(a
3Σg

+), H2(c
3Πu), CH(A) and now C2(d) and C2(C)). Base 

conditions for the modelling mimic those used in the experiments, i.e., p = 150 Torr, P = 1.5 

kW and a CH4 input mole fraction, X0(CH4) = 6% CH4 (in H2).   

The most recent 2-D (r, z) plasma modelling 23 recognized EIE and possible bimolecular 

reactions (e.g., CH2 + H ↔ CH* + H2, C(1D) + H2 ↔ CH* + H) as source terms for the 

observed CH(A) and CH(C) emissions. CL reactions were shown to make a relatively greater 

contribution to the observed CH(A) emissions and to become a major source of CH(A) 

species at higher operating pressures, p >250 Torr. Contributions from such non-EIE sources 

invalidate the use of relative emission intensity measurements (e.g. the 

Iem(CH(C))/Iem(CH(A)) ratio) as an indicator of the electron temperature, Te. It was further 

proposed that such CL contributions are likely to be rather common in the case of lower-lying 

excited states (e.g. the C2(d) state) in the high pressure, high temperature environments 

prevailing in contemporary commercial MWPACVD reactors. The approach developed to 

probe for CL sources and to extract meaningful Te values was based on comparing measured 

and calculated spatial profiles of the ratios of different emission intensities (e.g. 

Iem(CH(C))/Iem(CH(A)), as functions of z and of variations in process conditions) 23 and we 
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here apply a similar approach to study the C2* emissions. We do not reprise the same 

analytical procedures (and the similar related challenges) for correctly determining Te but 

concentrate on exploring the behavior of C2(d) and C2(C) species and their production and 

loss mechanisms and explaining the observed trends in R(C/d). Having established the 

necessary plasma chemistry and physics, we then investigate plasma constriction effects at 

higher (p >300 Torr) pressures – experimentally and theoretically, by tracing trends in C2(d) 

and H Balmer emission intensities and by reference to recent observations in a bell-jar type 

MWPACVD reactor.45   

The C2(d) and C2(C) state production and loss processes (1) – (11) adopted and included 

within the pre-existing C/H plasma-chemical mechanism are listed in Table 1 along with the 

parameterized rate coefficients. The development of this additional reaction scheme draws on 

the following limited set of known processes and rate coefficients/cross-sections. The cross-

sections for EIE of C2(d) from C2(a) and C2(X), reactions (1) and (2), are taken from ref. 58, 

those for dissociative excitation (DE) of C2H2, reactions (3) and (8), are from refs. 59 and 60, 

and Einstein A coefficients for the radiative decay reactions (4) and (9) are from refs. 24 and 

54. The cross-section for EIE of C2(C), reaction (7), was initially assumed to be one third that 

for reaction (1) – reflecting the differing spin multiplicities – and shifted to the respective 

threshold energy (~4.15 eV). The rate coefficients for the quenching reactions (5), (6), (10) 

and (11) are poorly known and the modelling of the experimentally measured R(C/d) versus z 

dependences at different p (Figure 2) was first guided by the C2(d) quenching rate 

coefficients reported by Smith et al.61 As Figure S3(a) shows, trial 2-D model calculations 

that include none of the quenching reactions (5), (6), (10) and (11) return axial profiles of the 

column density ratios {C2(C)}(z)/{C2(d)}(z) for p =100, 150 and 250 Torr that are far from 

the respective experimental R(C/d) profiles. The model column density ratios for the three 

pressures are much more tightly nested in the plasma core region than the respective R(C/d) 

ratios and do not reproduce the observed gradients in this region nor the observed increases 

upon approaching the substrate (i.e. at small z).  

The poorly determined quenching rate coefficients were then varied systematically to 

establish how these might affect the spatially resolved {C2(C)}/{C2(d)} profiles. First, it was 

determined that high rates for the C2* + H quenching reactions are required to reproduce the 

p dependent separations of the R(C/d) profiles. (These separations are driven by the greater p-

dependent enhancement of C2(C) quenching as a result of the near quadratic growth of the 

maximal H atom concentrations: [Hmax(p)] 3.31012p2, where [Hmax] and p are in cm−3 and 
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Torr, respectively). None of the probed sets of quenching rate coefficients led to a sharp rise 

in {C2(C)}/{C2(d)} ratio on approaching the substrate, however, as illustrated in Figure S3(b) 

which shows the {C2(C)}/{C2(d)} profiles calculated for p = 100, 150 and 250 Torr using the 

k5, k6, k10 and k11 values listed in Table 1.  

The greatly improved match between the respective {C2(C)}/{C2(d)} and R(C/d) profiles 

shown in Figure 3 was achieved by including a chemiluminescent reactive source of C2(d) 

radicals – mainly the endothermic reaction (−5), with ∆H ~ 2.8 ± 0.1 eV) (where the quoted 

range reflects the variation across the temperature range of interest) and the assumed rate 

coefficient k−5 from Table 1. This CL source has the effect of reducing the {C2(C)}/{C2(d)} 

ratio, especially in the hot plasma core region, and manifests as the required sharp rise in 

{C2(C)}/{C2(d)} ratio upon approaching the substrate. Simultaneously, the absolute values of 

the {C2(C)}/{C2(d)} ratios were adjusted to match the measured R(C/d) ratios by 

parameterizing k7 for the EIE reaction (7) as shown in Table 1. This assumes a cross-section 

that is 55% that of reaction (1) (rather than the initially assumed 33% scaling (see above)) 

and an appropriately shifted threshold (~4.15 eV). The EIE reactions (1) and (7) and CL 

reaction (−5) are the main sources of C2* while the radiative decays (4) and (9) and reactive 

quenching by collision with H atoms (reactions (6) and (11)) and with H2 molecules (reaction 

(5)) are the main loss processes for C2*, as shown in Table 1 and by the calculated axial (r = 

0, z) reaction rate profiles shown for base conditions (p =150 Torr) in Figure 4 and for p = 

100 and 250 Torr in Figure S4. Reference to the reaction rates, Ri, listed in Table 1 and 

plotted in Figure 4 shows that the CL reaction (−5) accounts for ~40% of the C2(d) 

production in the hot plasma core region under base conditions, increasing to ~50% at p = 

400 Torr. 2D modelling also shows that the quenching reactions (6) and (11) become the 

dominant loss processes in the plasma core at high pressures (p 250 Torr). 

