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ABSTRACT 

Silicon is a known trace contaminant in diamond grown by chemical vapor deposition (CVD) methods. 

Deliberately Si-doped diamond is currently attracting great interest because of the attractive optical 

properties of the negatively charged silicon-vacancy (SiV−) defect. This work reports in-depth studies 

of microwave activated H2 plasmas containing trace (10-100 ppm) amounts of SiH4, with and without 

a few % of CH4, operating at pressures and powers relevant for contemporary diamond CVD, using a 

combination of experiment (spatially resolved optical emission (OE) imaging) and two-dimensional 

plasma chemical modelling. Key features identified from analysis and modelling of the OE from 

electronically excited H, H2, Si, and SiH species in the dilute Si/H plasmas include (i) fast H-shifting 

reactions ensure that Si atoms are the most abundant silicon-containing species throughout the entire 

reactor volume, (ii) the low ionization potentials of all SiHx (x ≤ 4) species and efficient ion conversion 

reactions ensure that even trace SiH4 additions cause a change in the dominant ions in the plasma 

volume (from H3
+ to SiHx

+), with consequences for electron-ion recombination rates and ambipolar 

diffusion coefficients and (iii) the total silicon content in the reactor volume can be substantially 

perturbed by silicon deposition and H atom etching reactions at the reactor walls. The effects of adding 

trace amounts of SiH4 to a pre-existing C/H plasma are shown to be much less dramatic, but include (i) 

a Si substrate or fused silica components within the reactor is a ready (unintended) source of gas phase 

Si-containing species, (ii) OE from electronically excited Si atoms should provide a reliable measure of 

the Si content in the hot plasma region and (iii) Si atoms and/or SiC2 species are the most abundant gas 

phase Si-containing species just above the growing diamond surface and thus the most likely carriers 

of the silicon incorporated into CVD diamond.     
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1. INTRODUCTION 

The fraction of diamond appearing on the world market that is grown in laboratories is increasing 

annually. Two laboratory-based methods dominate the supply of synthetic diamonds − high pressure 

high temperature (HPHT) synthesis and chemical vapour deposition (CVD). CVD methods appeared 

more recently but are claiming an ever-increasing market share. Most contemporary diamond CVD 

employs microwave- (MW-) activated dilute carbon/hydrogen (typically CH4/H2) plasmas,1 and the 

method is well suited to growing doped diamond by controlled addition of a suitable precursor to the 

source gas mixture (e.g. diborane 2 or silane,3-45 if B- or Si-doped diamond is the target material). The 

gas phase and plasma chemistry that underpins diamond CVD is by now quite well understood, through 

a combination of experiments (e.g. laser absorption and/or optical emission spectroscopy measurements 

6-9 of the densities of selected gas phase species in their ground and/or excited states) and 

complementary plasma modelling.6-8,10 

Silicon is a common trace element in CVD-grown diamond,11-18 arising either adventitiously – by 

etching from the silicon substrate on which diamond is commonly grown or from silica windows or 

walls of the MW reactor during hydrogen termination and/or growth of diamond – or by design if, for 

example, SiH4 is added to the process gas mixture. The silicon-vacancy (SiV) defect, wherein a Si atom 

is located in a site within the diamond lattice corresponding to two missing carbon atoms (i.e. in an 

interstitial site within a divacancy, often termed a split vacancy),19-22 is currently attracting much 

interest, both in its neutral and negatively charged form. The SiV− defect shows a zero phonon line at a 

wavelength  = 738 nm, which is sufficiently stable, narrow (reflecting the weak electron-phonon 

coupling) and bright (10% luminescence quantum yield at room temperature) to be an attractive single 

photon source in quantum technologies 23-34 and, when incorporated in nanodiamond particles, to serve 

as a fluorescent marker in bioimaging applications 35,36 and as a nanothermometer.37 The neutral SiV0 

defect is less well characterised but is likely to be the more prevalent form in lightly doped high quality 

diamond. It too shows a sharp zero phonon line (at 946 nm), exhibits long spin lifetimes and holds 

considerable promise for future quantum technologies.38 

Here we present a comprehensive combined experimental (spatially and spectrally resolved optical 

emission (OE) imaging of Si*, SiH*, H*, H2* and, when appropriate, CH* and C2* species – with the 

asterisk in each case indicating that the species is in an excited electronic state) – and 2-D plasma 

chemical modelling study of MW activated Si/H and Si/C/H plasmas operating over ranges of powers 

and pressures relevant for contemporary diamond CVD. This caveat is important, since activated Si/H 

and Si/C/H gas mixtures have already attracted attention in the context of plasma enhanced CVD of, 

respectively, amorphous silicon (a-Si) and amorphous silicon carbide (a-SiC) layers for solar cell 

applications.39,40 Compared with diamond CVD, most such silicon-related growth involves much lower 

temperature and pressure plasmas 41-44 (with correspondingly higher electron temperatures 43). For 
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completeness, we also note reports of a-Si growth using direct MW-activated SiH4/Xe plasmas,45  of a-

SiC growth using indirect MW-activated Si/C/H plasmas at low (~1 Torr) pressures,46 of the co-

deposition of diamond and SiC in activated Si/C/H mixtures,47-49 and prior experimental and 

computational studies of Si/H 50,51 and Si/C/H 52,53 kinetics at gas temperatures relevant to the present 

work.  The experimental set-up and procedures are first summarized. This is followed by sections 

devoted to measurements and 2-D(r, z) modelling of, first, MW-activated Si/H and then Si/C/H gas 

mixtures (where r and z are, respectively, the radial and axial distances from the centre of the top surface 

of the substrate on which deposition occurs). Comparisons between the experimental observations and 

model outputs allow us to rationalise many of the observed (spatially dependent) variations in emission 

intensities with changes in process conditions, to recognise discernible wall-dependent effects in the 

case of Si/H plasmas and, in the case of Si/C/H plasmas, to identify the most abundant Si-containing 

species in the immediate vicinity of the substrate on which the diamond grows.  

2.  EXPERIMENTAL  

The CVD reactor, the MW power supply, the gas regulation and supply and the set-up for OE imaging 

from the hot plasma region have all been described previously,54,55 and we here focus on details specific 

to the present study. The silane precursor was obtained as a 0.1% SiH4 in H2 mixture (sourced from CK 

Special Gases Limited, 99.9995% stated purity). Table 1 lists the atomic and diatomic species, levels 

and emissions monitored in this work, and the sources for the necessary spectroscopic data.54,56-63   

Insert Table 1 near here 

The OE imaging methods were similar to those reported for our recent studies of C/H plasmas 55 except 

for the substrate (a 3 mm thick, 32 mm diameter Mo disc seated on a thin spacer wire of diameter, dwire 

= 0.01 bent into a circle), the image accumulation time (which for all data reported here was, or was 

equivalent to, 50 s), and that all emissions at wavelengths  < 270 nm were monitored via their (much 

weaker) second order diffraction.  

Base conditions for the SiH4/H2 plasma studies were: MW power P = 1.5 kW, total gas pressure p = 

150 Torr, and respective flow rates of hydrogen F(H2) = 300 standard cm3 per minute (sccm) and of the 

0.1% (or 1000 parts per million (ppm)) SiH4 in H2 gas mixture F(SiH4/H2) = 15 sccm. The effects of 

changing process conditions were explored by varying one of these parameters at a time, holding all 

others at their base value. The wait time before resuming data collection after any change in process 

conditions was 6 min. – the approximate residence time for the gas in the reactor – and the parameter 

space explored spanned: 0 ≤ F(SiH4/H2) ≤ 40 sccm, 50 ≤ p ≤ 275 Torr and 0.7 ≤ P ≤ 1.85 kW. A further 

series of OE imaging experiments on Si/H plasmas employed MW-activated H2 and H2/Ar plasmas 

operating at base p and P with, respectively, F(H2) = 300 sccm and with F(H2) = F(Ar) = 300 sccm, 
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with the substrate completely covered by a thin (0.7 mm thick) polished silicon wafer and held off the 

water-cooled reactor base plate by a thinner spacer wire (dwire = 0.002).    

The SiH4/CH4/H2 plasma studies employed the same base P (1.5 kW) and p (150 Torr), along with 

F(H2) = 270 sccm, F(CH4) = 19 sccm and twice the input silane fraction (i.e. F(SiH4/H2) = 30 sccm). 

All emissions from the Si/C/H plasmas were investigated over the same ranges of p, P and F(SiH4) – 

again, varying the parameters in turn with all others maintained at their base values. The effects of 

varying the methane flow rate were investigated also, over the range 0 ≤ F(CH4) ≤ 30 sccm. For this 

one variable, F(H2) was adjusted in a compensatory manner so that the total gas flow Ftotal remained 

constant. The air leak rate (estimated from measuring the pressure rise from base vacuum over a fixed 

period of time) was estimated to be ~0.25 ppm under base operating conditions. Thus, for all the 

experiments reported here, the main source of impurity was likely to be the input gases themselves.  

3. RESULTS and DISCUSSION 

 

3.1    Si/H Plasmas 

This Section reports the different Si* and SiH* emission spectra from MW-activated dilute Si/H 

plasmas, and the ways in which the spatial distributions and relative intensities of these emissions vary 

with changes in process conditions. These trends are then compared with 2-D plasma chemical 

modelling results. These comparisons suggest that electron impact excitation (EIE) is one important 

source of the observed triplet and singlet Si* (henceforth 3Si* and 1Si*) and SiH* emissions, but, as in 

our recent studies of CH* emissions from MW-activated CH4/H2 plasmas,55 the present data can only 

be satisfactorily explained by assuming that both EIE and chemiluminescent (CL) reactions contribute 

to the observed emissions.  

3.1.1. Optical Emission Images and Spectral Analysis 

Figures 1(a) and 1(b) show, respectively, a spatially-resolved false colour Iem(, z) image of the emission 

intensities from a Si/H plasma operating under base conditions in the wavelength range 372 ≤  ≤ 447 

nm and a spatial range –3 ≤ z ≤ 27 mm, where z = 0 mm defines the top of the 3 mm thick substrate, 

and the Iem() plot obtained by summing all emission intensity in the range 10.5 ≤ z ≤ 12 mm for the  

wavelength range 410 ≤  ≤ 425 nm. The experimentally measured spectrum in Figure 1(b) includes 

several overlapping emissions. The simulation of the SiH(A→X), Δv = 0 bands was obtained using the 

PGOPHER software,64 the appropriate spectroscopic constants for the A2Δ and X2Π states,57 a Gaussian 

transition linewidth of 0.1 nm (full width half maximum, FWHM, to mimic the instrumental resolution) 

and a best-fit rotational temperature Trot = 2450200 K. The residual still shows rich structure, almost 

all of which is attributable to H2* emissions, while the pink trace shows the corresponding emission 

spectrum from a bare H2 plasma operating measured under the same conditions of p, P, etc and for the 
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same z range. We return to assign the one remaining feature (at  ~ 411.6 nm) after considering the Si* 

transitions in Figure 2.  

