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A comprehensive study of microwave (MW) activated CH4/H2/Ar plasmas used for diamond

chemical vapor deposition is reported, focusing particularly on the effects of gross variations in the

H2/Ar ratio in the input gas mixture (from H2/Ar mole fraction ratios of> 10:1, through to �1:99).

Absolute column densities of C2(a) and CH(X) radicals and of H(n¼ 2) atoms have been

determined by cavity ringdown spectroscopy, as functions of height (z) above a substrate and of

process conditions (CH4, H2, and Ar input mole fractions, total pressure, p, and input microwave

power, P). Optical emission spectroscopy has also been used to explore the relative densities of

electronically excited H atoms, and CH, C2, and C3 radicals, as functions of these same process

conditions. These experimental data are complemented by extensive 2D (r, z) modeling of the

plasma chemistry, which provides a quantitative rationale for all of the experimental observations.

Progressive replacement of H2 by Ar (at constant p and P) leads to an expanded plasma volume.

Under H2-rich conditions,> 90% of the input MW power is absorbed through rovibrational

excitation of H2. Reducing the H2 content (as in an Ar-rich plasma) leads to a reduction in the

absorbed power density; the plasma necessarily expands in order to accommodate a given input

power. The average power density in an Ar-rich plasma is much lower than that in an H2-rich

plasma operating at the same p and P. Progressive replacement of H2 by Ar is shown also to result

in an increased electron temperature, an increased [H]/[H2] number density ratio, but little change

in the maximum gas temperature in the plasma core (which is consistently �3000 K). Given the

increased [H]/[H2] ratio, the fast H-shifting (CyHxþH$ CyHx�1þH2; y¼ 1�3) reactions ensure

that the core of Ar-rich plasma contains much higher relative abundances of “product” species like

C atoms, and C2, and C3 radicals. The effects of Ar dilution on the absorbed power dissipation

pathways and the various species concentrations just above the growing diamond film are also

investigated and discussed. VC 2011 American Institute of Physics. [doi:10.1063/1.3562185]

I. INTRODUCTION

Activated hydrocarbon/H2 gas mixtures are widely

used for the chemical vapor deposition (CVD) of thin films

of diamond.1 Activation is typically achieved using one (or

more) hot filaments, or by microwave (MW) plasma

enhanced (PE) excitation. The last decade has witnessed

major advances in our detailed understanding of the chem-

istry and composition of such gas mixtures, and the way

these vary with spatial location within the reactor and with

changes in process conditions.2,3 Key to these advances

have been (i) the development and application of quantita-

tive spectroscopic techniques for diagnosing selected gas

phase species in the activated gas mixture and (ii) the com-

plementary development of models that incorporate realis-

tic treatments of the activation (e.g., power absorption and

gas heating), and processing (e.g., heat and mass transfer,

chemical kinetics, etc.) of the input gas mixture, and of

likely gas-surface processes at substrate.

One variable that has engendered much interest is the

fraction of rare gas (e.g., argon) in the process gas mixture.4–9

Small amounts of argon were added to the process gas mix-

tures used in many early MW-PECVD studies to help initiate

and/or stabilize the plasma and/or to enable actinometry

measurements.10,11 The C/H ratio in the process gas mixture

can have a profound effect on the morphology of the as-

grown diamond: increasing the C/H ratio by, for example,

increasing the CH4 fraction leads to a reduction in average

grain size [e.g., from microcrystalline diamond (MCD) to

nanocrystalline diamond (NCD)].12 Gruen and coworkers pi-

oneered an alternative route to increasing the C/H ratio in

the process gas mixture – by progressive replacement of H2

by Ar.5,6,13 Such substitution can, in extreme cases (e.g.,

when using gas mixtures comprising �1%CH4/�1%H2/

�98%Ar), result in the formation of so-called ultrananocrys-

talline diamond (UNCD) films, in which the individual

grains have diameters of just a few nanometers.14,15 Articles

and reviews describing properties and potential applications

of such films, and their dependence on grain size, are becom-

ing increasingly common.16–18 Several recent studies have

also provided detailed pictures of the plasma chemistry and

composition in MW activated CH4/H2 gas mixtures contain-

ing a few percent Ar,2 but none yet has attempted to describe

the full spectrum of behavior as the Ar fraction is increased,a)Electronic mail: mike.ashfold@bris.ac.uk. FAX: (117)-9250612.
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and gradually comes to dominate, in a self-consistent way.

That is the goal of the present paper, which presents experi-

mental and modeling studies of MW activated C/H/Ar plas-

mas in which the H2/Ar ratio in the input gas mixture varies

from>10:1 to �1:99. The experimental program involves

spatially resolved [i.e., as a function of height (z) above the

substrate surface] measurements of C2 radicals [in the first

excited (a3P) electronic state], CH radicals [in the ground

(X2P) state] and H atoms [in their first excited (n¼ 2) state]

by cavity ringdown spectroscopy (CRDS)19 and by optical

emission spectroscopy (OES)20 studies of electronically

excited H atoms and CH, C2, and C3 radicals, as functions of

process conditions like the gas mixing ratio, total pressure

and input microwave power. CRDS is a very sensitive

absorption technique that returns the line-integrated absorb-

ance (LIA) associated with a chosen probe transition. Given

appropriate knowledge of the spectroscopy of the target spe-

cies of interest, the measured LIA can be converted to an

absolute column density (i.e., along r) in the quantum state

probed by the transition. Converting this quantity to a total

column density of the target species (or to a local species

number density) is challenging, given the inhomogeneous

distribution of gas temperatures (Tgas �3000 K in the center

of the plasma ball, but only �300 K at the internal wall of

the CVD reactor) and species number densities along the

probed column.

Such data can be obtained, however, by judicious inter-

comparison between experimental measurement and high

level reactor modeling — as illustrated in our previous diag-

noses of the gas phase environment in a dc arc jet reac-

tor,21,22 and in MW activated C/H,23 B/H,24 and B/C/H (Ref.