As noted at the opening of the previous paragraph, only in the cooler, near substrate region 

(i.e. z  3 mm) is EIE the dominant source of C2(d→a) emission. In contrast, EIE is the 

dominant source of C2(C) emission throughout the whole plasma region (Table 1). Any 

attempts to estimate Te values from measured R(C/d) ratios would thus likely return 

substantial underestimates of Te in plasma core. Similar challenges with regard to CH* 

emissions from MWPA C/H gas mixtures were highlighted recently (see Figs. 6 and 7 of ref. 

23), wherein it was shown that analysis of Iem(CH(C))/Iem(CH(A)) emission ratios assuming 

EIE as the sole source of both species could result in substantial (factor of ~2) underestimates 
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of the true Te values. As in the recent CH* emission study,23 the CL source makes a much 

greater relative contribution to the lower lying excited states (here the d state) and becomes 

increasingly important at higher pressures and, particularly, higher gas temperatures. The 

possible CL sources for C2(C) radicals were estimated as the rates of bimolecular reactions 

(−10) and (−11), i.e. the reverse of the respective quenching reactions (10) and (11). The rate 

coefficients so derived (k−10 < 10−19 and k−11 < 210−13 cm3 s−1 at Tgas <3150 K) are much too 

low for the CL reactions (−10) and (−11) to be important under the prevailing experimental 

conditions, as can be seen from inspection of Table 1 and Figures 4 and S4.  

The effect of the weakly exothermic reaction (−6) (∆H = −0.25 ± 0.05 51,62 where, again, the 

quoted range reflects the variation across the wide temperature range of interest), with 

assumed rate coefficient k−6 = 10−13 cm−3 s−1, is only revealed in the near-substrate region – 

where the rates of the other production/loss reactions (and the C2* emissions) are all greatly 

reduced compared with those prevailing in the plasma core region (Figure 4) and thus 

preclude any reliable determination of k−6. Any significant increase in k−6 above the value 

adopted in Table 1, however, is found to cause an excessive drop of the {C2(C)}/{C2(d)} ratio 

at small z. We note that this conclusion runs counter to a much higher k−6 value (>10−11 cm3 

s−1) proposed in an earlier study,61 and return to this point below. We also note that such 

discrepancies could be reconciled if reaction (6) requires passage over an activation barrier – 

in which case the value of k−6 could be higher in the hot regions (Tgas~2000-3500 K) whilst 

still preserving the deduced low value (~10−13 cm3 s−1) just above the substrate where Tgas 

will be in the range ~1200-1500 K. The current 2-D modeling with test barriers <1 eV shows 

that broadly similar results can be obtained with suitably modified k6 and k−6 values, e.g. k6 = 

1.5×10−9exp(−9726/Tgas) and k−6 = 10−11exp(−6246/Tgas) [in cm3 s−1]. We have no direct 

evidence that these reactions might be limited by such energy barriers, but note that entrance 

channel barriers in the range ~1-2 eV have been reported for various C2* + H interactions 

(involving low lying excited states of C2H with E <1.2 eV),63 and an entrance channel barrier 

of ~0.63 eV was found in trajectory surface hopping studies of the C + CH → C2(X) + H 

reaction.64  

For completeness, we note that a number of other CL reactive sources of C2(d) radicals have 

been proposed to account for the Swan band emission observed in hydrocarbon flames (i.e. 

the C(3P) + CH → C2(d) + H and CH + CH → C2(d) + H2 reactions, both with rate 

coefficients k ~410−11 cm3 s−1, and the C(3P) + CH2 → C2(d) + H2 reaction, with k ~410−12 
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cm3 s− 1, all for Tgas <2000 K),61 in shock-heated methane experiments (C + CH (or CH2) 

reactions) 65 and in a fast-flow reactor study of the CH + CH reaction.66 None of these 

possible CL sources with such high (and temperature independent) rate coefficients provide 

the required trends in {C2(C)}/{C2(d)} ratio at small z. Without the assumed CL source (−5), 

all attempts at using these CHx + CHy reactions (with a range of different assumed k(Tgas) 

coefficients) as the main CL source of C2(d) radicals were also unsuccessful, yielding ratios 

that were too low at small z. For the hot plasma core region, in contrast, adopting the earlier 

rate coefficients 61 in the current 2-D modeling results in very similar CL source rates 

(~51014 cm3 s−1 under base conditions) as those found using the preferred reaction (−5) as 

the dominant CL source term. 

Finally, a few aspects of the proposed reaction mechanism merit further comment. Quenching 

of C2* states in collision with C2H2 (the most abundant hydrocarbon in the hot plasma region 

56) was also included in the reaction mechanism, with a rate coefficient k = 510−11 cm3 s− 1 

(from Ref. 67), but these processes are of minor importance under the prevailing conditions. 

Only one dissociative excitation (DE) reaction pathway (3) is evident in the measured cross-

sections for forming C2(d) radicals,59,60 with no evidence of the lower thermochemical 

threshold process C2H2 + e  → C2(d) + H2 + e. For C2(C), in contrast, Országh et al.60 report 

two pathways with excitation thresholds E ~11.1 and 15.6 eV, and the former process (11) is 

assumed to prevail under the conditions of present interest. As Figure 4 shows, these DE 

processes make only limited contributions to the total C2* production, most noticeably in the 

near substrate region. DE processes involving C2H radicals, i.e. C2H + e  → C2* + H + e, are 

similarly estimated to be minor contributors to the observed C2* emissions. Electron-ion 

recombination, C2H2
+ + e → C2* + 2H, is another possible source of C2* species but, given 

the rate coefficient derived from direct current (DC) discharge modelling,68 is also deduced to 

be of minor importance under the MW plasma conditions of interest.  

The cross-sections for the more important C2(C) production pathways (EIE of lower singlet 

and triplet states of C2) are not well known. The two-electron excitation C2(X) + e → C2(C) + 

e might be expected to be a low probability process, cf. the (spin-changing) one electron 

process (7) and the EIE C2(A) + e → C2(C) + e. But the estimated concentration of the C2(A) 

state (which lies at E ~1.04 eV above the C2(X) ground state and has a high reported removal 

rate in collisions with H2; k(300 K) = 1.710−10 cm3 s−1, ref. 69) is more than an order of 

magnitude lower than [C2(a)] under the present plasma conditions. Thus, the main EIE source 
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of C2(C) is assumed to be process (7), for which we adopt the previously discussed cross-

section, resulting in the rate coefficient k7 listed in Table 1. We also note that, at least as far 

as the C2(C) spatial distributions are concerned, it is relatively unimportant which particular 

low-lying state(s) of C2 are involved in the EIE process. As also noted above, the rate 

coefficients of these various electronic processes are calculated from the local EEDFs in each 

grid cell. These are then approximated as functions of Te in the limited range 0.8 < Te < 1.5 

eV for the purposes of illustration and presentation in Table 1.   