Figures 2(a) and 2(c) show false colour Iem(, z) images of the emission intensities from the same Si/H 

plasma in the wavelength ranges 252 ≤  ≤ 327 nm and 463 ≤  ≤ 534 nm. The most prominent line in 

the former is the 3s23p4s→3s23p2; 1P1
o→1D2 transition at  = 288.16 nm, the corresponding Iem() plot 

for which (obtained by summing all emission intensity in the range 10.5 ≤ z ≤ 12 mm) is shown on an 

expanded wavelength scale in Figure 2(b). The related 3s23p4s→3s23p2; 1P1
o→1S0 transition (i.e. from 

the same upper state to the higher energy metastable singlet state) is evident in Figure 1(a) at = 390.55 

nm. Nine lines are clearly visible in the optical emission image shown in Figure 2(c) and the 

corresponding Iem() plot obtained by summing all emission intensity in the range 10.5 ≤ z ≤ 12 mm is 

shown on an expanded wavelength scale in Figure 2(d). One of these lines is the H Balmer- transition 

at = 486.13 nm. The others can all be assigned to Si* transitions appearing in second order (i.e. at 

twice their true UV wavelength). The six lines in the range 250.69 ≤  ≤ 252.85 nm are the various 

spin-orbit components of the 3Po↔3P transition listed in Table 1, while the lines at 243.52 nm and 263.13 

nm can be assigned to, respectively, the 3s23p3d→3s23p2; 1D2
o→1D2 and 1P1

o→1S0 transitions. As noted 

above, one line in the SiH4/H2 plasma emission spectrum at a (nominal) wavelength  ~411.6 nm (black 

trace in Figure 1(b)) has not been assigned up to this point. It is most logically attributed to the 3s23p5s 

→3s23p2; 1P1
o → 1D2 transition at 205.81 nm, appearing in second order.  

3.1.2.  Measured Si*, SiH*, H* and H2* Emission Intensities with Changing Process Conditions  

Figure 3 shows the Iem(z) distributions of H2*(d−a), H* (Balmer-), three different Si* and the SiH* 

emissions, recorded under base conditions. The Si* lines sample both singlet (i.e. the 288.16 and 390.55 

nm lines) and triplet (i.e. the sextet of lines in the range 250.69 ≤  ≤ 252.85 nm) excited states and the 

distributions shown in Figure 3 (each of which have been normalized to have the same peak intensity) 

are derived from the areas of the respective singlet lines and the summed intensities of all six triplet 

lines in the corresponding Iem() spectra. Henceforth these will be distinguished as Iem(1Si*) and 

Iem(3Si*) with, in the former case, the wavelength specified if relevant. The H2* emission intensities 

were derived by summing the intensities of the well-resolved Q(1)–Q(7) and Q(11) lines of the d−a 

(0,0) band, while the SiH* emission intensities were obtained (with lower spatial resolution) by binning 

the Iem(, z) data into Δz = 1.5 mm wide strips and determining the SiH* contribution by PGOPHER 

simulation. The various emitters clearly display different spatial distributions. The Iem(H2*) and Iem(H*) 

profiles are very similar to those reported in our previous studies of MW activated H2 plasmas operating 

under the same conditions of p and P, peaking at z ~2.5 mm and z ~7.5 mm, respectively, and not 

extending beyond z = 20 mm.54 The 1Si*, 3Si* and SiH* emissions, in contrast, peak higher above the 

substrate (at z ~10 mm and z ~12.5 mm, respectively) and extend to z > 27 mm.  
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Varying F(SiH4/H2): Figure 4 shows how the magnitudes and profiles of (a) Iem(H2*), (b) Iem(H*), (c) 

Iem(3Si*) and (d) Iem(1Si*, 288 nm) vary with F(SiH4/H2). The Iem(1Si*, 288 nm) and Iem(1Si*, 390 nm) 

emissions show identical behaviour,65 so the latter is not shown here. Figure 4(e) summarizes the 

F(SiH4/H2) dependence of the summed intensities of these emitters and of Iem(SiH*) in limited spatial 

ranges (9 ≤ z ≤ 12 mm for Iem(H*), Iem(3Si*), Iem(1Si*) and Iem(SiH*), 0 ≤ z ≤ 3 mm for Iem(H2*)). Each 

summed intensity plot is normalised to have a value of unity at base conditions (i.e. F(SiH4/H2) = 15 

sccm). Figures 4(a), 4(b) and 4(e) demonstrate that Iem(H2*) and Iem(H*) both decline quite steeply upon 

small additions of silane (F(SiH4/H2) < 5 sccm), but thereafter change little. In both cases, the decline 

is most marked at low z. Iem(3Si*), Iem(1Si*) and Iem(SiH*) all increase with increasing F(SiH4/H2). The 

Iem(3Si*, z) and Iem(1Si*, z) profiles at any given F(SiH4/H2) are very similar at base p and P; both narrow 

with increasing F(SiH4/H2) and their centres of gravity shift to lower z. The later analysis attributes the 

different F(SiH4/H2) dependences of Iem(3Si*) and Iem(1Si*) at high F(SiH4/H2) revealed in Figure 4(e) 

to self-absorption (of the triplet emission) in cooler regions of the reactor.  

Varying Pressure, p: The presence of F(SiH4/H2) = 15 sccm causes no obvious changes to the 

previously reported 54 p-dependent Iem(H2*, z) and Iem(H*, z) profiles measured in a pure H2 plasma 

operating under otherwise the same conditions, and these data are thus confined to Figure S1 in the 

Supplementary Information (SI). These H2* and H* emissions are induced by electron impact excitation 

(EIE) from within the high energy (hyperthermal) tail of the electron energy distribution function 

(EEDF). As in the case of the pure H2 plasma,54 I(H2*) in the SiH4/H2 plasma initially increases, up to 

p ~75 Torr (reflecting the increasing H2 density), but thereafter declines as a result of a combination of 

the increased excited state quenching rates and the decreasing hyperthermal component within the 

EEDF. I(H*) is also impacted adversely by the p-dependence of the high energy tail of the EEDF, but 

this is more than compensated by the greater than linear increase in the ground state H atom number 

density, [H], on account of the increase in Tgas (and thus in the thermal dissociation of H2) in the hot 

plasma region as p is increased.54  

Figures 5(a)–5(c) illustrate the distinctive p-dependences of Iem(3Si*), Iem(1Si*) and Iem(SiH*).  As noted 

above, the Iem(3Si*, z) and Iem(1Si*, z) profiles are essentially identical at base conditions (recall Figures 

4(c) and 4(d)), but they are clearly different at low pressures: Iem(3Si*) at p ~50-60 Torr is relatively 

much more intense (cf. Iem(1Si*)) at small z. Figure 5(d) further illustrates how small increases in p 

cause large increases in both Iem(3Si*) and Iem(1Si*) at p < 60 Torr  (though the exact magnitudes of the 

increases are observed to vary from one experiment to the next – possibly on account of the MW tuning 

and/or the condition of the inner walls of the reactor). All three emissions maximize at p ~ 60 Torr, 

under which conditions the peaks (zm) of the Iem(3Si*, z), Iem(1Si*, z) and Iem(SiH*, z) profiles are at, 

respectively, zm ~ 9, 10 and 12.5 mm. Another point of distinction is evident at high pressures: Iem(3Si*) 

and Iem(1Si*) both decline further upon raising p above 150 Torr, while Iem(SiH*) changes little.  
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Varying Power, P: The presence of F(SiH4/H2) = 15 sccm also causes no obvious changes to the P-

dependent Iem(H2*, z) and Iem(H*, z) profiles measured in a pure H2 plasma operating under otherwise 

the same conditions,54 and these data are thus also confined to the SI (Figure S2).  Both the peak and 

the radial extent of Iem(H*) increase roughly linearly with increasing P. The total Iem(H2*) emission 

remains roughly constant but the peak of its profile shifts from zm ~ 7 mm to zm ~ 2 mm upon increasing 

P from 0.7 kW to 1.85 kW. As Figure 6 shows, Iem(3Si*), Iem(1Si*) and Iem(SiH*) respond similarly to 

increases in P. All three increase in the range 0.7 ≤ P ≤ 0.9 kW, then decline in amplitude (but increase 

in spatial extent) upon further increases in P. These trends are summarized in Figure 6(d), which shows 

how the summed intensities of each of these three Si-containing emitters (and H*) vary with P in the 

spatial region 9 ≤ z ≤ 12 mm. (For completeness, Figure 6(d) also shows the P-dependence of the 

summed H2* emission intensity in the range 0 ≤ z ≤ 3 mm).  

Using a Si wafer as the silicon source:  As noted in section 2, additional experiments involving H2 

and H2/Ar plasmas confirmed that a silicon wafer in good thermal contact with the Mo substrate can 

provide an alternative, less well-defined but nonetheless measurable source of gas phase SiHx species. 

These gas-surface studies complement, but are distinct from, the main thrust of the present study. 

Representative data from these experiments are shown in Section 2 and Figure S3 in the SI and 

accompanied by discussion of the possible etching processes.  

3.1.3 2-D Modelling of MW Activated Si/H Plasmas. 

The Si/H kinetic data required to reveal and describe the main production and loss processes for the 

emitting species of current interest (1Si*, 3Si* and SiH*) are derived by 2-D(r, z) plasma-chemical 

modelling, where r is the radial distance from the center of the top surface of the substrate (which 

defines r = z = 0). Such self-consistent modelling recently described for MW activated H2,54 H/Ar 66 

and C/H 55 gas mixtures is here extended to the case of Si/H (and Si/C/H) plasmas. The specific blocks 

of the model address the plasma-chemical (~200 reactions involving 31 species for the Si/H plasma)  

and electron kinetics, heat and species transfer and gas-surface interactions, and solve Maxwell’s 

equations to calculate the spatially dependent MW electromagnetic (EM) fields and MW power 

absorption in the Si/H plasma. The electron energy distribution functions (EEDFs) for all cells in the 

(r, z) grid are calculated from the Boltzmann equation and sets of e-H, e-H2, e-SiHx and e-ion collision 

cross-sections (for different gas mixture compositions, reduced electric fields and Tgas) to provide the 

necessary rate coefficients for the plasma-chemical and EM blocks.  

The basic plasma-chemical kinetics mechanism involves the following charged species (electrons, Hx
+ 

(x = 1-3) and SiHx
+ (x = 0-2) ions) and neutral species (H(n = 1-3) atoms, H2 molecules in their ground 

(X1Σg
+) and excited  B1Σu

+, G1Σg
+, a3Σg

+, c3Πu, d
3Πu and e3Σu

+ states, Si atoms in the ground (3P) state, 

in the 1D2, 1S0 and 5So excited states (with respective excitation energies E = 0.78, 1.91 and 4.13 eV) 

and in the emitting singlet (1Si*) and triplet (3Si*) states derived from the 3s23p14s1 excited 
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configuration, SiH radicals in their ground X2Π and excited A2Δ states (henceforth denoted as SiH and 

SiH*, respectively), 1SiH2, 3SiH2, SiH3 and SiH4. Expanded sets were also developed that additionally 

included the species HxSiO (x = 0-2), SiO2, O2, O, OH, H2O and H3O+ (to probe possible effects of 

oxygen in the gas mixture), SixHy (x ≥ 2) (to test for effects of silicon clustering) and higher excited 

states of Si (Si** species with E > 6 eV in order to explore the effects of population cascade into the 

monitored 1Si* and 3Si* states). However, none of these extensions was found to have any significant 

influence under the process conditions of current interest (low oxygen contamination, and low silane 

mole fractions and high Tgas which both mitigate against silicon clustering 67) and all results presented 

hereafter were obtained using the basic plasma-chemical mechanism. The core parts of this mechanism 

for the key species (SiHx, Si(1D2), 1Si*, 3Si*, SiH* and the various ions) are presented in Table 2. The 

reactions used for the Si(1S0), Si(5So) and Si** species are not important in the context of this study and 

are omitted, while the kinetics for excited H* and H2* species were as used previously.54,55   

Insert Table 2 near here 

Base conditions for the Si/H plasma modelling mimic those used in the experiments, i.e., p = 150 Torr, 

P = 1.5 kW, a total gas flow rate of 315 sccm and a SiH4 input mole fraction X0(SiH4) = 48 ppm in H2.  