25) plasmas. The companion modeling reported here builds

on earlier studies of MW activated C/H/Ar plasmas used for

MCD growth containing 4.4%CH4/88.6%H2/7%Ar,26 and of

inert gas-rich plasmas such as are used for UNCD film

growth.27 Previous theoretical studies of Ar-rich C/H/Ar

plasmas have generally involved use of 0 or 1D kinetic mod-

els,28,29 with particular focus on UNCD conditions and

mechanisms for forming the soot particles observed at the

periphery of such Ar-rich plasmas.28 The present studies do

not consider possible effects of nanoparticles on the plasma

parameters and kinetics, but succeed in reproducing the

measured radical column densities and profiles well, and

thereby offer new and systematic understanding of the

effects of progressive replacement of H2 by Ar (or other rare

gas) on the chemistry and characteristics of MW activated C/

H/Ar plasmas.

II. EXPERIMENTAL

The procedures for CRDS and OES measurements

have both been described previously.20,23 2.45 GHz radia-

tion exiting a rectangular waveguide is converted into the

TM01 mode and coupled into a purpose-designed and built

cylindrical MW-PECVD reactor, comprising two parts sep-

arated by a centrally mounted quartz window. The lower

chamber is vacuum-sealed and contains the plasma. The

premixed CH4/H2/Ar process gas mixture is fed through

two diametrically opposed inlets located beneath the quartz

window and is exhausted through the baseplate. The MW

radiation partially ionizes and dissociates the gas mixture.

“Active” species are produced, some of which react on the

Mo substrate (diameter, d¼ 3 cm) to form a polycrystalline

diamond film. For future reference,”base” discharge condi-

tions for the present studies were: total pressure, p¼ 150

Torr, input power, P¼ 1.0 kW and a total flow rate

Ftotal¼ 525 standard cm3 per minute (sccm). We define the

proportion of each reagent in the gas mixture at the inlet of

the reactor as a mole fraction X0 of Ftotal. Base conditions

for the present studies are: X0(CH4)¼ 0.5% [i.e.,

F(CH4)¼ 2.7 sccm in Ftotal¼ 525 sccm], X0(H2)¼ 14.7%

[F(H2)¼ 77 sccm], with the balance X0(Ar)¼ 84.8%

[F(Ar)¼ 445 sccm]. When investigating the effects of

varying X0(H2) and/or X0(CH4), any variation away from

this base condition was compensated by a corresponding

adjustment in X0(Ar) so as to maintain Ftotal at 525 sccm.

As discussed in detail later, it was necessary to reduce

P (as low as 0.5 kW) when operating with the low H2 frac-

tions appropriate for UNCD growth (e.g., 0.5%CH4/1%H2/

balance Ar).

The MW-PECVD reactor is coupled to tubular stainless

steel side-arms by flexible knife-edge bellows assemblies.

These side-arms, which are terminated with kinematic

mounts that hold high-reflectivity CRDS mirrors, are

mounted rigidly on a platform that supports the laser beam

steering optics, and the complete optical assembly (including

the CRDS mirrors and the detector) can be translated verti-

cally relative to the fixed MW reactor — thereby enabling

spatially resolved, line-of-sight column density measure-

ments with sub-mm precision, as a function of z, the vertical

distance above the top surface of the Mo substrate. The

required excitation wavelengths are provided by a Nd:YAG

pumped dye laser (Continuum Surelite III plus Spectra-

Physics PDL-3, bandwidth �0.1 cm�1) operating at a repeti-

tion rate of 10 Hz and wavelengths of �515, �431, and

�656.2 nm for detection of, respectively, C2(a, v¼ 0) and

CH (X, v¼ 0) radicals, and H(n¼ 2) atoms. Transmitted light

intensities are monitored beyond the exit mirror with a pho-

tomultiplier tube. Data collection and analysis used custom-

written LABVIEW programs, communicating with a digital

oscilloscope (LeCroy Waverunner 64Xi, 4 channel, 600

MHz, 10 Gs/s) via an Ethernet connection.

Optical emission from a localized volume somewhat

below the center of the luminous plasma ball was viewed

along an axis orthogonal to the laser probe axis, through a

�9 mm diameter aperture located behind a glass view port

that was vacuum sealed to a flange mounted on the reactor

wall. Emission passing through this aperture was focused

onto one end of a quartz multicore optical fiber. Light exit-

ing the fiber was dispersed through a monochromator

equipped with a cooled (to 10 �C) charge coupled device

(CCD) strip detector (Oriel Instaspec IV, 600 lines mm�1

ruled grating) that provides a spectral resolution better than

1 nm over a 300 nm portion of the total emission spectrum.

Typical CCD exposure times for measurements of the

plasma emission (and the background, recorded with the

plasma emission blocked) were 20 ms, and the data aver-

aged 1000 times.
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III. RESULTS

As Fig. 1(a) shows, the plasma under representative

MCD growth conditions (i.e., 0.5%CH4/92%H2/7.5%Ar,

p¼ 150 Torr, P¼ 1.0 kW) has a mauve/purple color and is

localized in a relatively small volume above the substrate.

Progressive substitution of H2 by Ar causes (i) an obvious

increase in the size of the luminous volume and (ii) changes

in the color of the emission, which turns paler and greener

[X0(H2)¼ 36.9%, Fig. 1(b)] and then intensely white/green

[X0(H2)¼ 9.2%, Fig. 1(c)]. The substrate temperature (Tsub)

also evolves, first increasing, then declining, as X0(H2) is

decreased. This is shown in Fig. 2, along with estimates of

the power loss to the wall and to the base of the reactor, as

functions of X0(H2), as determined by measuring the temper-

ature rise in the cooling water. The aim of the present study

is to account for all of these changes, by a combination of

experimental measurements and modeling. In the remainder

of Sec. III we describe determinations of the gas temperature

in the plasma region, absolute (and relative) density meas-

urements of selected radical species as a function of process

condition [e.g., varying X0(H2), X0(CH4), P, and p], and com-

pare the spatial distributions of these selected species measured

at high and low H2 mole fractions [X0(H2)¼ 88.6% and 14.7%,

respectively]. The measured gas phase densities and tempera-

tures match well with the predictions of 2D modeling studies

of C/H/Ar plasmas — Sec. IV —wherein we also compare the

measured and calculated power dissipation pathways, and their

sensitivity to X0(H2). The good agreement between experiment

and theory not only serves to validate the modeling, but also

lends credence to the broader insights provided by the latter

regarding the essential physics underpinning these thermally

dominated, high pressure C/H/Ar plasmas and the ways in

which changes in plasma conditions will influence subsequent

diamond growth.