Having established the main production reactions of C2* species, we return to consider 

possible reasons for the different effective temperatures obtained by simulating the measured 

C2(d–a) emission spectra (T ~2600±200 K) and from the 2-D plasma chemical modelling, 

which returns a value for the radially averaged quantity TC2(d) = Tgas(r,z)[C2(d)](r,z)dr 

/ [C2(d)](r,z)dr at z = 10.5 mm that is ~500 K higher. Experiment and 2-D modelling both 

assume that the collision frequency is sufficient to ensure local rotational-translational (R−T) 

and vibrational-translational (V−T) equilibration, i.e. that Trot  Tvib  Tgas. Though surely 

valid for ground state species, this assumption may require greater scrutiny in the case of 

short-lived excited state species. In the case of the C2(d–a) transition, for example, Reeve and 

Weiner 70 have argued that Franck-Condon effects could lead to C2(d, v) vibrational state 

population distributions (from analysis of wavelength dispersed C2(d−a) emission spectra) 

that differ from the C2(a, v") distributions from which they derive (by EIE), if the V–T energy 

transfer rate is insufficient to allow full re-equilibration of the vibrational state population 

distribution within the C2(d) state lifetime. R–T energy transfer rates are generally faster, so 

the assumption that the C2(d) rotational state population distribution is well described by a 

Boltzmann distribution with Trot = Tgas is more plausible, though the validity of such an 

assumption has been questioned in recent studies of both CN* 18 and CH* 23 species in MW 

activated (N)/C/H plasmas. Even if the assumption holds in the case of C2(d) radicals, 

however, the rotational state population distribution will only be reflected in the simulated 

spectral line intensities if the rotational linestrengths are well described by the appropriate 

Hönl-London factors.52 This, in turn, relies on their being no (as yet unrecognized) rotational 

level dependence to the C2(d–a) TDM.  

On the plasma chemical modelling front, we have investigated whether C2H and/or C2(a) 

radicals (the main precursors for C2(d) species in the plasma region, as shown in Figure 4 and 

Table 1) could be out of local V,R−T equilibrium. The C2H concentration is determined by 
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the close balance of the fast reactions (12) and (−12), with rates R12  R−12  51021 cm−3s−1 in 

the plasma core under base conditions: 

C2H + H2 ↔ C2H2 + H         (12)  

The rate of the exothermic reaction (12) – with ∆H ~ −1.2 ± 0.1 eV and k12 = 

9.410−14Tgas
0.9exp(−1003/Tgas) or ~10−10 cm3 s−1 at 3150 K 71  – and the similar rate for the 

reverse reaction (–12) could both be comparable with the (V,R−T) relaxation rates of the C2H 

radical and the C2H2 molecule. Given the endothermicity of reaction (−12), it is plausible that 

the C2H and C2H2 species involved in this fast interconversion reaction might be formed 

with, respectively, ‘cooler’ and ‘hotter’ rovibrational distributions than might be predicted on 

the basis of local thermodynamic equilibrium (LTE). This would result in steady-state C2H 

population distributions characterized by ‘temperatures’ Tvib, Trot <Tgas and, conversely, a sub-

set of C2H2 molecules with ‘hotter’ population distributions – reminiscent of the vibrationally 

‘hot’ HCN molecules formed in the CN + H2  HCN + H reaction.18,72  

The C2H radical is an important precursor of both C2(a) and C2(d) species, but this does not 

guarantee a transfer of C2H non-equilibrium to these species. The main source and sink of 

C2(a) are, respectively, the weakly exothermic reaction (13) and the reverse reaction (−13): 

C2H + H ↔ C2(a) + H2.        (13) 

The rates of these reactions (with reverse rate coefficient k−13 = 1.5510−11exp(−3012/Tgas) 

(ref. 73) and respective k13 = 1.1710−7/Tgas
1.2exp(−10386/Tgas)) are in balance under the 

prevailing plasma conditions and the rate coefficient k−13 < 610−12 cm3 s−1 in the hot plasma 

region is almost certainly too low to be competitive with the rate coefficients for (V,R−T)  

relaxation of C2(a) radicals on H atoms and/or H2 molecules, implying that the rovibrational 

populations of C2(a) will be in (or very close to) local thermal equilibrium, i.e. that, for C2(a), 

Trot  Tvib  Tgas.  

C2(d) radicals from the highly endothermic CL reaction C2H + H → C2(d) + H2 (reaction (−5) 

in Table 1) could be formed with a non-equilibrium rovibrational level population 

distribution, however – at a rate that is comparable with the rate of the EIE source of C2(d) 

radicals (reaction (1)) and the C2(d) radiative decay rate (reaction (4)). EIE can be expected to 

promote the equilibrium rovibrational level population distributions of the C2(a) (and C2(X)) 

precursors into a broadly similar distribution of C2(d) radicals, but the endothermic CL source 

could preferentially populate less excited rovibrational levels of C2(d). Clearly, the net 
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population distribution from these two sources will tend to thermalize via (V,R−T) energy 

transferring collisions with, e.g., H atoms and/or H2 molecules, but may fail to reach 

complete local equilibrium (i.e. Trot  Tvib  Tgas) if the rates of the CL source reaction (−5) 

and of (V,R−T) relaxation (particularly the generally slower (V−T) relaxation 70) are 

comparable. Such competitions could be a fairly common cause of non-fully-thermalized 

quantum state population distributions (i.e. distributions characterized by Trot  Tvib  Tgas), 

even in higher pressure plasmas such as those of current interest.  

3.3.2. Process Parameter Dependences of C2* Emissions – Experiment and Model 

Outputs Compared.  

Pressure (p) Dependence:  As Figure 3 showed, after including the additional reactions (1) – 

(11) for C2* emitting species in Table 1, the 2-D modelling succeeds in reproducing the 

measured R(C/d) profiles for all pressures studied.  Experiment and theory both return excited 

state populations at low z (≤ 3 mm) that are at least an order or magnitude lower than the 

maximal intensities. These areas of agreement, though impressive, need to be tempered with 

recognition that the calculated {C2(d)} and {C2(C)} versus z profiles at all three pressures are 

more extensive and peak at somewhat higher z than the observed Iem(C2(d)) and Iem(C2(C)) 

profiles – as shown in Figure S5.  Note, the maximum {C2(d)} values returned by the 

previous non-self-consistent 2-D modelling 17 (i.e. without direct calculation of the EM 

fields) were ~2.8-times lower. The present modelling reveals two main reasons for this 

difference: the previous 2-D model (i) used the plasma volume, Vpl, as a parameter which it 

transpires was overestimated (thus resulting in underestimations of the reduced electric fields, 

ne and Tgas) and (ii) did not include any CL sources. 