The focus of the present work is the behavior of Si* and SiH* species and comparisons with the 

respective OE data measured as functions of p, P and X0(SiH4). Based on our previous studies of 

C/H,55,68 B/H 69 and B/C/H 70 plasma emissions, we can anticipate that the production and loss processes 

of the Si* and SiH* species will include electron impact excitation (EIE) from the respective lower 

lying (i.e. ground) states, radiative decay reactions, quenching processes (collisional and/or reactive 

quenching) and, possibly, additional sources like chemiluminescent (CL), dissociative EIE and 

electron-ion recombination reactions. Modelling these sources and sinks requires knowledge of the 

concentrations (and their spatial distributions) of the core neutral SiHx (x = 0-4) and cationic SiHx
+ 

species. The low (<1.5 eV) electron affinities of the SiHx species makes it unlikely that there will be 

any significant concentrations of the respective negative ions.  

There are additional reasons to study the SiHx
+ ion chemistry. Addition of <120 ppm of silane has a 

visible effect on the H2 plasma parameters, as can be seen from the changes in the Iem(H*) and Iem(H2*) 

intensities and profiles (Figure 4). The present calculations show that addition of such low SiHx 

fractions causes negligible perturbation of the EEDF of a pure H2 plasma or the EIE rates of H and H2. 

But SiHx additives in an H2 plasma do have at least two indirect influences on the plasma parameters. 

Electron impact ionization (EII) of SiHx species constitutes an additional contribution to the total 

ionization, and changes the identity of the dominant ions which, in turn, affects the electron-ion 

recombination rates and the ambipolar diffusion coefficients. Thus, it is first necessary to explore the 

plasma-chemical kinetics of the neutral and cationic SiHx species in order to develop the background 

necessary for any detailed consideration of the production and loss processes of the monitored 1Si*, 

3Si* and SiH* species.   
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3.1.3.1 SiHx Kinetics and Ion Conversion Reactions in a Hot MW-Activated Si/H Plasma.   

SiHx Kinetics and Electron Impact Ionization of SiHx Species. As in previous simulations of the 

kinetics in C/H,55  B/H 69 and N/H 71 gas mixtures, fast H-shifting reactions of the form SiHx+1 + H ↔ 

SiHx + H2  (reactions (1)-(6) in Table 2) ensure that the various SiHx (x = 0-4) species in the hot plasma 

and nearby regions are in local equilibrium (i.e. that the rates of the forward and reverse reactions Ri  

R−i are equal). Note that the SiH2 species has a singlet ground state (1SiH2) and a low-lying triplet excited 

state (E[3SiH2–1SiH2] = 0.91±0.03 eV.72 The present modelling assumes efficient state mixing between 

these two species and between the excited (1D2) and ground (3P) states of atomic Si via reactions of the 

form 3SiHx + M ↔ 1SiHx
 + M (where x = 0 and 2 and M = H and/or H2). Various sets of rate coefficients 

(ki) for these reactions are available in the literature.51 We have probed various sets of ki values and 

found no substantial differences in the calculated concentrations of SiHx species (including Si(1D2) 

atoms) or in their spatial distributions in the hot regions, with Ri  R−i. This is unsurprising: the SiHx 

concentrations in such equilibrium conditions are determined by thermochemistry,73 the local Tgas and 

the [H]/[H2] ratio. As a result, the SiHx species partition in favor of low (x ≤ 2) species, mostly Si(3P) 

atoms. This is particularly so in the high gas temperature (Tgas ~3000 K) and H atom mole fraction (XH 

~0.1) values prevailing in the hot plasma region, but the H-shifting reactions (1)–(6) in Table 2 

encourage conversion to SiHx (x ≤ 1) species throughout the entire reactor volume. 

This partitioning is illustrated in Figure 7(a), which shows the calculated radial distributions of the SiHx 

(x = 0-4) species concentrations at z =10.5 mm for base reactor conditions (r = 0, z = 10.5 mm 

corresponds to the center of the plasma core under base conditions). Figure 7(b) shows the 

corresponding radial distributions of Tgas, Te, the H atom concentration, [H], and the electron and 

dominant ion concentrations at z = 10.5 mm for the same base reactor conditions. Si(3P) atoms dominate 

throughout the entire reactor volume: the predicted total Si(3P) content under base conditions (~4.51016 

atoms) is two or more orders of magnitude higher than that of SiH4 (~1.91014), SiH3 (~4.61011), SiH2 

(~1.21013), SiH (~91013), Si(1D2) atoms (~1.61013) and all other silicon containing species. These 

data support the proposal that the different F(SiH4/H2) dependences of Iem(3Si*) and Iem(1Si*) in Figure 

4 are due to self-absorption of the former emission by the orders of magnitude greater ground (3P) state 

number densities at large r ([3Si] ~4.71012 cm−3 in the hot core, cf. [3Si] ~ 2.41014 cm−3 near the reactor 

walls for base conditions). The predicted total contents in the higher lying 1S0 and 5So states of Si are 

much lower still (~2.71010 and ~2.4109 atoms, respectively) and have negligible effect on the SiHx 

species distributions or the distributions of the emitting species of current interest.  

As Figure 7 also shows, the calculated Si concentrations in the plasma core are, respectively, 4 and 5 

orders of magnitude lower than the concentrations of H atoms and H2 molecules, respectively. 

Nonetheless, EII of Si(3P) and Si(1D2) atoms (with respective EII cross-sections from ref. 74) and of 

SiH radicals 75 (reactions (7)-(9)) contributes ~25% of the total EII rate – due to their low ionization 
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potentials: IPSiH = 7.9 eV and IPSi(3P) = 8.15 eV, cf. IPH = 13.6 eV and IPH2 = 15.4 eV. But we also note 

that EII (of H2, H and the various SiHx species) only contributes ~30% of the total ion yield; most ions 

are formed via associative ionization (AI) reactions, particularly H* + H2 → H3
+ + e.54 The present 2-D 

modelling shows that the rates of possible associative ionization reactions involving Si containing 

species (e.g. Si* + H → SiH+ + e) are not competitive with the hydrogen-based AI sources. 

Ion Conversion Reactions and the Effects of SiHx
+ Ions. The dominance of Si atoms also directly 

impacts on the interconversion between ions when SiH4 is added to an established H2 plasma. 

Specifically, the dominant ions change from H3
+ (ref. 54) to SiHx

+ as a result of the charge-exchange 

reactions (10)-(12).76 The exothermic reactions (10) and (11) favor SiHx
+ ions, as expected given the 

low ionization potentials of the corresponding neutrals: IPSi(3P) = 8.15 eV, IPSiH = 7.9 eV, IPSiH2 ~9 eV. 

The effect of the H3
+ → SiHx

+ conversion is clear to see in Figure 7(b).  The prevalence of Si+ ions is 

determined by the balance of the fast forward (12) and reverse (−12) reactions: 

[Si+]/[SiH+] ~ k12[H]/(k−12[H2]) >1.7 for the present conditions. The thermal decomposition and reverse 

association reactions SiHx
+ + M ↔ SiHx−1

+ + H + M  (where M is a third body) for x = 1 and, particularly, 

x = 2 are less important than reactions (12) and (−12) under the conditions prevailing in the hot plasma 

region, ensuring that [SiH2
+] << [Si+]. The recombination rates of Si+ ions with electrons (photo-

recombination and/or three-body recombination) are very low compared with the dissociative 

recombination reactions (13),77 (14), (20) and (27) 78 under the conditions of current interest. Note that 

the present analysis has assumed a 2-fold reduction in the tabulated 77 rate coefficient for reaction (12) 

at high Tgas (~3000 K). The (unknown) partitioning of the products of the SiH+ + e recombination 

reaction is discussed below (Section 3.2.2.2).  

Three effects – the additional ion source from EII of Si atoms, the absence of any effective gas-phase 

loss process for the dominant Si+ ion and the lower ambipolar diffusion coefficients of SiHx
+ (cf. H3

+) 

ions – all act to decrease the averaged reduced electric field (and thus Te and the hot tail of the EEDF) 

upon small additions of SiH4 to an H2 plasma. Lower EM fields are needed to maintain the same electron 

concentration required for absorption of the given MW power when the source of ions is increased and 

the gas-phase and surface losses of the charged species are reduced. These effects will be partially 

compensated by the increased SiH+ + e dissociative recombination rate (cf. the rate of the H3
+ + e 

recombination reaction (13)) upon gradually transitioning from H3
+ to SiHx

+ as the SiH4 fraction is 

increased. The 2-D modelling, which includes all processes shown in Table 2 with rate coefficients 

defined for the conditions of interest, generally reproduces the observed changes in the profiles of, and 

the decreases in, Iem(H*) and Iem(H2*) upon adding SiH4 (shown in Figure 4) and their variations with 

p and P (Figures 5 and 6, respectively) as shown in Figures S4-S6 in the SI. The model predictions still 

deviate from experimental observation in three details, however. The modelling does not reproduce the 

‘saturation’ of the observed Iem(H*) and Iem(H2*) depletions once X0(SiH4) 30 ppm (i.e. F(SiH4/H2) 
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 10 sccm, Figure 4), nor the observed P-dependent increase in Iem(H2*) (Figure 6(d)), nor does it 

capture the low z peak in the Iem(H2*) distributions observed, and discussed, in earlier studies of MW-

activated H2 plasmas.54 Such discrepancies are not surprising, given the complex balances between the 

proposed processes (for which rate coefficients are not well known, especially for the prevailing hot 

plasma conditions).  

As an aside, we recognize that similar processes may be responsible for the previously reported 

decreases in H* and H2* emission intensities upon adding B2H6 to an H2 plasma.69 The degree of B2H6 

decomposition is much lower (cf. SiH4), so the total content of B2H6 molecules in the reactor will be 

much higher than the sum of all BHx (x = 0-3) species. We start by considering the situation where the 

concentration of any air impurity is much lower than that of the added diborane, i.e. 2X0(B2H6) >> 

Xair). The H-shifting reactions in this case do not drive the BHx family so strongly in favor of B atoms 

([B] ~ ([BH] + [BH3]) in the hot plasma region), but the presence of BHx species with low ionization 

potentials and of BHx
+ ions with increased BHx

+ + e dissociative recombination rates will induce 

qualitatively similar effects to those discussed above for a dilute Si/H plasma. For completeness, we 

note that our earlier B/H plasma studies 69 actually involved a significant level of air contamination (Xair 

~ 2X0(B2H6)), under which conditions the most abundant additives to the plasma core are likely to 

have been H2O and HBO species, which will support formation of other ions (H3O+, HxBO+) by charge 

exchange and/or EII.   