A. CRDS spectra and gas temperature determinations
in the plasma region

As shown previously,23 CRDS spectra of the C2(d3Pg/
a3Pu) (0,0) band can provide a convenient probe of Tgas in

the hot plasma region. Figure 3 shows a portion of this spec-

trum measured along a column through the plasma at one

particular height above the substrate surface (z¼ 9.5 mm),

recorded for a range of plasma conditions. The three lines at

lower wavenumber correspond to R branch transitions

involving low J rotational levels, whereas the features at

higher wavenumber (the 19246.9 cm�1 feature is a blend of

two strong lines) are associated with transitions between

high J levels in the P branch. The ratio of the low and high

J line intensities thus gives an immediate visual impression

of the C2(a) rotational temperature, Trot, which can be quan-

tified by fitting the spectral line positions and intensities

using PGOPHER30 and appropriate spectroscopic constants

for the a and d states of C2.31 The spectra shown in Fig. 3

were measured for (a) typical MCD growth conditions (i.e.,

4.4%CH4/88.6%H2/7%Ar, p¼ 150 Torr, P¼ 1.5 kW), (b)

the present base conditions, and (c) representative UNCD

growth conditions (0.5%CH4/1%H2/98.5%Ar, p¼ 150 Torr,

P¼ 0.5 kW). The most striking feature of these spectra is

their similarity; the best fit rotational temperature in each

case is Trot �3000 K. The top and bottom traces in Fig. 3 are

PGOPHER simulations, assuming Trot¼ 3000 and 2000 K,

FIG. 1. (Color online) Images of the plasma ball seen through the front

view port of the reactor when operating with the following process condi-

tions: p¼ 150 Torr, P¼ 1.0 kW, X0(CH4)¼ 0.5%, X0(H2)¼ 92% (a), 36.9%

(b), and 9.2% (c), balance Ar.

FIG. 2. (Color online) (a) Measured temperature rises in the cooling water

flowing (at a rate of 1 l min�1) through the sidewalls (dTwall) and the base

(dTbase) of the MW PECVD reactor operating at P¼ 1.0 kW, p¼ 150 Torr,

with X0(CH4)¼ 0.5% at different X0(H2). (b) Comparison of the measured

(filled symbols) and calculated (open symbols) contributions to the overall

power (P¼ 1.0 kW) dissipation, as a function of X0(H2). The experimental

data shown in this plot have been scaled by a factor a¼ 2, while the calcu-

lated data for X0(H2)¼ 1% and 88.6% have been scaled by factors of 2 and

0.67, respectively, in recognition of the different P values at which the mod-

eling was performed.
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which serve to demonstrate the reliability of these tempera-

ture estimates. The efficiency of rotational-translational

energy transfer processes at p¼ 150 Torr ensures local ther-

modynamic equilibrium and validates the assumption that

Trot is a good measure of the local Tgas. As shown previ-

ously,26 the local gas temperature varies greatly along the

probed column; it is close to room temperature near the

water cooled reactor walls and maximizes in the center of

the plasma ball. Again, as in the earlier studies of 4.4%CH4/

88.6%H2/7%Ar plasmas (with p¼ 150 Torr and P¼ 1.5

kW), the high Trot values derived from analysis of the

C2(d/a) absorption spectra imply that these radical species

are concentrated in the hot plasma ball. The spectra shown in

Fig. 3 also illustrate that Tgas in the hot region is rather insen-

sitive to changes in H2/Ar ratio and thus, as we show below,

to the plasma volume, the mean power density and the elec-

tron temperature, Te.

Several groups have previously reported Trot values

against which the present data can be compared. Much lower

Trot values (1150–1300 K) were reported from an early

broadband absorption study of C2(a) radicals in 1%CH4/

2%H2/97%Ar plasmas (50� p� 100 Torr, 0.50�P� 1.5

kW),32 but our re-analysis of the published spectra using

PGOPHER suggests that the Trot values for these spectra are

in fact �3000 K. Rabeau et al.33 reported CRD spectra for

C2(a) radicals in plasmas containing 1%CH4, H2 fractions

ranging from 0%�14%, with the balance Ar, operating at

p¼ 90 Torr and P¼ 2.1 kW. As in the present work, Trot val-

ues �3000 K were returned for all conditions. Lombardi

et al.34 used band contour analysis methods to estimate Trot

values from both broadband absorption and emission spectra

of C2 and (after deliberate addition of trace quantities of N2)

CN radicals in 1%CH4/(2�7%)H2/balance Ar plasmas oper-

ating at a range of MW powers, P� 0.8 kW, and pressures,

p� 150 Torr. The values so determined spanned the range

3000 up to �4200 K, depending on spectral carrier but,

again, showed no clear systematic variation with changes in

H2/Ar fraction or P.

B. Column density measurements as functions of
process conditions

Column densities of C2(a, v¼ 0) and CH(X, v¼ 0) radi-

cals, and H(n¼ 2) atoms – henceforth represented as {C2(a,

v¼ 0)}, {CH(X, v¼ 0)}, and {H(n¼ 2)}, respectively – were

obtained from CRDS measurements of portions of the C2(d–
a), CH(A–X), and H(n¼ 3�n¼ 2) absorption spectra as

described previously.23 Figure 4 shows column densities for

the two radical species (left hand axis) and H(n¼ 2) atoms

(right hand axis), measured at z¼ 9.5 mm, starting from the

present base conditions and, in each case, varying one

parameter.

Figure 4(a) shows the changes in column density that

occur as a result of varying X0(H2) with a compensatory

change of X0(Ar) to conserve Ftotal. Our previous study23

showed the column densities of all three target species increas-

ing as X0(H2) was decreased from 95.6 to 42.5% [i.e., X0(Ar)

increased from 0% and 53.1%], with that for C2(a) showing

the steepest growth: the {C2(a, v¼ 0)}/{CH(X, v¼ 0)} ratio

increased> threefold across this range of X0(H2). As Fig. 4(a)

shows, such trends continue as X0(H2) is decreased further. At

the present base conditions (X0(H2)¼ 14.7%), {C2(a, v¼ 0)},

and {CH(X, v¼ 0)} are comparable (at z¼ 9.5 mm). Upon

decreasing X0(H2) further, {CH(X, v¼ 0)} plateaus and then

falls whereas {C2(a, v¼ 0)} increases steeply. {H(n¼ 2)} also

increases �fourfold as X0(H2) decreases from �50% to

�10%. Once X0(H2)< 10% the plasma ball has become so

large that it is no longer safe to operate the reactor at the base

power of 1.0 kW. Nonetheless, it is possible to investigate

plasmas with yet lower H2 content by operating at reduced P.