The EIE processes (1) and (7) are important sources of C2(C) and C2(d), respectively, as 

shown in Figures 4 and S4. The rates of these EIE processes both increase exponentially with 

the local electron temperature, as shown by the k1(Te) and k7(Te) approximations listed in 

Table 1. Figure S6 shows calculated axial electron temperature Te(r = 0, z) and averaged 

(over the MW period) reduced electric field profiles |E|/(Na) for various pressures (where a 

is the pressure dependent factor a = (1 + ω2/ν2)0.5 and ω and ν are the MW and electron 

collision frequencies, respectively).15 Clearly, Te and the reduced electric field both increase 

with decreasing p (except in the near-substrate region (z < 2 mm)) but the predicted increases 

in {C2(C)}/{C2(d)} ratio as a result of this increase in Te are much less than the observed 

increases in R(C/d) ratio. Key to rationalising the shapes of the observed R(C/d) versus z 
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profiles and their absolute p dependences is recognition of the importance of C2(C) 

quenching in collisions with H atoms, which increases greatly with increasing p and Tgas 

(recall Figures 4 and S4, which also highlight the lower relative importance of collisions with 

H atoms in the quenching of C2(d) species). 

The opposite calculated p-dependence for Te just above the substrate reflects the increase in 

Ts and the near-substrate gas temperature Tns with increasing p, which results in a less than 

linear increase in the total gas concentration (Nns) and higher |E|/(N×a) values. The 2-D 

modeling returns Ts values, calculated from a balance of substrate heating (via both thermal 

conduction from the hot gas and the recombination of incident H atoms from the plasma) and 

cooling (by conduction via the gas gap formed by the annular spacer wire to the cold base 

plate) of 940, 1100, 1220 and 1300 K for, respectively, p = 100, 150, 250 and 400 Torr. This 

increase in Ts (and thus Tns) ensures that the maxima of the |E|/(N×a) axial profiles 15 have 

shifted close to the substrate once p > 220 Torr. 

Power (P) Dependence: Figure 5(a) compares the measured z-dependent R(C/d) (extracted 

from Figures 2 and S1) and calculated {C2(C)}/{C2(d)} ratios for various absorbed MW 

powers. Again, the 2-D model calculations reproduce the experimental trends well; the 

profile shows no significant P-dependence other than some increase in its absolute magnitude 

with decreasing P. The 2-D modelling suggests that reducing P from 1.7 to 0.9 kW results in 

a <8% increase in Te, only a ~4% increase in the maximum ne and a ~40 K reduction in Tgas 

in the hot plasma core. The biggest change caused by such a decrease in P is in the H atom 

concentration, which decreases by ~35% in the hot plasma region and is largely responsible 

for the reduced quenching of the C2(C) concentration and the observed increase in the 

{C2(C)}/{C2(d)} and R(C/d) ratios at lowest input powers (and at the lowest pressures, as 

mentioned above).  

Methane Mole Fraction (X0(CH4)) Dependence: As Figure 5(b) shows, and in accord with 

the OES measurements (see Figure S2), the 2-D model calculations show that the z-

dependent {C2(C)}/{C2(d)} ratio is only weakly dependent on X0(CH4). The maximal values 

of Tgas, Te and ne are all calculated to increase slightly upon decreasing X0(CH4) from 6% to 

1.64%: Te increases by ~8% near the substrate and by ~5% in the plasma core, while the 

predicted increases in Tgas and ne within the plasma core are <35 K and <5%, respectively. 

The H atom number density in the plasma core is predicted to barely change. Such minor 

variations in these key parameters can be understood by recognizing the X0(CH4)-dependent 

balances between the ionization (i.e. associative ionization (AI) reactions between H(n  2) 
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atoms and H2, and electron impact ionization (EII) of C2H2, H2 and H) and electron-ion 

recombination processes (whereby H3
+ ions interchange with CxHy

+ ions) – as recently 

discussed in detail for the more complex case of dilute MW activated Si/C/H plasmas.21 The 

predicted insensitivity of these key plasma parameters to changes in X0(CH4) is reflected in 

the near constancy of the (predicted) {C2(C)}/{C2(d)} and (observed) R(C/d) versus z plots 

shown in Figure 5(b). 

 3.4. Higher Pressure Effects and Plasma Shrinkage.  

3.4.1  Experimental and Modelling Investigations of Plasma Constriction at High p.  

Thus far we have focused on pressures p ≤ 250 Torr, typical of those traditionally used in 

most MWPACVD reactors. But there is interest in boosting diamond growth rates by 

extending operation to the highest possible sub-atmospheric pressures.74,75 This section 

focusses on changes in plasma parameters and the spatial reconstruction and instabilities 

evident in plasmas operating at higher pressures.  Bogdanov et al.46 recently reported a sharp 

transition in the appearance of a MWPA (P = 2.3 kW, estimated power density in the plasma 

ball ~500 W cm−3) 1%CH4 in H2 gas mixture operating in a bell-jar style CVD reactor as a 

result of a very modest increase in pressure (from p = 373 to 375 Torr). The plasma appeared 

to switch to a constricted mode, exhibiting a substantial (>10-fold) increase in H emission 

intensity from an axially symmetric filament (centered at r = 0, with a radius < 3 mm and 

stretching from z ~0 to the center of the plasma ball) and a glowing plasma region that visibly 

shifted towards the substrate. The radial distribution of the C2(d–a) emission appeared much 

less sensitive to these increases in p and only a minor increase of Tgas was detected in the 

region of the axial filament. The constricted appearance survived to the highest pressures 

studied (p = 500 Torr) and the filament structure was then observed to persist upon reducing 

p again to values below 373 Torr. No analogous constriction was observed in a pure H2 

plasma, even at the highest pressures explored. Such characteristics have parallels with those 

observed for the thin current channel of a constricted positive column in high-pressure DC 

discharges 76 – an observation to which we return later. 