We now return to consider the present Si/H plasma with negligible air contamination. Having 

established concentration distributions of the key SiHx neutrals and SiHx
+ ions, we can now develop and 

probe production/loss mechanisms for the emitting species (1Si*, 3Si*, SiH*) monitored in the OE 

imaging studies.   

3.1.3.2. Kinetics, Spatial Profiles and Process Parameter Dependences of 1Si*, 3Si* and SiH*.  

As in the recent analysis of OE from different excited states of the CH radical in MW-activated C/H 

plasmas,55 the modelling of the 1Si*, 3Si*, SiH* species started with the simplest production and loss 

scheme, namely, electron impact excitation (EIE) from the respective ground states (Si(3P) and SiH) 

and radiative decay. The results returned by the 2-D model assuming such a simple kinetic scheme were 

far from the OE data, however, both in terms of the spatial profiles and the observed p- and P-

dependences of the emission intensities. Guided by the analysis of CH* emissions from C/H plasmas,55 

we then investigated the possible effects of additional processes that could affect the SiH* and Si* 

populations (and their emissions), i.e. chemiluminescent (CL) sources, electron-ion recombination 

reactions, state mixing reactions, quenching processes, etc. Systematic calculations (involving 

thousands of 2-D model runs) with various reaction mechanisms were undertaken to establish the more 

important processes and the relevant kinetics. A summary description of these searches now follows, 

starting with the simpler SiH* kinetics.  
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SiH* Production and Loss Processes. Preliminary analysis and rate estimates encouraged omission 

of the following processes because of their minor importance under the prevailing conditions: (i) 

dissociative EIE reactions of the form SiHx+1 + e → SiHx* + H + e (x = 0, 1), due to their high threshold 

energies and the relative SiHx populations ([SiH2] << [SiH] << [Si]), and (ii) the dissociative electron-

ion recombination SiH2
+ + e → SiH* + H, the possible contribution from which would be uncompetitive 

relative to that from direct EIE of SiH. Supplementing this simplest mechanism (i.e. reactions (15) and 

(16) in Table 2) with an additional source and loss term (the chemiluminescent Si(1D2) + H2 ↔ SiH* + 

H reaction (17) and the reactive quenching reaction (−17) in Table 2), however, enables reasonable 

agreement between the calculated column densities {SiH*}(z) – in terms of their spatial profiles and 

their dependences on X0(SiH4), p and P (Figures 8(a), 8(b) and 8(c)) – and the corresponding Iem(SiH*) 

intensities (first shown in Figures 4-6). The (r = 0, z) rate profiles of these four processes are shown in 

Figure 9 for p = 60, 150 and 250 Torr, with all other parameters fixed at their base values. At high 

pressures (p ≥ 150 Torr), comparably good matches with the experimental data can be obtained 

assuming alternative CL sources (with the reversible reactions (17a) or (17b) and the parameters listed 

in Table 2). However, these alternative sources substantially underestimate {SiH*}(z) at low pressures 

(e.g. by a factor of ~2.3 compared with the p = 60 Torr {SiH*}(z) values shown in Figure 8(b)) and 

return a SiH*}(z) profile that is shifted further from the substrate (and thus further from the experimental 

observation). Figure 9 also allows us to assess the obvious inconsistencies (cf. experiment) in the 

{SiH*}(z) profiles and their p-dependence if the local balance is assumed to depend on just EIE 

(reaction (15)) and radiative decay (reaction (16)) rather than the four processes (15), (16), (17) and 

(−17).  

Several previous studies have used analyses of wavelength resolved SiH* emission from other 

(generally cooler) Si/H plasmas to estimate gas temperatures.79-83 The best-fit rotational temperature for 

the SiH* emission spectrum recorded under the present base conditions (Trot ~2450200 K) is lower 

than the gas temperature calculated from the 2-D model outputs using the expression <Tgas> = 

Tgas(r,  z)[SiH*(v=0)](r, z)dr / [SiH*(v=0)](r, z)dr ~ 2935 K at z = 10.5 mm. The SiH* rotational state 

population distribution in the present study could be out of local thermodynamic equilibrium (i.e. Trot < 

Tgas) if the rates of rotational-translational (RT) relaxation of the SiH* species, i.e. SiH*(v, N+∆N) + M 

↔ SiH*(v, N) + M are comparable with the SiH* production rate via the endothermic CL reactions 

(17). We have no data relating to the rate coefficients kRT(H2) and kRT(H) for RT relaxation of SiH* 

with the main collision species H2 and H, but the 2-D modeling suggests that the relation Trot < Tgas 

could be achieved under the present plasma conditions if kRT(H2) and kRT(H) are not much greater than 

510−11 and 510−10 cm3 s−1, respectively.  

1Si* and 3Si* Production and Loss Processes. Excited state Si* atoms might be expected to be 

extremely reactive in a hot H2 plasma. The kinetics of Si* species are complicated by the diversity of 

potentially important pathways, e.g. state mixing reactions 1Si* + M ↔ 3Si* + M, reactive quenching 
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via collisions with H2 molecules, associative ionization (AI) in reactions with H atoms, different EIE 

probabilities from different lower levels (i.e. from ground triplet cf. metastable singlet states) and 

cascades from a range of upper states, etc. We have probed many possible reactions and their effects on 

the {Si*}(z) profiles and their p- and P-dependences. In addition to the traditional EIE sources (reactions 

(18), (19) and (26)) and radiative loss processes (reactions (24), (25) and (30)), the mechanism reported 

in Table 2 includes additional important Si* source and loss terms – the dissociative recombination 

reactions (20) and (27) and reactive quenching on H2, reactions (22) and (28), respectively. The rate 

coefficients ki(Te) for all electron induced reactions (apart from those with unknown cross-sections), 

with respective energetic thresholds Ethr, were calculated from the respective high energy ‘tail’ of the 

EEDF (with E > Ethr) and approximated as functions of Te in Table 2 for presentation purposes only 

(and are applicable only over the limited range 0.9 < Te < 1.7 eV). These additional processes, together 

with EIE and radiative decay and the state mixing reactions (21) and (−21), determine the 1Si* column 

density profiles {1Si*}(z) and their variations with changes in process conditions. As Figure 10 shows, 

these agree well with the observed variations in Iem(1Si*) – with the greatest discrepancies evident at 

low p and/or P. This comparison is considered to be most appropriate, as the OES measurements sample 

the full depth of the plasma. The corresponding {3Si*}(z) profiles are shown in Figure S7, and the 

calculated rate profiles Ri(r = 0, z) for these various processes for 1Si* and 3Si* at p = 60, 150 and 250 

Torr are shown in Figures S8 and S9, respectively.  Inspection of these figures shows that EIE processes 

are relatively more important for 3Si* species, especially at low pressures – consistent with the 

observation (Figure 5) that Iem(3Si*) peaks nearer the substrate than Iem(1Si*), i.e. at lower z, where the 

EIE rates are maximal (Figures S8 and S9).  

The 2-D model shows the 3Si* concentration in the hot emitting region increasing almost linearly with 

F(SiH4) – reflecting the linear increases in both [Si(3P)] and the main source (the EIE rate) of 3Si* under 

conditions of broadly constant ne and Te. As noted above, the observed saturation of Iem(3Si*) is 

attributable to reabsorption of this emission by the column of Si(3P) atoms. The 1Si* emissions at 390 

and 288 nm, in contrast, should not be affected by such reabsorption since, as Figure 7(a) shows, the 

respective lower state concentrations are much lower ([Si(1S0)]<<[Si(1D2)]<<[Si(3P)]). Yet, both the 

measured Iem(1Si*) intensities (Figure 4e) and the calculated {1Si*} column densities appear to start 

levelling off at high F(SiH4). The 2-D modelling reveals that this trend is due to saturation of [SiH+] 

and thus of the main source of 1Si* (the SiH+ + e dissociative recombination reaction); at high F(SiH4), 

the efficiency of the H3
+ → SiHx

+ ion conversion reaction ensures [H3
+] << [SiHx

+] and that any further 

increases in F(SiH4) have progressively less effect on [SiH+].  

Effects of Silicon Deposition and Etching Processes on Si Content and Plasma Emission.  At the 

outset, we note that the elemental Si/H ratio in the source gas mixture (e.g. ~2.4×10-5 for a 48 ppm 

SiH4/H2 mixture) does not ensure the same Si/H partitioning throughout the entire reactor volume.  As 

with dilute CH4/H2 plasmas,10 the Si content in the hot plasma core is reduced substantially (more than 
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3-fold) by thermodiffusional transfer (the Soret effect) and, to a lesser degree, by H2 dissociation (the 

maximal H atom mole fraction, X(H) > 0.1). Further, the total silicon content in the whole reactor 

volume will be sensitive to any silicon deposition and/or etching processes at the reactor walls. Serial 

experimental investigations of many Si/H plasmas result in a visible deposit on the inner walls of the 

reactor. This is not surprising, given the high Si atom concentrations predicted at the outer extremities 

of the reactor (e.g. [Si](r = 60.5 mm, z) ~2.41014 cm−3, Figure 7(a)) for the current base conditions. 

The near-wall Si and H atom concentrations (i.e. [H](r = 60.5 mm, z) ~ 1012-1013 cm−3 for base 

conditions, Figure 7(b)) vary with location and with process conditions (i.e. p, P and X0(SiH4)), resulting 

in different rates of Si deposition and, quite possibly, H atom etching of any Si deposit. Under steady 

state conditions (if these are reached), an appropriate near-wall Si concentration (and thus a total silicon 

content in the reactor volume) is established, wherein the supply of silicon from the SiH4/H2 gas source 

and any etching are balanced by silicon deposition on the walls and by the evacuation of gas from the 

reactor volume.  

Such Si deposition/etching processes are likely to have a significant impact on the total silicon content, 

as illustrated by additional 2-D model calculations that assume a (hypothetical) Si net deposition 

probability, Si = 0.001. The actual Si deposition probability and the probability of etching (by H atoms), 

getch, under the present conditions are unknown. But we note the following. First, even this small chosen 

Si value (which is more than two orders of magnitude smaller than the adsorption probability assumed 

for the SiH3 precursor in Si deposition models (SiH3 = 0.25) 84) provides an integral Si loss rate 

comparable to the SiH4 supply under our base conditions. Second, silicon etching from the reactor side 

walls under the present experimental conditions (i.e. near-wall H atom concentrations, [H]wall ~1013 

cm−3 and a total side wall area Swall ~200 cm2) provides an SiHx source ~ getch  1.21020 s−1 which would 

be equivalent to the base SiH4 supply (i.e. 0.015 sccm of SiH4) even when assuming a getch ~10−4. 