Figure 4(a) includes four {C2(a, v¼ 0)} data points measured

at z¼ 9.5 mm with X0(H2)¼ 1, 5, 10, 15% and P¼ 0.5 kW.

These show a continued rise in {C2(a, v¼ 0)} with decreasing

X0(H2), in apparent contradiction of the earlier findings of

Rabeau et al.33 who observed {C2(a, v¼ 0)} peaking at X0(Ar)

�95%. We note, however, that the sooty nature of plasmas

operating with very low X0(H2) presents a challenge to detailed

column density measurements, and that the trends observed

are likely to be sensitive to the reactor configuration, changes

in plasma volume (and/or location with respect to the substrate

surface) with X0(H2), and the choice of z.
Figure 4(b) shows the effect of varying X0(CH4) from

zero [i.e., a hydrocarbon-free X0(H2)¼ 14.7% in Ar plasma]

to 2% [with, again, a compensatory adjustment of F(Ar) to

ensure constant Ftotal]. The observed trends in {C2(a, v¼ 0)},

{CH(X, v¼ 0)}, and {H(n¼ 2)} with increasing X0(CH4)

resemble those observed for the standard MCD plasma, but

differ in detail. As before,23 {C2(a)} scales approximately lin-

early with X0(CH4), whereas {CH(X)} increases less steeply.

Both radical column densities are about an order of magnitude

greater than in the case of the standard MCD plasma,

FIG. 3. (Color online) CRDS spectra of part of the C2(d3Pg/a3Pu) (0,0)

band measured for (a) typical MCD growth conditions (4.4%CH4/88.6%H2/

7%Ar, p¼ 150 Torr, P¼ 1.5 kW), (b) the present base conditions

(0.5%CH4/14.7%H2/84.8%Ar, p¼ 150 Torr, P¼ 1 kW), and (c) representa-

tive UNCD growth conditions (0.5%CH4/1%H2/98.5%Ar, p¼ 150 Torr,

P¼ 0.5 kW). Straddling these three traces are PGOPHER simulations of the

relevant part of the overall band contour assuming Trot¼ 3000 K (above)

and 2000 K (below).
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however. {H(n¼ 2)} shows an �eightfold increase upon

introducing even trace amounts (0.25%) of CH4. As previ-

ously, this reflects the changing identity of the dominant ion

(H3
þ and ArHþ in the case of the H2/Ar plasma, CyHx

þ in the

case of C/H/Ar plasmas [e.g., C2Hx
þ (x¼ 2, 3) for the base

and H2-rich gas mixtures, C3Hþ and C2Hx
þ (x¼ 1�3) for

UNCD plasmas] and the concomitant increases in Te that

occur upon adding even trace amounts of CH4. The increase

in the average value of Te returned by the 2D model (1.28 eV

for 0% CH4, 1.74 eV for 0.5% CH4) is significant; it has sub-

stantial impact on the ionization/recombination balance of the

charged plasma species, as discussed in Sec. IV.

Figures 4(c) and 4(d) show that, under the present base

conditions, {C2(a, v¼ 0)}, {CH(X, v¼ 0)} and {H(n¼ 2)}

all increase with increasing P (from 0.6 to 1.4 kW) and p
(from 125 to 225 Torr). In both cases, the relative increase in

{C2(a, v¼ 0)} is greater than that in {CH(X, v¼ 0)} or

{H(n¼ 2)}.

Also shown in Fig. 4 (open symbols) are the values

returned by the 2D modeling, after summing the calculated

number densities to obtain the corresponding column den-

sities. The calculated trends are discussed in Sec. IV but,

simply by inspecting Fig. 4, it is clear that the modeling

succeeds in capturing the absolute column densities, and

their variation with process conditions [in all but the case of

the pressure dependence of {H(n¼ 2)}].

Figure 5 shows the z dependence of {C2(a, v¼ 0)},

{CH(X, v¼ 0)} and {H(n¼ 2)} measured for the present

base conditions. These show notable differences from the

corresponding distributions measured for representative

MCD growth conditions (4.4%CH4/88.6%H2/7%Ar,

Ftotal¼ 565 sccm, p¼ 150 Torr, P¼ 1.5 kW),23 which are

reproduced in Fig. 5 also. First, we note that the peak column

densities of all three target species are substantially higher in

the Ar-rich plasma, despite the fact that the MCD data used

in this comparison involved a higher X0(CH4) (4.4% cf.

0.5%) and higher MW power (1.5 kW cf. 1.0 kW). Second,

all three distributions peak at larger z in the Ar-rich plasma

than in the representative MCD plasma, consistent with the

visible expansion of the luminous plasma ball upon decreas-

ing X0(H2) in Fig. 1. Because of this plasma expansion, it is

clear that the {C2(a, v¼ 0)} and {CH(X, v¼ 0} measure-

ments reported in Fig. 4 have sampled z values below the

plasma center. Finally we note that, as in the case of the

MCD plasma, the {H(n¼ 2)} distribution in the present base

conditions peaks at smaller z than the two radical density dis-

tributions, as expected given that the H(n¼ 2) density

depends on a convolution of the local densities of H(n¼ 1)

FIG. 4. (Color online) Filled symbols: Column densities of C2(a, v¼ 0) and CH(X, v¼ 0) radicals (left hand scale), and of H(n¼ 2) atoms (right hand scale)

measured at z¼ 9.5 mm, plotted as functions of (a) X0(H2), (b) X0(CH4), (c) applied MW power, P and (d) total pressure, p. When recording the data in (a) and

(b) X0(Ar) was adjusted in a compensatory manner to ensure Ftotal¼ 525 sccm. The open symbols in each plot show values for the corresponding quantities

returned by the 2D model calculations for P¼ 1 kW.
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atoms and of suitably energetic electrons (and electronically

excited species, e.g., Ar*).23

C. Optical emission measurements

Optical emission spectra from the present base plasma

were qualitatively similar to those reported previously for the

case of Ar-rich C/H/Ar plasmas,27 exhibiting features attribut-

able to CH(A), C2(d), and C3(A) state radicals (at 431.4,

516.5, and �405 nm, respectively) and to H(n¼ 3 and 4)

atoms (Ha and Hb, at 656.3 and 486.1 nm). The process condi-

tion dependence of each of these emissions was investigated.