No such plasma constriction was detected in the present studies of MWPA 6%CH4/H2 gas 

mixtures, which were limited to P = 1.5 kW and pressures p ≤ 410 Torr, at which stage the 

temperature of the tuning stubs on the MW antenna became too high (presumably from the 

increased reflected power). Nonetheless, the evolution of the luminous plasma region with 

increasing p is obvious in the photographs of the plasma shown in Figure S7 and could be 
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quantified by reference to the corresponding OE images focusing, particularly, on the C2(d–a, 

v = −1) band at  ~ 460 nm and the H emission at  = 486.1 nm. Figure 6 illustrates p-

dependent features of these emissions. Figure 6(a) shows that the peak (zm) of the intensity 

from the imaged central slice of the respective emissions (i.e. at r ~0) shifts to smaller z with 

increasing p. Figure 6(b) shows the Iem(C2(d)) and Iem(H) intensities measured at the 

respective zm values; the former increases steeply with p, whilst the latter changes little. 

Figure 6(c) compares the p-dependent Iem(C2(d))/Iem(H) ratios (henceforth R(C2(d)/H)) 

measured both in the present work and by Bolshakov et al.45 with the {C2(d)}/{H(n = 3)} 

ratios predicted by the current 2-D modelling.  

Exploratory 2-D modelling of the higher-pressure regime has been undertaken for 6%CH4/H2 

gas mixtures at p ≤ 440 Torr and for a pure H2 plasma at p ≤ 605 Torr with P fixed at 1.5 kW. 

In both cases, the modelling showed the hot plasma region shrinking radially and shifting 

towards the substrate (i.e. to lower z) with increasing p – as shown in Figure 6(a).  The 

calculated spatial distributions of the H(n = 3) and C2(d) concentrations shown in the form of 

false color plots in Figure 7 and as the corresponding radial (at z = 10.5 mm) and axial (at r = 

0) column density profiles in Figure S8 both serve to illustrate the p-dependent spatial 

constriction of the 6%CH4/H2 plasma, in accord with experimental observation. The 

concentrations of both these emitting species and of H(n = 1) atoms and electrons all increase 

more than linearly with p at the highest pressures.  Inspection of the predicted ne profiles for 

the pure H2 and the 6%CH4/H2 plasmas at different pressures (Figure 8) confirms that the 

maximal ne values increase with p in both plasmas and are higher in the latter: e.g. 

ne(6%CH4/H2))/ne(H2) > 1.5 for p  300 Torr.   

Figure S9 shows the predicted (p, P)-dependent z-profiles of the {C2(d)}/{H(n = 3)} ratio for 

a 6%CH4/H2 plasma which offer the closest point of comparison with the measured 

R(C2(d)/H) ratios; predicted p-dependent {C2(d)}/{H(n = 3)} ratios for two selected heights 

were included in Figure 6(c).  Iem(C2(d)) and the calculated {C2(d)} both increase much more 

steeply with increasing p than Iem(H) (and the calculated {H(n = 3)}) in the present diffusion 

dominated MW discharge regimes. As Figure 6(c) also shows, similar trends were reported 

by Bolshakov et al. 45 in a different MWPACVD reactor operating at higher input powers (P 

> 3.5 kW). Such similarities accord with predictions from the current modelling, which find a 

relatively weak {C2(d)}/{H(n = 3)} ratio versus P dependence (Figure S9(b)). The 2-D 

modelling traces the trends evident in Figure 6(c) to the different increases in the respective 
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parent species concentrations, i.e. [C2(a)] and [H(n = 1)], which increase by factors of, 

respectively, ~30 and ~6 upon raising p from 150 to 400 Torr (see Table 1). These different 

increases reflect the p and Tgas dependences of the main sources of C2(a) and C2(X) radicals 

(i.e. the C2H2 + H ↔ C2H + H2 followed by C2H + H ↔ C2(a) + H2 and/or the faster C2H + H 

↔ C2(X) + H2 reaction, with rate coefficient k = 6.7510−8/Tgasexp(−6630/Tgas) cm3 s−1), 

and of H atoms (the thermal dissociation reaction H2 + H2 ↔ 2H + H2), and their respective 

losses (which vary with p and Tgas) and the thermochemical parameters (which are functions 

of Tgas). H(n = 3) production is also disfavoured by the predicted decline in Te in the plasma 

core with increasing p (Figure S6). The rate coefficient for the main H(n = 3) source reaction 

{H(n = 1) + e → H(n = 3) + e (ref. 15), kEIE3 ~ exp(−12.1/Te [in eV])} is far more sensitive to 

any decrease in Te than are the rate coefficients (k1, k2 and k7) of the (lower threshold) EIEs of 

C2.   

The maximal predicted Tgas, H atom mole fraction (X(H)), ne and degree of ionization (ne/N) 

values in the 6%CH4/H2 plasma at p  400 Torr are Tgas > 3400 K, X(H) > 0.38, ne > 1.61012 

cm−3 and ne/N > 1.410−6, (cf. the corresponding maximal values at p = 150 Torr: Tgas ~3155 

K, X(H) ~0.1, ne ~ 4.81011 cm−3 and ne/N ~10−6). The positive column of a DC discharge 

operating with p, ne and ne/N values as high as those predicted here when p  400 Torr 

necessarily transitions from a homogeneous diffusion (HD) regime, through a constricted 

stratified (CS) regime and then, with increasing current, to a homogeneous constricted (HC) 

regime, each of which transitions exhibit hysteresis.76 Decades of study of constriction 

phenomena have identified various constriction mechanisms, that are realized in different 

discharge conditions,76 including ionization-overheating instability due to inhomogeneous 

gas heating and ‘Maxwellization’  (due to electron-electron collisions) of an EEDF that can 

lead to EIE rates varying non-linearly with ne. The former mechanism is unlikely to apply in 

the Bogdanov et al. experiments,46 given the reported minimal increase in Tgas in the bright 

filament region, and the latter mechanism is likely to be more appropriate for the MW plasma 

conditions of current interest. Details and a theoretical description (modeling) of the 

‘Maxwellization’ mechanism remain topics of some controversy, however.76,77  

Here we propose that the reduction in plasma volume observed with increasing p in the 

present OE imaging (Figure 6(a)) and the 2-D modeling (Figures 7 and S8) will drive the 

transition to a constricted mode. As Figure 7 shows, the emitting plasma region evolves from 

an oblate to prolate ellipsoidal shape upon increasing p from 150 to 400 Torr. This predicted 
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evolution and the constriction and shift (to lower z) of the cylindrical regions of maximal Te 

and |E|/(N×a) (Figure S6) and of maximal [H(n = ) (Figure 7)  resemble features of the 

glowing plasmas at p = 350 Torr (diffusional mode) and 380 Torr (constricted mode) in the 

images presented in Figure 1(b) of ref. 46. We propose that the transition to a constricted 

mode at high p is initiated upon reaching some critical electron concentration nec in the axial 