Measured etch rates for amorphous silicon in a hot filament (HF) CVD reactor 85 hint at significantly 

higher getch values. Any imbalance in the deposition/etching rates (caused, for example, by changing 

process parameters) will thus affect the total silicon content and trigger an appropriate restoration of 

this balance. The OE data for Si/C/H plasmas described in section 3.2 provide (indirect) evidence for 

the existence and violation of this balance between Si deposition and etching processes.    

Summary. The foregoing discussion provides a reasonably complete and consistent rationale for the 

observed H*, H2*, 1Si*, 3Si* and SiH* emissions from MW-activated dilute Si/H plasmas operating at 

gas temperatures and pressures such as are used in diamond CVD, and their variations with process 

conditions. Key features of the analysis include (i) the fast H-shifting reactions ensure that Si atoms are 

the dominant Si-containing species throughout the whole reactor volume, (ii) the low ionization 

potentials of all SiHx (x = 0-4) species and the ion conversion reactions (10)-(12) ensure that even trace 

(<50 ppm) additions of silane to an H2 plasma are sufficient to change the dominant ions (from H3
+ to 

SiHx
+), with knock-on consequences for electron-ion recombination rates and ambipolar diffusion 
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coefficients, (iii) the spatial profiles of the 1Si*, 3Si* and SiH* emissions and their variations with 

process conditions require recognition that, for all three species, CL reactions supplement EIE as 

sources of excited state species and that both radiative decay and reactive quenching contribute to the 

loss of these species, and (iv) the total content of silicon species in the reactor volume can be affected 

by silicon deposition and etching processes on the reactor walls.  

3.2   Si/C/H Plasmas 

3.2.1. Optical Emission Images and Their Analysis 

Upon adding CH4, the characteristic H*, H2*, 1Si*, 3Si* and SiH* emissions from the Si/H plasma are 

supplemented by CH* and C2* emission bands. This range of species, combined with the high Tgas 

values, results in rich spectra – as illustrated by the spatially-resolved false colour Iem(, z) images of 

the emissions from a Si/C/H plasma operating under base conditions (i.e. F(H2) = 270 sccm, F(CH4) = 

19 sccm, F(SiH4/H2) = 30 sccm, corresponding to X0(SiH4) = 94 ppm, p = 150 Torr and P = 1.5 kW) 

shown in Figure S10. This Figure presents data for the wavelength ranges (a) 372 ≤  ≤ 447 nm and (b) 

463 ≤  ≤ 534 nm and the corresponding Iem() plots obtained by summing all emission intensity in the 

range 10.5 ≤ z ≤ 12 mm for the wavelength ranges (c) 386 ≤  ≤ 435 nm and (d) 496 ≤  ≤ 519 nm. The 

3Si* features, which appear in second order, are largely buried by the much more intense C2(d→a) Swan 

band emission (appearing in first order) but can be observed cleanly by placing a suitable narrow-band 

UV transmission filter in the optical path between the reactor and the spectrometer entrance slit.     

Figures 11 and 12 illustrate how these emissions vary upon adding, respectively, CH4 to a pre-existing 

Si/H plasma and SiH4 to a pre-existing C/H plasma operating under the base conditions defined in 

Section 2. As Figure 11 shows, Iem(H2*) and Iem(H*) both increase ~2-fold upon adding as little as 

F(CH4) = 1 sccm to the Si/H plasma but are relatively invariant to further increases in F(CH4), while 

Iem(C2*) and Iem(CH*) scale as ~F(CH4) and ~F(CH4)0.5, respectively. These trends, and the 

dependencies of these various emission profiles on changes in p and P, mimic those reported previously 

when adding CH4 to a pre-existing hydrogen plasma. The increases in Iem(H2*) and Iem(H*) reflect the 

change in dominant ion (from H3
+ to C2H2

+ and C2H3
+ in the C/H plasma) and the consequent changes 

in the electron characteristics, Tgas and the absorbed power densities.7,10 The Iem(C2*) ~ F(CH4) and 

Iem(CH*) ~ F(CH4)0.5 trends follow from documented differences in the thermal chemistry that 

underpins the formation and equilibration of these two species.10 Thus, notwithstanding the high cross-

sections for forming SiHx
+ ions (with x = 0 and 1) in the pre-existing Si/H plasma, the data in Figure 11 

imply that introducing as little as F(CH4) = 1 sccm is sufficient to enhance the hot ‘tail’ of the EEDF 

(i.e. the part of the EEDF responsible for EIE of the H* and H2* species) as a result of converting some 

SiHx
+ ions into C-containing ions (analogous to the conversion of H3

+ to C-containing ions when 

transitioning from an H2 to a C/H plasma 10).  
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This conclusion is reinforced by the data shown in Figure 12. Progressive addition of SiH4 to a pre-

existing C/H plasma operating under base conditions causes no discernible change to the Iem(H2*), 

Iem(H*), Iem(C2*) or Iem(CH*) intensities or profiles. This is unsurprising, given that the SiH4 fraction in 

the Si/C/H input gas mixture under base conditions (X0(SiH4) = 94 ppm) is already 32-times less than 

the carbon fraction when F(CH4) = 1 sccm; this Si/C ratio decreases to less than 1 in 500 for a plasma 

operating with F(CH4) = 19 sccm.  As Figure 12(c) shows, Iem(3Si*), Iem(1Si*) and Iem(SiH*) all increase 

near-linearly with increasing F(SiH4/H2). The observed monotonic increase in Iem(3Si*) across the full 

F(SiH4/H2) range – essentially replicating the F(SiH4)-dependence of Iem(1Si*) – is noteworthy and 

contrasts with that seen with the C-free Si/H plasma (recall Figure 4(e)).  

The changes in Iem(3Si*), Iem(1Si*) and Iem(SiH*) upon adding CH4 to the pre-existing Si/H plasma are 

more dramatic. Figures 13(a) and 13(b) show Iem(3Si*) and Iem(1Si*, 288 nm) profiles upon introducing 

progressively larger F(CH4) to the base Si/H plasma. As Figure 13(c) shows, the Iem(SiH*) profile 

maximizes at, and extends to, larger z than either Iem(Si*) profile under base conditions. Such trends 

were observed for the CH4-free plasma also (recall Figure 3), but the Iem(3Si*) and Iem(1Si*, 288 nm) 

profiles in the presence of F(CH4) = 19 sccm under base conditions are clearly less extensive (cf. Figure 

5). Figure 13(d) shows that all three emissions and, particularly, Iem(1Si*) and Iem(SiH*) decline steeply 

upon introducing small amounts of CH4 to the Si/H plasma, but are then relatively insensitive to further 

increases in F(CH4).  

3.2.2 2-D Modelling of MW Activated Si/C/H Plasmas. 

A full 2-D model involving the complete Si/C/H chemistry is impractical given the paucity of 

information relating to many of the potentially important Si/C coupling reactions and their temperature 

dependences. Nonetheless, certain inferences and conclusions can be built from the present OE imaging 

measurements and approximate 2-D modeling of the Si/C/H plasma (56 species, 370 reactions) based 

on the previously established C/H plasma chemistry,10,55 the Si/H plasma chemistry described in section 

3.1, and a limited number of Si/C coupling reactions – specifically, additional ion chemistry enabling 

interconversion between SiHx
+, SiC2Hy

+ (y = 0-2) and C2Hy
+ (y = 2,3) ions and SiHx/C2Hy couplings 

resulting in production of the SiC2Hy (y = 0-2) species listed in Table 3. 

Insert Table 3 near here 

The 2-D modelling confirms that the apparent indistinguishability of the respective Iem(H2*), Iem(H*), 

Iem(C2*) and Iem(CH*) distributions from C/H and Si/C/H plasmas operating under base F(CH4), p and 

P conditions is indeed a reflection of the similar electronic (ne, Te, EEDF) characteristics of the two 

plasmas. But, as Figures 11 and 13 showed, adding F(CH4) = 1 sccm (i.e. just 0.33% CH4) to a pre-

existing Si/H plasma causes ~2-fold increases in Iem(H*) and Iem(H2*) and very obvious decreases in 

Iem(Si*) and Iem(SiH*). The low hydrocarbon (and silicon) fractions in the dilute Si/C/H plasmas of 

current interest have minimal impact on the EEDF, which is largely determined by the various e-H2 and 
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e-H collisions (rather than e-CxHy (or e-SiHx) collisions).  Indirect mechanisms by which CH4 additions 

affect the EEDF (and cause the observed jumps in Iem(H*) and Iem(H2*)) are discussed below. 

Ion Conversion Reactions. The former trends are successfully captured by the present 2-D modelling 

which shows that, as in the case of an H2 plasma,10 CH4 addition to an Si/H plasma introduces an 

additional ionization source (EII of C2H2). This new ionization source has only limited effect on the 

plasma parameters at low (i.e. <0.33%) CH4 fractions but has a substantial effect on the ion partitioning 

and leads to increased electron-ion recombination rates. Specifically, the dominant ions in the Si/H 

plasma (i.e. SiHx
+ and H3

+ ions) are progressively converted to C2Hy
+ and SiC2Hy

+ ions via the fast 

forward and reverse reactions listed in Tables 2 (reactions (10)−(14)) and 3 (reactions (31)−(39)).76 Any 

conversion of Si+ ions (for which the photorecombination rate with electrons is extremely low, 

~ 4.410−13/Te
0.6, with Te expressed in eV [ref. 76]) or of H3

+ ions (for which the electron-ion 

recombination cross-section is also smaller than that for more complex ions 10) into larger C2Hy
+ and 

SiC2Hy
+ ions boosts the overall loss of gas-phase charged species via dissociative electron-ion 

recombination reactions, which is compensated by increasing the power densities (and thus the EII 

rates) in the hot plasma region. The 2-D modeling reveals simultaneous changes to both the spatial 

distribution of the plasma (which shifts closer to the substrate) and the plasma parameters upon adding 

0.33%CH4; the maximal electron and H atom concentrations increase (by ~30% and ~50%, 

respectively) and the maximal Tgas value increases by ~3% (by ~85 K). Such plasma modifications are 

wholly consistent with the observed (Figure 11) increases in Iem(H*) and Iem(H2*) upon adding F(CH4) 

= 1 sccm to a 94 ppm Si in H2 plasma operating under base conditions of p and P.  

The main ion conversion reactions in an Si/C/H plasma operating under conditions of present interest 

are presented in Table 3.  The 2-D model identifies Si+ as the most abundant Si-containing ion in the 

hot plasma core, with a concentration (~1.51011 cm−3 at r = 0, z = 10.5 mm) comparable to that of 

C2H3
+.  [SiH+] is predicted to be ~[Si+]/2.5.  [H3

+], [C2H2
+] and [SiC2H+] are all predicted to be an order 

of magnitude smaller than [Si+] – as detailed in the caption of Table 3 – and the  predicted concentrations 

of all other ions are <2107 cm−3.  