The optical emission studies of the effects of decreasing

X0(H2) from �50% to 5% [Fig. 6(a)] show similar trends to

those observed by CRDS [Fig. 4(a)]. The CH(A–X) emission

intensity maximizes at X0(H2) �10% and then declines if

X0(H2) is decreased further. The emissions from C2(d) and

C3(A) radicals, in contrast, continue to increase to the lowest

X0(H2) investigated, with the latter showing the steeper rate of

increase. The Ha and Hb emission intensities show qualita-

tively similar X0(H2) dependencies to the CH(A–X) emission,

peaking at X0(H2) �10%. The I(Hb)/I(Ha) ratio changes little

across this range but, again, several plasma parameters are

varying simultaneously and it does not follow that Te is

FIG. 5. (Color online) Measured and calculated (filled and open symbols,

respectively) column densities of C2(a, v¼ 0), CH(X, v¼ 0) and H(n¼ 2)

plotted as a function of z for the present base conditions (0.5%CH4/

14.7%H2/84.8%Ar, p¼ 150 Torr, P¼ 1 kW). Also shown, for comparison,

are the C2(a, v¼ 0), CH(X, v¼ 0) and H(n¼ 2) column densities measured

for typical MCD growth conditions (4.4%CH4/88.6%H2/7%Ar, p¼ 150

Torr, P¼ 1.5 kW, from Ref. 23).

FIG. 6. (Color online) Normalized relative Ha, CH(A�X), C2(d�a) and C3(A�X) emission intensities plotted as functions of (a) X0(H2), (b) X0(CH4), (c) P,
and (d) p. The uncertainties in the normalized emission intensities from one spectrum to another are smaller than the displayed data points.
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insensitive to the H2 content. Once again, the 2D model

returns similar {H(n¼ 3)}/{H(n¼ 2)} ratios: 5.5� 106[cm�2]/

2.25� 109[cm�2], 1.4� 107[cm�2]/4� 109[cm�2], and

1.3� 107[cm�2]/2.7� 109[cm�2] at X0(H2)¼ 1%, 14.7%,

and 25%, despite the different Te values prevailing in the

three environments: 2.45, 1.74, and 1.67 eV, respectively.

The model also reproduces the observed “explosion” of C3

emission intensity upon reducing X0(H2). This intensity is

estimated by convoluting the local densities of C3 radicals

and electrons, i.e.,
P

r[C3](r)�ne(r)�dr, yielding relative values

296: 6.6: 1 for X0(H2)¼ 1%, 14.7%, and 25%. Changes in

[C3] are largely responsible for this explosion; the calculated

electron column densities, 3.5� 1012, 1.5� 1012, and

1.1� 1012 cm�2 at the respective X0(H2) values, only differ

by factors of 3.2: 1.4: 1.

The normalized Ha emission measured at z �10 mm

shows a step increase upon introducing CH4, but thereafter

declines gently as X0(CH4) is increased further (up to 2%), as

shown in Fig. 6(b). Such behavior mimics that observed in the

present CRDS measurements [Fig. 4(b)], and in the earlier

studies of H2-rich C/H/Ar plasmas.23 Te increases markedly

when CH4 is added to a preexisting H2/Ar plasma (Sec. III B)

and this increase alters the balance of ionization and recombi-

nation reactions in the plasma. A significant change in Te

would traditionally be expected to reveal itself by a change in

the relative intensities of the Ha and Hb emissions [i.e., the

I(Hb)/I(Ha) ratio]. Yet, as Fig. 6(b) shows, this ratio changes

little on CH4 addition. This apparent contradiction is explained

by the current 2D modeling, which demonstrates that invari-

ance of the I(Hb)/I(Ha) ratio (at any given z) does not necessar-

ily imply near constancy of Te if, as here, several plasma

parameters (e.g., Te, ne, the excited argon and H atom concen-

trations, their respective spatial distributions, the plasma vol-

ume, etc.) are varied simultaneously. For example, the 2D

model returns broadly similar H(n¼ 3) to H(n¼ 2) column

density ratios at z¼ 9.5 mm – {H(n¼ 3)}/{H(n¼ 2)}¼ 1.7

� 106[cm�2]/5.8� 108[cm�2] and 1.4� 107[cm�2]/4� 109

[cm�2] – for X0(CH4)¼ 0 and 0.5%, respectively, despite Te

increasing from 1.28 eV (0%CH4) to 1.74 eV (0.5%CH4).

Note that the model succeeds in capturing not just the invari-

ance of the {H(n¼ 3)}/{H(n¼ 2)} ratio, but also the observed

�fivefold jump in I(Ha) upon adding 0.5% CH4 [cf. the pre-

dicted �eightfold increase in {H(n¼ 3)}].

Figure 6(c) shows that the Ha, CH(A), C2(d), and C3(A)

emission intensities all increase with increasing input power

for the present base gas composition — as expected given

that increasing P leads to increased densities of H(n¼ 1)

atoms (the reactions of which drive carbon radical forma-

tion) and of electrons (collisions with which drive the elec-

tronic excitations responsible for the observed emissions).

Figure 6(d) shows the variation in normalized species emis-

sions as a function of total pressure over the range

100� p� 225 Torr. The CH(A), C2(d), and C3(A) emission

intensities all increase with p, reflecting the thermally driven

origin of the CH(X), C2(a), and C3(X) radicals from which

they derive. The Ha and Hb emission intensities also

increase, but only by factors of �2. Again, the 2D modeling

reproduces the measured P and p variations for the excited

CH(A), C2(d), and C3(A) radicals, but fails to reproduce the p

dependence of the Ha emission. For example, convoluting

the calculated C3 column densities with the corresponding

electron densities yields values of 2� 1025 cm�5 (for the

present base conditions, p¼ 150 Torr, P¼ 1 kW), 5.2� 1024

cm�5 for p¼ 150 Torr, P¼ 0.6 kW and 4.2� 1025 cm�5 for

p¼ 225 Torr, P¼ 1 kW. The calculated H(n¼ 3) column

densities for these same three conditions are, respectively,

1.4� 107 cm�2, 8.8� 106 cm�2, and 8.7� 106 cm�2.