(i.e. r ~ 0) region where, as Figure 10 shows, ne is maximal. Once ne > nec, electron-electron 

(e−e) collisions will cause local reconstruction of the EEDF, pumping its high energy tail 

more effectively than the electrons can gain energy from the EM fields under conditions 

where diffusion-limited e-heavy particle collisions are dominant. Shkurenkov et al.77 

presented 1-D(r) modeling of such local reconstruction of the EEDF (and the transition 

hysteresis) in an argon DC discharge. The deduced mechanism and the seemingly 

paradoxical conditions in the constricted axial region (i.e. much lower reduced electric fields, 

yet much higher ne values and EII rates when compared with the respective parameters in the 

proximal plasma) may well be realized in high pressure MW plasmas also. For example, the 

observed constriction in the recent studies of 1%CH4/H2 plasmas at p  375 Torr and the 

absence of similar constricted modes in a pure H2 plasma operating at any pressure up to the 

maximum attainable (p = 500 Torr),46 could be rationalized within the framework of the e−e 

collisional mechanism of constriction. As Figure 8 shows, the current 2-D modelling predicts 

that any given critical nec value would be attained at higher p in a pure H2 plasma than in a 

CH4/H2 plasma; e.g. a maximal ne value of ~1.51012 cm−3 in a 6%CH4/H2 plasma operating 

at p =375 Torr would only be matched in a pure H2 plasma once p  605 Torr. It should also 

be noted that the ne (and the Te and |E|/(N×a))) profiles in C/H plasmas are all shifted closer 

to the substrate than in a pure H2 plasma (Figures 8, 10 and S6, and Figure 9(a) in ref. 15). It 

is the p-dependence of these ne profiles that is largely responsible for the shifts (to lower z) in 

the observed Iem(H) and calculated {H(n = 3)} distributions that are evident in Figures 6, 7 

and S8.  

Guided by the numerical description of the developing plasma instability and constriction of 

a positive column reported in ref. 77, we can propose the following p-dependent evolution of 

the MW activated C/H plasmas of current interest. Upon approaching nec, e−e collisional 

pumping of the tail of the EEDF leads to increased rates of EII (and of associative ionization 

(AI) reactions involving H(n  2) atoms) and thus an increased local electron concentration 

ne, which will initiate a positive feedback that further enhances the e−e collision probability 

and the ionization rates (and the rates of EIE processes with high energy thresholds, e.g. 
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population of (and emission from) excited states of H and H2, and H2 dissociation). Whether 

or not this instability will localize as a constricted plasma filament is determined by the rate 

of radial diffusional loss of energetic electrons from the embryonic filament region to the 

adjacent region of conventional plasma. Note that the rate of the radial loss process grows as 

the filament radius decreases and at some minimal radius (typically a few mm) this loss rate 

will be able to balance the e-e collisional pumping rate. The rate coefficients of the high-

threshold processes in the constricted filament depend mainly on ne (k(ne)) whereas, in the 

adjacent non-constricted plasma, the rates of these processes are sensitive to conventional 

rate coefficients that depend mainly on the reduced electric field (or Te) 
15 and the local loss 

of charged particles (via e−ion recombination processes) is balanced by their production by 

ionization processes.  

The ionization of noble gases in sub-atmospheric DC discharges is mainly by EII but in 

MWPA C/H gas mixtures these will be rivalled by AI reactions (14) and (15) (ref. 15 and 

references therein)  

H(n  2) + H2 → H3
+ + e         (14) 

 and 

H(n = 3) + H → H2
+ + e,        (15) 

in both the constricted filament and the proximal plasma core. The nonlinear dependence of 

the ionization rate on ne required for constriction of the MW plasmas under study is thus 

initiated by e−e collisions enhancing the rate coefficients kEIEn(ne) of the EIE reactions  

H(n = 1) + e → H(n  2) + e         (16) 

that yield the excited H atoms required for reactions (14) and (15). The rate of the main AI 

reaction (14) can be written as R14 ~ k14[H(n = 2)][H2] ~ k14kEIE2(ne)ne[H(n = 1)]/kQ,H2, 

by balancing the rates of the main H(n = 2) production (by EIE)) and loss (reactive quenching 

on H2) processes, i.e. kEIE2(ne)ne[H(n = 1)] ≈ kQ,H2 [H(n = 2)][H2]. (Further details of the 

balance between H* production and loss processes may be found in refs. 15 and 57). Thus the 

product kEIEn(ne)ne[H(n = 1)] determines the nonlinear growth of the AI rate R14 and the 

[H(n  2)] values in the constricted filament region, in contrast to the linear growth of the 

low-threshold EIE sources of C2* radicals – for which REIE(C2*) ~ kEIE(Te)ne[C2(a)].   



 

22 
 

The 2-D model currently does not include the necessary (complex) e−e collisional kinetics 

and thus has no chance of capturing the transition of the MW plasma into a constricted mode, 

but estimates of the e−e collision frequencies and their contribution to pumping the tail of the 

EEDF suggest that e−e collisions should become important in the MW PA C/H gas mixtures 

of current interest at electron densities ne ~1012 cm−3. The plasma constriction mechanism 

outlined here is quite universal, so it would appear hard to avoid constriction in MWPACVD 

reactors operating at high p and ne. 

3.4.2 p-Dependence of Radial Deposition Rates. 

Another recognized challenge of MWPACVD of diamond at higher pressures is the 

increasing radial non-uniformity of the deposition rate G(r) – which is illustrated by the 2-D 

model results shown in Figure 9. The modelling assumes a constant (i.e. r independent) Ts 

value for any given set of process conditions. G is assumed to be determined by methyl (CH3) 

radical adsorption at mono (C*) or biradical (C**) sites on the growing diamond surface, the 

fractions of which depend on the H atom concentration just above the substrate (at z = 0), 

[Hns], and Ts.  

[Hns] (and [CH3,ns]) values were derived, as before,78 from the respective model outputs [H(r, 

z = 0.5 mm)] and [CH3(r, z = 0.5 and 1.5 mm)]. As Figure 9(a) shows, the radial distributions 

of [Hns(r)] (the magnitude of which is several times lower than [H(r, z = 0.5 mm)] due to H 

atom loss on the substrate 78) and [CH3,ns(r)] (the magnitude of which differs from [CH3(r, z = 

0.5 mm)] by < 20% for p  150 Torr and is described as [CH3,ns(r)]=(0.75±0.09)[CH3(r, z = 

0.5 mm)] for p = 100 Torr) are relatively uniform at small r, but the area of the circle of near-

uniformity decreases with increasing p.  