The 2-D Si/C/H model also predicts that {H*} and {H2*} saturate upon further increases in F(CH4), 

consistent with the observed trends in Iem(H*) and Iem(H2*) (Figure 12). Once F(CH4)  1 sccm, the 

C2H2 concentration (and the contributions from EII of C2H2) increases linearly with F(CH4) and the pre-

existing SiHx
+ (x = 0, 1) ions are progressively replaced by C2Hy

+ and SiC2H+ ions (predominantly C2H3
+ 

ions). The 2-D modeling suggests that the increased recombination losses of these polyatomic charged 

species are largely compensated by an increase in the EII of C2H2. (EII of C2H2 is calculated to be the 

dominant EII source at F(CH4) = 9 sccm (3%CH4)), at which point EII becomes comparable to the main 

associative ionization sources (i.e. sources H(n ≥ 2) + H2 → H3
+ + e).  As a result, the basic plasma 
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parameters (Te, Tgas, ne, EEDF) are predicted to vary little once F(CH4) >1 sccm, consistent with the 

observed near-constancy of the Iem(H*) and Iem(H2*) signals at higher F(CH4) (Figure 12(c)).   

Si/C Coupling Reactions. The explanation for the marked declines in Iem(Si*) and Iem(SiH*) upon 

introducing F(CH4) = 1 sccm to a dilute Si/H plasma operating under base conditions of p and P (Figure 

13) is less straightforward and implies some coupling between the Si/H and C/H chemistries and/or 

indirect coupling effects. C2H2 is the dominant C-containing species in the hot regions of the C/H 

plasma, and previous gas kinetic studies have determined that Si atoms in both their ground (3P) and 

metastable excited (1D) states react with C2H2 at room temperature at near gas kinetic collision rates.86-

88 Experiment and theory suggest that Si(3P) addition of C2H2 is a barrierless process, wherein the atom 

interacts with the π-system of the C2H2 to form a cyclic c-SiC2H2 intermediate. The fate of this adduct 

remains a subject of debate. H2 elimination, yielding c-SiC2 as the co-product, following intersystem 

crossing to a lower lying triplet state has been proposed to account for the high removal rates measured 

at low temperatures (e.g. Tgas ≤300 K),89,90 as has collisional stabilization 91,92 and, at higher collision 

energies (e.g. ~0.16-0.55 eV in crossed beam experiments), rapid re-dissociation.93 The collisional 

stabilization route would require extremely high rate coefficients (>10−27 cm6 s−1) in order to 

accommodate the measured reaction rates in terms of the three-body process Si(3P) + C2H2 + M → c-

SiC2H2 + M.89 Kaiser and Gu determined an endothermicity ∆rH ~0.87 eV for the bimolecular reaction 

Si + C2H2 ↔ Si−C≡CH + H,93 and we assume this reaction to be important under the present conditions 

and adopt it (reaction (−40)) and the reverse reaction (40) in Table 3 in the current modeling. The 

unknown rate coefficient k40 for the exothermic reaction (40) was assumed to be temperature 

independent and k-40 was calculated from thermochemical data for the given k40. These reactions are in 

equilibrium in the hot plasma region, and varying k40 in the range ~10−11−10−10 cm3 s−1 has little impact 

on the overall modelling.  Some c-SiC2H2 species will likely isomerize (e.g. the acyclic H2CCSi and 

HCCSiH isomers are both only ~75 kJ mol-1 higher in energy) 92 and all will undergo H-shifting 

reactions of the form SiC2H2 +H  SiC2H + H2.  The acyclic SiC2H species is calculated to be ~25 kJ 

mol-1 more stable than c-SiC2H. The final step SiC2H + H  SiC2 + H2 is exothermic and presumed to 

be fast, so could constitute another potential route to SiC2 species in the hotter regions. 

A combination of crossed molecular beam studies and ab initio electronic structure calculations have 

also demonstrated barrierless formation of the c-SiC2H2 intermediate (together with an H atom) in SiH 

+ C2H2 collisions.94 CH4 will be the dominant hydrocarbon in the cooler peripheral regions of a MW 

reactor operating with a CH4/H2 input gas mixture. The reported rate constant for the Si(3P) + CH4 

reaction at 300 K is <10−14 cm3 s−1 (ref. 86), consistent with the endothermicity (~147 kJ mol−1) for 

forming SiH + CH3 products. The near gas kinetic rate constant measured for removal of Si(1D) atoms 

in collisions with CH4 at 300 K 87 is attributed to efficient quenching rather than reaction.  
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Various gas phase Si/C coupling schemes (of which reactions (40)–(46) in Table 3 are the most 

important) were included in the present 2-D modelling but none caused a significant reduction in the 

predicted {Si*} and {SiH*} column densities (such as could explain the observed decrease in Iem(Si*) 

and Iem(SiH*) upon introducing F(CH4)), nor challenged the dominance of Si atoms in the hot plasma 

center, where the concentrations returned by the modeling for a 0.01%SiH4/0.33%CH4/H2 mixture 

operating at base p and P are: [Si] ~9×1012 cm−3, [SiH] ~8×1011 cm−3 and [SiC2] ~6.4×1010 cm−3. The 

relative concentration of SiC2 (which is predicted to be the most populated species within the SiC2Hy 

family) increases in the cooler regions. Close above the substrate, [SiC2] is predicted to be ~5.5×1012 

cm−3 (cf. [Si] ~4.2×1013 cm−3) with this Si/C/H input gas mixture, and to increase progressively with 

increasing F(CH4) such that [SiC2] is predicted to exceed [Si] in the cool near wall and near substrate 

regions at higher F(CH4); e.g. [SiC2] ~2.6×1013 cm−3, cf. [Si] ~2×1013 cm−3 above the substrate center 

for a 0.01%SiH4/3%CH4/H2 gas mixture.  

It is important to note that the rates of the forward and reverse H-shifting reactions in the SiHx family 

(reactions (1)-(6) in Table 2) and in the SiC2Hy family (reactions (45)-(46) in Table 3) are close to 

equilibrium, especially in the hot plasma region. Thus the relative population distributions within each 

family are largely determined by the thermochemical properties of the species,73,95 the local Tgas and the 

[H]/[H2] ratio, and are rather insensitive to the choice of the (unknown) reaction rate coefficients. 

Similar facile interconversions and stable partitioning is anticipated within the SiHx
+ and SiC2Hy

+ ion 

families and within the SiCHx family, wherein the fast Si + CH3 ↔ SiCH2 + H reaction (k ~10−9 cm3 s−1 

(ref. 76)) and the thermochemical properties of the various SiCHx species suggest that SiCH2 is probably 

the most stable SiCHx species.  

Gas-Surface Interactions. The deduced stability of the gas phase interconversions leaves no possibility 

of explaining the observed drop in Iem(Si*) and Iem(SiH*) upon adding CH4 simply in terms of gas-

phase chemistry. However, the present 2-D modelling allows us to propose an alternative, less direct 

but potentially important effect based on the global balance of silicon deposition and etching processes. 

Namely, CH4 addition to a Si/H (or a pure H2) plasma causes a significant drop in the H atom 

concentrations in the cooler regions, where H atoms are consumed in a variety of gas-phase hydrocarbon 

conversion reactions.7,8,10,96 

The maximal [H]wall values near the reactor wall (e.g. at r = Rreac = 61 mm, z ~ 22 mm) are predicted to 

drop by orders of magnitude upon adding CH4 to a pre-existing 0.01%SiH4/H2 plasma operating under 

base p and P. Illustrative values from the present 2-D modelling are [H]wall ~41013 cm−3, ~1.71011 

cm−3 and ~6108 cm−3 for gas mixtures containing, respectively, 0, 0.33% and 3%CH4. The CH4-

induced reduction in [H]wall affects the balance of the H-shifting reactions also. This huge decline in 

[H]wall ensures that a much greater fraction of the input SiH4 molecules survive in the cold regions when 

CH4 is present (because the huge decrease in the rates of the various SiHx+1 + H  SiHx + H2 reactions 
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(1) – (6)). For example, the predicted [SiH4] at r ~61 mm, z ~22 mm in the absence of any CH4 is only 

~200 cm−3 whereas, upon introducing X0(CH4) = 0.33% and 3%, [SiH4] this increases to ~8×1013 and 

~4.6×1014 cm−3, respectively. The near-wall concentration of silicon atoms, [Si]wall (the most abundant 

SiHx radical) is predicted to decline upon CH4 addition – though much less dramatically than the decline 

in [H]wall. Illustrative maximal [Si]wall values at r ~61 mm, z ~22 mm are ~4.51014 cm−3 and ~6.41013 

cm−3 when 0.33% and 3%CH4 (cf. [Si]wall ~61014 cm−3 for the CH4-free Si/H plasma operating under 

otherwise identical conditions). [SiC2Hy] and [SiCHx] are predicted to increase with increasing F(CH4) 

and will also contribute to the overall Si/C deposition rate, but even when X0(CH4) = 3%, the predicted 

sum of [SiC2Hy]wall in the cooler near-wall regions is still only ~[Si]wall/3. However, we also note that 

introducing a hypothetical Si + C2H2 ↔ SiC2 + H2 reaction (such as has been proposed previously to 

account for the measured loss rate of Si(3P) atoms in collision with C2H2 at low temperatures,89,90 and 

which thus might become relatively more important in the cooler, near-wall regions of the reactor) or 

the three-body reaction Si + C2H2 + M ↔ SiC2H2 + M could skew the near-wall partitioning in favor of 

SiC2Hy species, such that [SiC2Hy] >> [Si]. However, it is not obvious that changing the dominant Si-

containing gas phase species (from Si to SiC2) would necessarily impact on the overall silicon loss rate 

(by evacuation and/or by Si/C deposition).  

The huge reduction in [H] near the reactor walls upon adding CH4 to a pre-existing Si/H plasma will 

lead to a much-reduced etching rate of any Si already adsorbed on the reactor walls (cf. the etching rate 

in the C-free Si/H plasma that, under steady state conditions, would be required to compensate for the 

Si deposition rate). This will cause a net decrease in the global silicon content in the Si/C/H plasma (cf. 

the pre-existing Si/H plasma). Calculations comparing the Si supply (modelled as a gas flow, F(SiH4)) 

and deposition rates suggest that introducing 0.33%CH4 would cause the global Si content in the reactor 

to drop by amounts comparable to that seen in the Iem(Si*) and Iem(SiH*) measurements (Figure 13) if 

the Si incorporation probability,  10−2. As noted above, higher methane inputs (i.e. >0.33%CH4) will 

cause a progressively greater decrease in [Si]max (and thus in the Si deposition rates). As a result, the 

global silicon content in the plasma (and the Si* and SiH* emission intensities) should stabilize – as 

observed (Figure 13) − at levels determined by the balance between the silicon supply (F(SiH4)), the 

exhaust of the processed gas and deposition on the reactor walls. 