IV. MODELING THE VARIATION IN PLASMA
PARAMETERS AND SPECIES DISTRIBUTIONS IN
H2-RICH AND Ar-RICH C/H/Ar PLASMAS

A. The 2D model

Details of the 2D(r, z) model used to describe essential

processes occurring in the present MW PECVD reactor have

been reported previously.26 Briefly, the model assumes cy-

lindrical symmetry, with coordinates r (the radial distance

from the central axis of the chamber) and z [the axial (verti-

cal) height above the substrate surface], a reactor radius,

Rr¼ 6 cm and height, h¼ 6 cm. The local electron energy

distribution function is calculated for different gas mixtures

and different plasma conditions, with the volume V in which

the MW power is absorbed incorporated as a parameter —

thereby allowing estimation of the reduced electric field and

the electron temperature (Te) in the plasma region for any

given value of input power P. As noted previously,26 the

reduced electric field and the average Te both tend to be

rather uniform throughout the plasma core region. For exam-

ple, Hassouni et al.35 showed Te declining by �10% with

increasing distance from the substrate in the case of H2-rich

plasmas. For consistency, we persist with the earlier assump-

tion26 that Te is uniform throughout the H2-rich plasmas but,

in the case of Ar-dominated [i.e., X0(H2)<X0(Ar)] plasmas,

the present modeling assumes a 20% decline in Te — para-

meterized as a 6 10% variation from the average Te at the

plasma center. Reabsorption of H and Ar resonance line

emissions was treated approximately using an escape factor

(h) approach wherein, in the case of an optically thick

plasma, relevant radiative decay rates A were replaced by

A� h. For the present base calculations h �0.1 was assumed

both for the H(n¼ 2,3) ! H(n¼ 1)þ hm and Ar** !
Arþ hm resonance lines. 2D model calculations show that

radiative loss has a relatively small affect on the overall

plasma power balance, accounting for< 7% of the total input

power for mixtures with X0(H2)� 14.7%. This fraction

can reach �20%�30% in the case of UNCD (e.g.,

0.5%CH4/1%H2/98.5%Ar) plasmas however, as a result

of the greatly increased emission from CyHx species

(e.g., C3, C2).

As in our previous work,26 this study of MW activated

C/H/Ar gas mixtures employs a base chemical mechanism

involving 38 species and>240 reactions. The set of nonsta-

tionary conservation equations for mass, momentum, energy,

and species concentrations are solved numerically by a finite

difference method in (r, z) coordinates. The 2D model takes

into account the changes in plasma parameters and

conditions as a result of variations in reactor parameters like

063307-7 Richley et al. J. Appl. Phys. 109, 063307 (2011)

Downloaded 29 Mar 2011 to 137.222.40.127. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



p, P, X0(CH4), X0(H2), and X0(Ar), the thermal conductivity

of the gas mixture, etc.

B. Effects of progressive replacement of H2 by Ar on
C/H/Ar plasma parameters and species distributions

Figure 7 shows 2D (r, z) false color plots of the calcu-

lated spatial distributions of Tgas and the H atom mole frac-

tion, X(H), for two different gas mixtures: (a) 0.5%CH4/

14.7%H2/Ar (i.e., the present base mixture) and (b)

0.5%CH4/1%H2/Ar, both at p¼ 150 Torr, and activated by

MW powers of, respectively, 0.6 and 0.5 kW. Note that the

MW power considered in Fig. 7(a), P¼ 0.6 kW, is only 60%

of the value used in the present experimental studies, but

comparing plasmas excited with similar MW powers enables

a clearer visualization of the differences – most notably the

obvious expansion of the plasma, and the extremely high

degree of H2 dissociation at typical UNCD conditions [i.e.,

X0(H2)¼ 1%, Fig. 7(b)]. Comparing these two figures, we

see that a 14.7-fold increase in the input X0(H2) causes only

a modest (�twofold) increase in the H atom mole fraction —

from X(H) �2% [Fig. 7(b), under conditions where X0(H2) is

only 1%] to �4.5% when X0(H2)¼ 14.7% [Fig. 7(a)]. Note

that the total X(H) achievable under UNCD conditions would

involve comparable contributions from H2 and CH4, i.e., 2%

[from X0(H2)¼ 1%] plus either 1.5% [from X0(CH4)¼ 0.5%

in the case of the hypothetical conversion CH4 ! 0.5C2H2

þ3H] or plus 2% in the case that X0(CH4)¼ 0.5% is fully

dissociated to Cx/xþ 4H (x¼ 1�3).

One of the major aims of the present study was to trace

the changes in plasma parameters and diamond deposition

conditions that accompany the progressive replacement of

H2 by Ar, across a wide range of process gas mixtures (from

0.5%CH4 in H2 through to 0.5%CH4/1%H2/balance Ar). Fig-

ure 8 serves to summarize some of the key changes. One key

difference is the plasma volume, which is much smaller for

H2-rich conditions (V �35 cm3 in 4.4%CH4/88.6%H2/7%Ar,

even at an input power P¼ 1.5 kW) than under UNCD

[X0(H2)¼ 1%] conditions – for which we estimate V �210

cm3, at just P¼ 0.5 kW. The central zone of the plasma is

correspondingly further from the substrate in the latter case

(zC � 20 mm, cf. �10 mm in the case of the H2-rich plasma).

This difference is reflected in the relative increase in the

power dissipated via the reactor walls (rather than the base)

under Ar-rich conditions (recall Fig. 2). Notwithstanding the

much higher average power densities, Q, and higher reduced

electric fields prevailing in the H2-rich plasma, the 2D model

returns a notably lower electron temperature (Te �1.31 eV)

in this environment26 than in the case of the Ar-rich UNCD

gas mixture (Te �2.45 eV).