The [Hns] values at small r are predicted to increase with increasing p (e.g. [Hns(r = 0)] = 

6.61015 and 1016 cm−3 for p = 250 and 400 Torr, respectively) but to fall increasingly steeply 

with r. [CH3,ns(r = 0)], in contrast, is predicted to change little with increasing p ([CH3,ns(r = 

0)] = 7.71013 and 7.41013 cm−3 for p = 250 and 400 Torr, respectively) but, more generally, 

[CH3,ns] is predicted to increase with increasing r. Reasons for the annular distribution of 

[CH3] (which is clearly evident in the 2D(r, z) false color plots shown in Figure 10) have 

been discussed previously.56 As Figures 9 and 10 show, the diameter of the annulus of 

maximal CH3 concentrations decreases with increasing p, ensuring improved overlap with the 

periphery of the substrate (at r = 16 mm in the simulations) and boosting growth rates at large 

r – as shown in Figure 9(b). By p = 400 Torr, however, the peripheral increase of [CH3,ns] is 
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compensated by the steeper drop of [Hns](r) (and the consequent predicted drop in the 

fraction of surface radical sites, {C*}, from 0.16 at r = 0 down to 0.08 at r = 15.5 mm), 

leading to a predicted maximal G(r) at r ~11 mm. We note that the predicted concentrations 

of other CHx (x = 0-2) radicals at z = 0.5 mm are all lower than the corresponding [CH3] 

values and will suffer further relative declines upon approaching z = 0, so possible 

contributions from other CHx radicals have been neglected in this modelling of G. The 

present modelling succeeds in reproducing the p-dependent increase in maximal G observed 

in recent higher pressure growth studies,74,75 but not their r-dependences. The latter failing is 

unsurprising, given the growing recognition that pressure, temperature and the geometry of 

the substrate holder can all have a substantial influence on the diamond growth rate.74  

One further point merits note. Figure 10 shows that the volume containing the bulk of the 

electron density decreases with increasing p. But the luminescent volume (as defined by the 

spatial distributions of excited H(n = 3) atoms and C2(d) radicals shown in Figure 7) is 

smaller than the plasma volume defined by the ne distributions in Figure 10. This serves to re-

emphasize that averaged power density values estimated from assessments of the glowing 

plasma volume can result in serious overestimates of the real absorbed power densities 

(shown in Table 1) – as was also stressed in previous studies of MWPA H2/Ar and H2/Kr gas 

mixtures.57   

3. CONCLUSIONS 

This two-part investigation reports complementary OE imaging and 2-D plasma chemical 

modelling studies of C2* emission from the hot plasma region within MW activated dilute 

C/H plasmas under process conditions relevant for the CVD of diamond. In part one, clear 

differences in the spatial distributions of two different C2* emissions – the lower energy (and 

much studied) d3g–a3u Swan band and the higher energy (and little studied) C1g–A1u 

band emissions and their variations with changes in process conditions (e.g. MW power and 

total gas pressure) – have been rationalized by invoking an additional bimolecular source 

term, most likely involving the collision of H atoms with C2H radicals, that is relatively much 

more important for forming C2(d) radicals and accounts for >40% of the C2(d) production in 

the hot plasma core under the current base conditions.  

These findings have clear parallels with conclusions reached from similar comparative 

studies of CH* radical emissions from MWPA C/H gas mixtures 23 and serve to highlight the 

potential dangers of assuming that variations in the C2 Swan band emission are a reliable 
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indicator of changes in the electron characteristics within the plasma region, especially at 

higher process pressures and powers. They also suggest reasons why the internal quantum 

state population distributions of reactive species in such plasmas could deviate from 

expectations based on local thermal equilibrium, even at the relatively high prevailing 

pressures.  

The second part of the study reports the application of OE imaging and 2-D plasma chemical 

modelling studies to higher pressures than hitherto (p > 400 Torr) to allow preliminary 

investigation of the plasma constriction effects 46 that hamper efforts to achieve higher 

diamond CVD rates by using higher process pressures. Constriction is suggested to be 

inevitable when the local electron density exceeds some critical value (nec), whereupon the 

pumping rate of the high energy tail of the EEDF (by e–e collisions) and the resulting 

ionization rates (particularly the rates of the AI reactions (14) and (15)) start to trigger plasma 

instability and transition to the constricted mode. This step-increase in the concentrations of 

electrons, ions and excited species (mainly H* and H2*) in the constricted filament is limited 

once a new balance is reached where the rate of pumping the high energy tail of the EEDF is 

balanced by the rate at which these energetic electrons are lost via a range of e-particle 

collision processes and by radial diffusion to the neighbouring regions of non-constricted 

plasma (i.e. to regions where ne < nec). The perceived generality of the proposed plasma 

constriction mechanism suggests that it will be difficult to avoid constriction in MWPACVD 

reactors operating at high p and ne. The 2-D modeling identifies a further potential challenge 

to extending existing MWPACVD methods to much higher pressures – the increased radial 

non-uniformity in the diamond growth rate G(r) as a result of the contrasting p-dependent 

radial dependences of the near-substrate H atom and CH3 radical concentrations. 
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Table 1 

The Most Important Production/Loss Reactions (and Rate Coefficients ki) for C2(d) and 

C2(C) Species and Plasma Parameters in a MW activated C/H Plasma. Reaction Rates Ri (in 

cm−3s−1) are Presented for Base Power (P = 1.5 kW) and C/H Mixing Ratio (6% CH4) and 

Two Pressures (p = 150 and 400 Torr) and the Specified Plasma Core Conditions at r = 0, z = 

10.5 mm. The Rate Coefficients, ki, are in Units of cm3 s−1 Except for the Radiative Decays 

(for which the Units are s−1). Tgas is in units of K, Te is in eV, and H2 and H Denote the 

Respective Ground States. 

i  Rate Coefficient, ki 
Ri / cm−3 s−1 

(p = 150 Torr) 

Ri / cm−3 s−1 

(p = 400 Torr) 