The deduced decrease in [Si(3P)] in the periphery of the reactor upon introducing CH4 also provides an 

explanation for the differences in Iem(1Si*) and Iem(3Si*) observed upon adding F(CH4) = 1 sccm. The 

2-D modelling suggests that CH4 additions should impact Si*(3Po) and Si*(1Po) concentrations in the 

hot plasma region similarly. Yet, as Figure 13 showed, the observed decrease in Iem(1Si*) on introducing 

F(CH4) = 1 sccm is ~5 greater than that of Iem(3Si*). The smaller reduction in the case of Iem(3Si*) can 

be traced to the reduced optical thickness of Si/C/H plasmas (cf. Si/H plasmas) at the Si*(3Po→3P) 

resonance emission wavelengths (because of the CH4-induced decrease in [Si(3P)] in the cooler regions 
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of the reactor). That the Iem(1Si*) and Iem(3Si*) emissions show very similar F(SiH4)-dependences in 

Si/C/H plasmas (Figure 12(c)) but obvious differences in Si/H plasmas (Figure 4(e)) can be similarly 

traced to the much reduced [Si(3P)] in the periphery of the reactor and thus the reduced re-absorption 

of Si*(3Po→3P) emission in the Si/C/H plasma.  

Implications for CVD of Si-Doped Diamond. As noted at the start of Section 3.2, the paucity of data 

relating to potentially important Si/C coupling reactions and their temperature dependences preclude 

comprehensive 2-D modelling of the gas phase chemistry involved in the CVD of Si-doped diamond. 

Nonetheless it has been possible to develop a simplified model involving plausible Si/C coupling 

schemes for both ions and neutrals in the kinds of hydrogen-rich plasmas containing small (few %) 

concentrations of hydrocarbon and trace amounts of silicon that succeeds in replicating the limited 

experimental insights that can be gleaned by OE studies of MW-activated Si/C/H plasmas operating 

under conditions relevant for contemporary diamond CVD.  

The experimental data (measurements of different species emissions as functions of process conditions) 

inform the 2-D modelling, which succeeds in revealing the main neutral SiC2Hy and charged SiC2Hy
+ 

species in the hot plasma region (SiC2 and SiC2H+, respectively), their dominant production and loss 

mechanisms, and the extent to which adding CH4 (SiH4) to a pre-existing Si/H (C/H) plasma will affect 

the plasma parameters, the optical emissions and the deposition of Si and C on the substrate and the 

reactor walls. From the perspective of controllable Si-doped diamond CVD, the present study suggests 

that: 

(i) the SiH4/H2 in the source gas should be introduced simultaneously with or shortly after 

establishing the C/H plasma (i.e. not before, to avoid poorly defined Si deposition on the 

reactor walls), 

(ii) under these circumstances, changes in the 1Si* and/or 3Si* emission intensities should be 

reliable indicators of changes in the Si content in the hot plasma region,  

(iii) a Si substrate or fused silica components within the reactor can easily constitute an 

(unintended) source of gas phase Si-containing species, 

(iv) SiC2 species and/or Si atoms will be the most abundant gas phase Si-containing species just 

above the growing diamond surface. Future theoretical studies of the possible gas-surface 

reactions will be required to establish how efficiently the Si in an incident SiC2 species 

might be incorporated during diamond CVD.  

 

4.  CONCLUSIONS 

This work describes the results of extensive investigations of MW-activated H2 plasmas containing trace 

(10-100 ppm) amounts of SiH4, with and without a few % of CH4, operating at p and P values relevant 

to contemporary diamond CVD, using a combination of spatially resolved OE imaging and 2-D plasma 
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chemical modelling over a wide range of process conditions. The analysis and modelling of the OE 

from H*, H2*, Si* (singlet and triplet) and SiH* species in the dilute Si/H plasmas confirms the 

operation of fast H-shifting reactions which ensure that Si atoms are the most abundant silicon-

containing species throughout the entire reactor volume. The low ionization potentials of all SiHx (x ≤ 

4) species (cf. the ionization potentials of H and H2) and the efficiency of the ion conversion reactions 

ensure that even small SiH4 additions will cause a change in the dominant ions in the plasma (from H3
+ 

to SiHx
+), with knock-on consequences for the electron-ion recombination rates and ambipolar diffusion 

coefficients. Other hitherto unrecognised complexities revealed by the present experimental / modelling 

study of dilute Si/H plasmas operating at high Tgas include the findings that the both EIE and CL 

reactions contribute to the observed 1Si*, 3Si* and SiH* emissions, that the high concentrations of 

ground state Si atoms throughout the reactor volume can attenuate the 3Si* OE emanating from the hot 

plasma region and that the total silicon content in the reactor volume can be affected by silicon 

deposition at the reactor walls and the etching (by H atoms) of such deposits. Trace SiH4 additions to a 

pre-existing C/H plasma are shown to cause only minor perturbations to the well-established C/H 

plasma chemistry.  The presence of a few % CH4 in the process gas mixture greatly reduces the H atom 

densities in the cooler regions of the reactor, and thus the efficiency of the H-atom induced shift from 

SiH4 → Si in these regions. This, in turn, ensures that re-absorption of 3Si* emission emanating from 

the hot plasma region is much reduced, and that OE measurements of 1Si* or 3Si* atoms should provide 

a reliable measure of the Si content in the core of a MW-activated Si/C/H plasma – a key requirement 

for growers who aspire to apply OE measurements for process control. The study confirms prior 

realizations that a Si substrate or fused silica components within a MW reactor (e.g. windows or a bell-

jar) can be a ready source of gas phase Si-containing species and determines that Si atoms and/or SiC2 

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.    
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Table 1 

Species and Transitions Monitored by Optical Emission Imaging. The Si* Transitions are all part of the 

3s23p4s→3s23p2 Multiplet.  Term Values and Einstein A-Coefficients are from the Following Sources: 

Atomic Si and H,56 SiH,57,58 H2,54,59,60 CH 60-62 and C2,63 and the Diatomic Term Energies are for the 

Respective v = 0 Levels.    

Species Transition Eupper / eV Elower / eV  / nm A / 107 s−1 

      

Si* 3P2
o→3P1 4.95 0.01 250.69 5.47 

Si* 3P1
o↔3P0 4.93 0 251.43 7.39 

Si* 3P2
o→3P2 4.95 0.03 251.61 16.8 

Si* 3P1
o→3P1 4.93 0.01 251.92 5.49 

Si* 3P0
o↔3P1 4.91 0.01 252.41 22.2 

Si* 3P1
o↔3P2 4.92 0.03 252.85 9.04 

Si* 1P1
o→1D2 5.08 0.78 288.16 21.7 

Si* 1P1
o→1S0

 5.08 1.91 390.55 1.33 

      

SiH* A2∆→X2Π 3.00 0 409-425 0.187 

      

H* n = 5 → n = 2 13.05 10.20 434.05 ~0.94 

H* n = 4 → n = 2 12.75 10.20 486.13 ~2.06 

      

H2* d3Πu→a3Σg
+ 13.97 11.79 600-615 2.57 

      

CH* B2Σ−→X2Π 3.208 0 380-390 0.307 

CH* A2∆→X2Π 2.876 0 420-440 0.187 

      

C2* d3Πg→a3Πu
 2.48 0.088 460-565 0.763 
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Table 2 

Most Important Production/Loss Reactions i (and Rate Coefficients ki) for SiH* and 1Si* Species in a 

MW activated Si/H Plasma. Reaction Rates Ri (in cm−3s−1) are Presented for the Base Regime (i.e. 

p = 150 Torr, P = 1.5 kW, 48 ppm SiH4 in H2) and the following Conditions in the Plasma Core at r = 

0, z = 10.5 mm: Tgas = 3080 K, Te = 1.36 eV, Averaged Reduced Electric Field = 33.4 Td, Electron 

Density, ne = 3.4×1011 cm−3 and H Atom Concentration, [H] = 4.7×1016 cm−3. 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 K, Te is in 

eV, and H2, H and Si Denote the Respective Ground States. 

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

H-Shifting Reactions 

1a SiH + H ↔ Si + H2   1.2×10−15×Tgas
1.65 1.78×1019 

1b SiH + H ↔ Si + H2
 (2.92×10−8/Tgas

0.7)exp(−500/Tgas) 2.32×1018 

2 1SiH2 + H ↔ SiH + H2   (1.5×10−6/Tgas)exp(−800/Tgas) 1.85×1018 

3 SiH3 + H ↔ 1SiH2 + H2   (1.17×10−9/Tgas
0.2)exp(−180/Tgas) 2.99×1016 

4 SiH4 + H ↔ SiH3 + H2   2.79×10−11exp(−1243/Tgas) 1.51×1014 

5 SiH3 + H ↔ 3SiH2 + H2 9.43×10−18×Tgas
2.28exp(−765/Tgas) 8.96×1016 

6 SiH + H ↔ Si(1D2) + H2 (1.84×10−10/Tgas
0.18)exp(−223/Tgas) 1.05×1018 

Electron Impact Ionization of SiHx and Ion Conversion and Recombination Reactions  

7 Si + e  → Si+ + 2e 4.510−8exp(−8.8/Te) 1.12×1014 

8 Si(1D2) + e  → Si+ + 2e 5.510−8 Te
0.3exp(−8/Te) 7.79×1012 

9 SiH + e  → SiH+ + 2e 2.110−8exp(−8.6/Te) 7.26×1012 

10 H3
+ + Si ↔ SiH+ + H2   3.7×10−9 9.25×1014 

11 H3
+ + SiH ↔ SiH2

+ + H2 2.0×10−9 5.89×1013 

12 SiH+ + H → Si+ + H2 1.9×10−9 9.01×1018 

−12 Si+ + H2 → SiH+ + H 1.62×10−8exp(−15032/Tgas) 9.89×1018 

13 H3
+ + e  → H + 2H/H2 4.510−9/Te

0.66 6.67×1013 

14 SiH+ + e → H + Si(1D2)/Si(1S0) 8.710−9/Te
0.63 2.47×1014 

SiH* Production/Loss Reactions 

15 SiH + e → SiH* + e 9.510−9Te
0.5exp(−3.7/Te) 1.43×1014 

16 SiH* → SiH + h 1.87×106 3.35×1013 

17 Si(1D2) + H2  → SiH* + H 3.48×10−9exp(−41045/Tgas) 3.09×1014  
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17a 1SiH2 + H → SiH* + H2  3.15×10−11exp(−19467/Tgas) 2.91×1014 

17b 3SiH2 + H → SiH* + H2 1.1×10−11exp(−8261/Tgas) 2.91×1014 

−17 SiH* + H → Si(1D2) + H2     5.0×10−10  4.18×1014  

−17a SiH* + H2 → 1SiH2 + H  5.0×10−11 4.05×1014 

−17b SiH* + H2 → 3SiH2 + H   5.0×10−11 4.05×1014 

1Si* and 3Si* Production/Loss Reactions 

18 Si + e → 1Si* + e 5.0×10−10exp(−5.05/Te) 1.84×1013 

19 Si(1D2) + e → 1Si* + e 1.710−9exp(−4.23/Te) 3.09×1012 

20 SiH+ + e → 1Si* + H 2.710−9/Te
0.63 7.80×1013 

21 3Si* + H → 1Si* + H 2.0×10−9exp(−1996/Tgas) 1.40×1013 

−21 1Si* + H → 3Si* + H 6.0×10−9 4.10×1013 

22 1Si* + H2 → SiH + H 5.010−10 3.08×1013 

23 1Si* + H → SiH+ + e 6.0×10−9exp(−6340/Tgas) 5.24×1012 

24 1Si*  → Si(1D2) + h 2.17×108 3.17×1013 

25 1Si*  → Si(1S0) + h 1.33×107 1.94×1012 

26 Si + e → 3Si* + e 2.0×10−9exp(−4.9/Te) 8.25×1014 

27 SiH+ + e → 3Si* + H 9.110−10/Te
0.63 2.60×1013 

28 3Si* + H2 → SiH + H 5.010−10 6.04×1013 

29 3Si* + H → SiH+ + e 6.0×10−9exp(−6340/Tgas) 1.03×1013 

30 3Si*  → Si + h 2.21108 6.34×1013 
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Table 3. 