These differences can be understood by tracing the com-

plex balance of ionization versus recombination reactions for

the charged species, and recognizing that most of the input

power under H2-rich conditions is expended in rotational and

vibrational excitation of H2, and subsequent rotation!trans-

lation and vibration!translation relaxation. Such processes

account for> 90% of the total absorbed MW power density

when X0(H2)> 85%,26 and typically result in average power

densities in the range 10�Q� 50 W cm�3. Under UNCD

conditions, the energy absorbed by the electrons is expended

on rovibrational excitation of H2 and CyHx species, and in

elastic collisions with Ar, H, and H2,27 but the density of

FIG. 7. (Color online) 2D(r,z) model distributions of Tgas (in K, left) and H

atom mole fraction X(H) (%, right) for (a) the base gas mixture (0.5%CH4/

14.7%H2/84.8%Ar, p¼ 150 Torr and P¼ 0.6 kW) and (b) a representative

gas mixture for UNCD growth (0.5%CH4/1%H2/98.5%Ar, p¼ 150 Torr,

P¼ 0.5 kW). The vertical (z) and radial (Rr) dimension of the simulated re-

actor is 6 cm.

FIG. 8. (Color online) Variations of average electron temperature, Te, aver-

age power density, Q, [H]/[H2] ratio and Tgas in the hottest central zone of

the plasma region (i.e. r¼ 0, zC, where the point r¼ 0, z¼ 0 defines the sub-

strate center) as functions of X0(H2) in CH4/H2/Ar mixtures. The value of

X0(CH4) used in these calculations was 0.5% for the Ar-rich conditions

[X0(H2)¼ 1, 14.7 and 25%] and 4.4% for the H2-rich conditions

[X0(H2)¼ 88.6%]. The average power density was estimated from the rela-

tion Q¼P/V, where V is the plasma volume and the total power P varies in

the range 0.5�1.5 kW as indicated.
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relevant (low energy) excited states for dissipating the elec-

tron energy in an Ar-rich plasma is much smaller. Thus the

absorbance capacity of the 0.5%CH4/1%H2/Ar plasma is

limited to much lower power densities (Q< 2 W cm�3 in the

core region, where H2 is substantially dissociated [e.g.,

X(H2) �0.7%, X(H) �1.85%] increasing to Q �5 W cm�3 in

the near substrate region, where X(H2) �1.6% and X(H)

�0.16%). Absorption of any given P thus requires a larger

volume of Ar-rich plasma than of H2-rich plasma. Progres-

sive replacement of H2 by Ar in a C/H/Ar plasma operating

at constant input power must therefore result in some expan-

sion of the plasma volume, especially at high Ar dilutions

[X0(Ar)> 85%] — as illustrated in Figs. 7 and 8. The present

analysis allows estimation of the maximum input power

(Pmax) that can be absorbed in the 0.5%CH4/1%H2/Ar mix-

ture: P�Pmax¼QC/H/ArVreactor. For the purpose of this esti-

mation, we approximate the power density as QC/H/Ar [W

cm�3] � 0.36� 10�11� (p/Tgas)� (E/N)2� ne (Ref. 26) and

assume a reduced electric field E/N (in units of Td¼ 10�17 V

cm2) � 5.5þ 0.26�X(H2) (deduced from plasma-chemical

and electron kinetics calculations for the present conditions

in Ar and H2-rich plasmas).26,36 p in the expression for QC/H/Ar

is in units of Torr, and X(H2) is the local H2 mole fraction in

%. Thus we deduce Pmax �1.1 kW for the present MW

PECVD reactor and plasma parameters, i.e., chamber volume

Vreactor � 600 cm3, average H2 mole fraction X(H2) �1%,

average ne �3� 1011 cm�3 and Tgas�3000 K.

The variation in plasma volume with changes in H2/Ar

fraction ensures near constant maximal Tgas values (Tgas,max

�2900�3100 K) in C/H/Ar plasmas operating over a wide

range of process conditions (spanning the spectrum from H2-

rich to Ar-rich) — as illustrated in Figs. 7 and 8, and in our

previous studies of H2-rich plasmas.23 Such a finding is con-

trary to possible expectations based on the fact that Ar has

much lower thermal conductivity (k) than H2 (kAr�0.1kH2),

which might have encouraged the view that Ar-rich plasmas

would support much higher gas temperatures. The only visi-

ble consequence of the different thermal conductivities and

plasma volumes in the false color spatial distribution plots

for C/H/Ar plasmas with differing X0(H2) (Fig. 7) is the

steeper temperature gradient near the reactor walls when

operating under UNCD [X0(H2)¼ 1%] conditions. Given kAr

	 kH2, the steeper gradient in the case of low X0(H2) is inev-

itable, given that similar powers need to be conducted from

the hot gas to the cold reactor walls in both cases.

C. H/Ar plasma versus C/H/Ar plasma. Differences in
the ionization/recombination balance

As noted previously, tracing the complex balance

between ionization and recombination reactions involving the

various charged species, and their variation with ne and tem-

perature under the various H/Ar and C/H/Ar plasma composi-

tions required particular care and attention. For example, the

CRDS measurements show an order of magnitude drop of

{H(n¼ 2)} upon stopping the CH4 flow [Fig. 4(b)]. This drop

indicates a serious perturbation of the plasma parameters,

which the plasma chemistry model must explain. The main

source of ions in an H2-rich C/H/Ar plasma is electron impact

ionization of the dominant hydrocarbon (C2H2),26 with lesser

contributions from associative ionization involving electroni-

cally excited atoms H(n> 1), Ar*, e.g.,

Hðn> 1Þ þ H2 ! Hþ3 þ e; (1)

Hðn> 1Þ þ Ar! ArHþ þ e; (2)

With increasing X0(Ar), ionization processes involving meta-

stable (3p54s1) states Ar*, e.g.,

Ar
 þ H! ArHþ þ e; (3)

Ar
 þ C2H2 ! C2Hþ2 þ Arþ e (4)

become increasingly important, and ionization pathway (3)

becomes dominant in an Ar-rich plasma if we assume the

following rate coefficients: k1(n)¼ 1.66� 10�11exp(�En/Tgas)

cm3 s�1, E2¼ 8120 K and En>2¼ 0; k2¼ k1/2;

k3¼ 1.66� 10�11 cm3 s�1 and k4¼ 3.32� 10�11 cm3 s�1

(Ref. 26). The most important gas-phase loss process for

charged species is the dissociative recombination of electrons

with the dominant CyHx
þ ions in both H2-rich (y¼ 2, x¼ 2,3)

and Ar-rich (y¼ 2, x¼ 2,3, and y¼ 3, x¼ 1) C/H/Ar

plasmas,26 i.e.,

CyHþx þ e! CyHx�1 þ H: (5)

Stopping the CH4 flow obviously affects the ionization/recom-

bination balance. It removes the hydrocarbon ions, and the

contribution from electron impact ionization of C2H2. Direct

ionization of other species is unimportant in Ar-rich H/Ar

plasmas, in which the associative ionizations (1)�(3) prevail.