          C2(d) Production/Loss Reactions 

1 C2(a) + e  → C2(d) + e 910−9Te
0.5exp(−2.5/Te) 7.55×1014 5.56×1016 

2 C2(X) + e → C2(d) + e 5.610−10Te
0.7exp(−2.6/Te) 2.35×1013 1.63×1015 

3 C2H2 + e → C2(d) + 2H + e 3.810−12Te
2exp(−14/Te) 1.00×1011 2.90×1011 

4 C2(d) →  C2(a)  + h 1.02×107 7.35×1014 2.56×1016 

5 C2(d) + H2 → C2H + H 1.17×10−11 3.21×1014 2.04×1016 

−5 C2H + H → C2(d) + H2   1.35×10−12exp(−31912/Tgas) 6.00×1014 6.13×1016 

6 C2(d) + H → CH + C(3P) 2×10−10exp(−3480/Tgas) 3.52×1014 7.72×1016 

−6 CH + C(3P)  → C2(d) + H   10−13 2.04×1012 1.19×1015 

          C2(C) Production/Loss Reactions 

7 C2(a) + e  → C2(C) + e 5.810−9Te exp(−4.15/Te) 1.46×1014 1.02×1016 

8 C2H2 + e → C2(C) + H2 + e 1.110−13Te
0.75exp(−12.1/Te) 1.26×1010 4.73×1010 

9 C2(C)  →  C2(A)  + h 3.33×107 3.53×1013 6.28×1014 

10 C2(C) + H2 → C2H + H 1.17×10−11 4.71×1012 1.53×1014 

−10 C2H + H → C2(C) + H2   7.74×10−13exp(−52220/Tgas) 5.17×1011 8.15×1013 

11 C2(C) + H → CH + C(3P) 1.4×10−9 1.09×1014 1.13×1016 

−11 CH + C(3P) → C2(C) + H   2.06×10−11exp(−16710/Tgas) 2.11×1012 1.79×1015 

Plasma parameters and species concentrations p = 150 Torr p = 400 Torr 

Gas temperature, Tgas / K 3150 3400 

Electron temperature, Te / eV 1.22 1.11 

Reduced electric field / Td 34 25 

Absorbed power density / W cm−3 48 252 

Electron concentration, ne / cm−3 4.4×1011 1.4×1012 

H atom concentration, [H(n = 1)] / cm−3 7.4×1016 4.3×1017 

C2(a) concentration [C2(a)] / cm−3 1.3×1012 3.9×1013 

C2(X) concentration [C2(X)] / cm−3 6.9×1011 1.9×1013 
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Figure Captions 

Figure 1 

(a) Iem(λ, z) image in the range 490 ≤  ≤ 568 nm recorded under base conditions, with z = 0 

defining the substrate surface. (b) Iem() spectra in the range 10.5 ≤ z ≤ 12 mm (black) along 

with the corresponding best-fit PGOPHER simulation (in blue, offset vertically and assuming 

T = 2600 K) that includes both the C2(d–a), v = 0 and +1 progressions and  C2
−(B–X) Δv = 0 

emission. (c) Iem(λ, z) image in the range 370 ≤  ≤ 448 nm recorded under base conditions. 

(d) Expanded view of the 380 ≤  ≤ 394 nm part of the Iem() spectrum of emission in the 

range 10.5 ≤ z ≤ 12 mm (black) along with the best-fit PGOPHER simulation (in blue, again 

offset vertically for ease of display and assuming T = 2600 K) that includes both C2(C–A) 

and CH(B–X) transitions. 

Figure 2 

(a)  z-dependent Iem(C2(d)) and (b) Iem(C2(C)) intensities measured for three different 

pressures, with F(CH4) and P maintained at their base values. (c) z-dependent Iem(C2(d)) and 

Iem(C2(C)) intensities from (a) and (b) at p = 150 Torr compared on a common intensity scale 

(filled symbols) and with the Iem(C2(C)) data replotted (open symbols) after renormalization 

by a z-averaged best-fit scaling factor. (d) z-dependent R(C/d) values derived from the p = 

100, 150 and 250 Torr data.  

Figure 3 

Measured R(C/d) ratios as a function of z for p = 100, 150 and 250 Torr (filled symbols, right 

hand axis) and the z-dependent {C2(C)}/{C2(d)} ratios returned by the 2-D modelling (open 

symbols, left hand axis) for p = 100, 150, 250 and 400 Torr, with all other parameters held at 

the base values.   

Figure 4 

Calculated (r = 0, z) axial profiles of the main production/loss rates of (a) C2(d) and (b) C2(C) 

radicals under base conditions: i.e. p = 150 Torr, P = 1.5 kW, 6% CH4 in H2. 

Figure 5 

Measured R(C/d) ratios (filled symbols, right hand axis) and best-fit model {C2(C)}/{C2(d)} 

ratios (open symbols, left hand axis) for selected (a) P and (b) F(CH4) values as functions of 

z, with all other parameters held at the base values. 
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Figure 6 

Measured p-dependences of (a) the z-value at peak intensity (zm) of the Iem(C2(d)) and Iem(H) 

emissions, (b) the Iem(C2(d)) and Iem(H) intensities measured at these respective zmC2 and zmH 

values and (c) the Iem(C2(d))/Iem(H) ratio, R(C2(d)/H), at zmC2 and zmH. The corresponding p-

dependent zmC2 and zmH values for {C2(d)} and {H(n = 3)} predicted by the 2-D modelling are 

also shown in panel (a), while panel (c) also shows the {C2(d)}/{H(n = 3)} ratios at zmC2 and 

zmH predicted by the 2-D modelling and the R(C2(d)/H) and R(C2(d)/H) ratios at zmC2 from 

ref. 45. 

Figure 7 

Calculated 2-D(r, z) distributions of the H(n = 3) and C2(d) concentrations [in cm−3, indicated 

by the false color scales below each plot] for p = (a) 150 and (b) 400 Torr and base P and 

F(CH4). These plots depict a cut through the full (half) reactor volume, i.e. the axial (z) and 

radial (r) dimensions in each half plot span the range 0–61 mm and the substrate radius r =16 

mm.   

Figure 8 

Calculated axial (at r = 0) profiles of the electron number density ne for a MWPA C/H gas 

mixture operating at P = 1.5 kW and (a) various X0(CH4) with p = 150 Torr, (b) X0(CH4) = 0 

and 150  p  605 Torr, and (c) X0(CH4) = 6% and 150  p  440 Torr. 

Figure 9 

Radial profiles of (a) the near-substrate H atom ([Hns]) and methyl radical ([CH3,ns]) 

concentrations just above the substrate and (b) the diamond growth rate, G, returned by the 2-

D modelling at different p, with P and F(CH4) maintained at their base values. 

Figure 10 

Calculated 2-D(r, z) distributions of [CH3] and ne (in cm-3, indicated by the color scale below 

each plot) for p = (a) 150 and (b) 400 Torr, with P and F(CH4) maintained at their base 

values. These plots depict a cut through the full (half) reactor volume, i.e. the axial (z) and 

radial (r) dimensions in each half plot span the range 0–61 mm and the substrate radius is 16 

mm.   
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