Most Important Si/C/H Interconversion and Coupling Reactions i, with the Respective Forward (ki) and 

Reverse (k−i) Rate Coefficients (in cm3 s−1) Assumed in the Present Modeling of a MW Activated 

0.01%SiH4/0.33%CH4/H2 Gas Mixture. The Final Two Columns show the Forward (Ri) and Reverse 

(R−i) Reaction Rates (in cm−3 s−1) Prevailing for the Base Regime (i.e. p = 150 Torr, P = 1.5 kW) and 

the Following Conditions in the Plasma Core at r = 0, z = 10.5 mm: Tgas = 3164 K, Te = 1.3 eV, Averaged 

Reduced Electric Field = 31 Td, H Atom Concentration, [H] = 6.4×1016 cm−3, Electron Density, 

ne = 4.3×1011 and the More Abundant Ion Densities: [Si+] = 1.5×1011, [C2H3
+] = 1.4×1011, [SiH+] = 

6.3×1010, [SiC2H+] = 5×1010, [H3
+] = 1.5×1010 and [C2H2

+] = 8.3×109  cm−3.  

 

i Reaction ki k−i 
 

 Ion Conversion Reactions Ri/1014 R−i/1014 

31 H3
+ + Si ↔ SiH+ + H2   3.7×10−9 7.0×10−10exp(−49900/Tgas) 6.36 0.03 

32 SiH+ + H ↔ Si+ + H2 1.9×10−9 1.62×10−8exp(−15032/Tgas) 8.8×104 9.6×104 

33 H3
+ + C2H2 ↔ C2H3

+ + H2   1.94×10−9 3.98×10−10exp(−25878/Tgas) 89.7 78.3 

34 C2H2
+ + Si ↔ SiC2H+ + H 2.0×10−10 1.25×10−11exp(−39771/Tgas) 0.16 0.002 

35 C2H3
+ + Si ↔ SiC2H2

+ + H 2.0×10−10 1.25×10−9exp(−12484/Tgas) 2.84 0.33 

36 Si+ + C2H2 ↔ SiC2H+ + H 2.5×10−11 5.99×10−13exp(−2162/Tgas) 9.64 9.21 

37 Si+ + C2H ↔ SiC2
+ + H 1.0×10−9 1.27×10−9exp(−3829/Tgas) 14.1 13.5 

38 SiC2H2
+ + H ↔ SiC2H+ + H2 2.0×10−10 5.53×10−12exp(−28663/Tgas) 2.64 0.13 

39 SiC2
+ + H2 ↔ SiC2H+ + H 1.5×10−9 4.38×10−10exp(−12310/Tgas) 284 284 

 

 Si/C Coupling Reactions Ri/1016          R−i/1016 

40 SiC2H + H ↔ Si + C2H2 1.0×10−10 3.47×10−10exp(−8587/Tgas) 5.29 5.28 

41 Si(1D) + C2H2 ↔ SiC2H + H 1.0×10−10 1.62×10−11exp(−812/Tgas) 0.64 0.64 

42 SiH + C2H2 ↔ SiC2H2 + H 5.0×10−11 2.0×10−9exp(−2530/Tgas) 1.01 1.01 

43 Si + C2H ↔ SiC2 + H 2.7×10−10 2.75×10−9exp(−20888/Tgas) 1.79 1.79 

44 SiH + C2H ↔ SiC2H + H 2.2×10−10 3.75×10−9exp(−22975/Tgas) 0.14 0.14 

  

 H-Shifting Reactions for SiC2Hx Family (x = 0−2) Ri/1016          R−i/1016 

45 SiC2H2 + H ↔ SiC2H + H2 1.0×10−10 2.43×10−12exp(−6266/Tgas) 0.11 0.11 

46 SiC2H + H ↔ SiC2  + H2 1.0×10−10 3.88×10−10exp(−16710/Tgas) 5.29 5.29 
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Figure Captions 

Figure 1 

(a) Iem(λ, z) image in the wavelength range 372 ≤  ≤ 447 nm recorded from a MW-activated Si/H plasma 

operating under base conditions. Panel (b) shows the corresponding Iem(λ) plot obtained by summing 

all emission in the height range 10.5 ≤ z ≤ 12 mm and wavelength range 410 ≤  ≤ 425 nm and its 

decomposition into components attributable to SiH*, H2* and Si* transitions. Most of the structure in 

the spectrum labelled residual (in blue), obtained as the difference between the measured spectrum (in 

black) and the PGOPHER simulated SiH(A-X) spectrum (in red) matches that in the spectrum from the 

corresponding SiH4-free H2 plasma (in mauve), and can be assigned to H2* emissions. The one 

remaining line in the black trace at  ~411.6 nm is a spin-forbidden Si* transition discussed in the text.   

Figure 2 

Iem(λ, z) images recorded in the wavelength ranges (a) 252 ≤  ≤ 327 nm and (c) 463 ≤  ≤ 534 nm from 

a MW-activated Si/H plasma operating under base conditions. The corresponding Iem(λ) plots obtained 

by summing all emission in the range 10.5 ≤ z ≤ 12 mm within the more limited ranges 270 ≤  ≤ 310 

nm and 470 ≤  ≤ 510 nm are shown in panels (b) and (d), respectively. Note that all the Si* lines in (d) 

are appearing in second order; the fundamental wavelengths of these transitions are all at half the 

displayed x-axis value.  

Figure 3 

Spatial distributions of H2*(d-a), H* (Balmer-), SiH* and the various Si* emissions from a MW-

activated SiH4/H2 plasma operating under base conditions, normalised such that each distribution has 

the same peak intensity. 

Figure 4 

Spatial profiles of (a) Iem(H2*), (b) Iem(H*), (c) Iem(3Si*) and (d) Iem(1Si*, 288 nm) as functions of  

F(SiH4/H2) with all other parameters held at their values under base conditions. The black curve in each 

case shows the profile for base conditions. Panel (e) shows how the summed intensity of each emitter 

in a limited spatial range (9 ≤ z ≤ 12 mm for Iem(H*), Iem(3Si*) and Iem(1Si*), 0 ≤ z ≤ 3 mm for Iem(H2*)) 

varies with F(SiH4/H2), each normalised to unity at base conditions.  

Figure 5 

Spatial profiles of (a) Iem(3Si*), (b) Iem(1Si*, 288 nm) and (c) Iem(SiH*) as functions of total pressure, p, 

with all other parameters held at conditions. The black curve in each case shows the profile for base 

conditions. Panel (d) shows how the summed intensity of each emitter in the limited range 9 ≤ z ≤ 12 

mm varies with p, each normalised to unity at base conditions (i.e. p = 150 Torr). 

Figure 6 
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Spatial profiles of (a) Iem(3Si*), (b) Iem(1Si*, 288 nm) and (c) Iem(SiH*) as functions of MW power, P, 

with all other parameters held at conditions. The black curve in each case shows the profile for base 

conditions. Panel (d) shows how the summed intensity of each emitter in the limited range 9 ≤ z ≤ 12 

mm varies with P, each normalised to unity at base conditions (i.e. P = 1.5 kW). 

Figure 7 

Radial profiles (r, z = 10.5 mm) of the calculated concentrations of (a) neutral Si-containing species and 

(b) H atoms and the more abundant ions under base reactor conditions. Panel (b) also shows the 

corresponding gas (Tgas) and electron (Te) temperature profiles under these reactor conditions (right 

hand vertical axis).  

Figure 8 

Calculated {SiH*, v=0)}(z) column densities as functions of (a) X0(SiH4), (b) p and (c) P (with, in both 

cases, X0(SiH4) = 48 ppm), compared with the measured Iem(SiH*, z) profiles (where available), with 

all other parameters maintained at their base values.  

Figure 9 

Calculated SiH* production (i.e. SiH + e → SiH* + e; (15) and Si(1D2) + H2 → SiH* + H; (17)) and 

loss (i.e. SiH* → SiH + h; (16) and SiH* + H → Si(1D2) + H2; (−17)) reaction rate profiles (for r = 0, 

z) at p = (a) 60, (b) 150 and (c) 250 Torr at base P = 1.5 kW and X0(SiH4) = 48 ppm. 

Figure 10 

Comparisons between calculated {1Si*}(z) column densities and measured Iem(1Si*, 288 nm, z) profiles 

as functions of (a) X0(SiH4), (b) p and (c) P with, in each case, all other parameters maintained at their 

base values.   

Figure 11 

Spatial profiles of (a) Iem(H2*) and (b) Iem(H*) upon adding CH4 to a pre-existing Si/H plasma operating 

under the base conditions of X0(SiH4), p and P. Panel (c) shows the F(CH4)-dependences of the Iem(H2*, 

0 ≤ z ≤ 3 mm), Iem(H*, 6 ≤ z ≤ 9 mm),  Iem(CH*, 9 ≤ z ≤ 12 mm) and Iem(C2*, 9 ≤ z ≤ 12 mm) in the 

specified height ranges. Each trace has been normalised to a common intensity of 1 at F(CH4) = 1 sccm 

apart from that for Iem(C2*) where, for display purposes, the intensity at F(CH4) = 1 sccm has been set 

at 0.25.  

Figure 12   

Spatial profiles of (a) Iem(H2*) and (b) Iem(H*) upon adding SiH4 to a pre-existing C/H plasma operating 

with F(CH4) = 19 sccm and at base conditions of p and P. Panel (c) shows the F(CH4)-dependences of 

the Iem(H2*, 0 ≤ z ≤ 3 mm), Iem(H*, 6 ≤ z ≤ 9 mm) and Iem(CH*), Iem(C2*), Iem(3Si*), Iem(1Si*, 288 nm) 
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– two separate experiments – and Iem(SiH*) all in the height range 9 ≤ z ≤ 12 mm, with each trace 

normalised to a common intensity at F(SiH4/H2) = 30 sccm.  

Figure 13 

Spatial profiles of (a) Iem(3Si*) and (b) Iem(1Si*, 288 nm) upon adding CH4 to a pre-existing Si/H plasma 

operating under the base conditions of X0(SiH4), p and P. (Note some of the intermediate traces have 

been omitted from (a) to avoid over-cluttering the figure). (c) Comparison of the Iem(3Si*), Iem(1Si*) and 

Iem(SiH*) profiles recorded under base conditions intensities and normalised to a common peak 

intensity. (d) F(CH4)-dependences of the summed intensities of Iem(3Si*) and Iem(1Si*, 288 nm) – two 

separate experiments – and Iem(SiH*) in the range 9 ≤ z ≤ 12 mm, each normalised to the same relative 

intensity at F(CH4) = 1 sccm.  
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