The most obvious changes are in the recombination rates

when the dominant ions switch from CyHx
þ to H3

þ and

ArHþ. The recombination rates for polyatomic ions like

CyHx
þ are large (k �10�6 cm3 s�1) at room temperature, and

decline with Te as k �1/Te
a, where a �0.6�0.8.37,38 Simpler

ions have fewer available dissociative recombination path-

ways. Unfortunately, the relevant rate coefficients are not well

known, especially at high electron and ion temperatures.

Recent studies of Ar atom appearance rates from e�ArHþ

collisions return extremely low rate coefficients

(k< 5� 10�10 cm3 s�1) at the low (Te< 1.5 eV) collision

energies relevant to the present conditions.39 This implies that

the rate coefficient for e-ArHþ recombination is much (�two

orders of magnitude) lower than that for e�CyHx
þ recombina-

tion. For the present modeling, we assume k5¼ 3.5� 10�8/

Te
0.68 cm3 s�1 (Te in eV), and k6,7¼ 4.8� 10�10 cm3 s�1 for

the recombination reactions:

ArHþ þ e! Arþ Hðn ¼ 2Þ; (6)

Hþ3 þ e! H2 þ Hðn ¼ 2Þ: (7)

Using these recombination coefficients, the 2D model calcu-

lations show a substantial drop in the electron temperature

upon cutting the CH4 flow [from Te¼ 1.74 eV with

X0(CH4)¼ 0.5% to Te¼ 1.28 eV for X0(CH4)¼ 0%], which

has the effect of lowering the ionization rate (bringing it

closer to the much reduced recombination rate). However,

and in contrast to the case of a C/H/Ar plasma, the
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production and loss rates of charged species in an H/Ar

plasma are not in local balance. Recombination reactions

only compensate �15%�20% of the associative ionization

in the bulk of an H/Ar plasma. Overall balance is achieved

by ambipolar diffusion of charged species to the substrate

and to the periphery of the plasma, where they are neutral-

ized. The above plasma chemical mechanism predicts a

�sevenfold drop of {H(n¼ 2)} at z¼ 9.5 mm [Fig. 4(b)],

and that the 0%CH4/14.7%H2/Ar mixture will occupy a

larger plasma volume than the base (0.5%CH4/14.7%H2/Ar)

mixture: V �295 cm3 cf. �210 cm3.

D. Variations in reactor parameters: 2D model versus
experimental results and trends

The previous plasma-chemical mechanism,26,27 supple-

mented by the important reaction (3) and the reduced recom-

bination coefficients k1(n¼ 2), k2(n¼ 2), k6 and k7, was used

in a systematic 2D modeling study of the various experimen-

tal regimes. The modeling captures the many changes in

plasma parameters induced by varying X0(H2), X0(CH4), p
and/or P in C/H/Ar mixtures, reproduces much of the CRDS

and OES data and the observed trends well (as illustrated in

Figs. 4�6 and in Sec. III C), and allows us to trace the vari-

ous complex interdependencies between plasma species and

temperatures Tgas and Te. The measured C2(a) rotational tem-

perature, and the Balmer-a profiles were used as additional

tests of the model results for UNCD plasma conditions. The

poorest agreement between experiment and model prediction

is for the pressure dependence of {H(n¼ 2,3)} – which may

reflect an overly simplistic modeling of the resonance radia-

tion transfer. Additionally, we note that the calculated {C2(a,

v¼ 0)} column densities systematically exceed the measured

values in the case of Ar-rich plasmas [e.g., calculated

{C2(a,v¼ 0)}¼ 1.57� 1014 cm�2, cf. the measured value

{C2(a,v¼ 0)}¼ 2.8� 1013 cm�2]. This may well reflect the

presence of additional mechanisms for C2 conversion to

higher hydrocarbon species and/or to carbon nanoparticles

that become increasingly effective at high [H]/[H2] ratios

(and thus high Cy concentrations) but which are not included

in the present plasma-chemical mechanism.

One important effect returned by the 2D modeling is the

marked rise in [H]/[H2] ratio in Ar-rich plasmas. The main

source of atomic hydrogen is thermal dissociation: H2þM$
2HþM, with M¼H2, Ar. The rate of thermal dissociation

exceeds the reverse recombination rate at high temperatures

Tgas> Tc, where the critical temperature Tc depends on the

degree of dissociation (e.g., Tc �2700 K in a 0.5%CH4/

14.7%H2/Ar mixture, cf. Tc �2400 K in a 4.4%CH4/

88.6%H2/Ar mixture). The maximal [H]/[H2] value calculated

here for the base mixture is �0.5 (cf. [H]/[H2] �0.09 in a

4.4%CH4/88.6%H2/7%Ar mixture), notwithstanding the fact

that the former plasma is activated with a lower input power

(P¼ 1 kW, cf., 1.5 kW). Three factors are responsible for this

increase — the larger hot volume, the lower diffusion coeffi-

cient of H atoms in Ar-rich plasmas and the higher electron

temperature (Fig. 8). Note that the H atom production rate

from electron impact dissociation of H2 becomes comparable

to that from thermal dissociation under UNCD conditions.

These effects lead to extremely high [H]/[H2] ratios

(�2.5) in the Ar dominated plasmas used for UNCD growth

in a MW PECVD reactor (here modeled as 0.5%CH4/1%H2/

98.5%Ar, P¼ 0.5 kW). Under these conditions, electron

impact excitation of H2 and thermal dissociation make compa-

rable contributions to the H atom production rate. Given such

high [H]/[H2] ratios, the fast H-shifting (i.e., CHxþH $
CHx�1þH2) reactions all favor products, with the result that

atomic carbon is calculated to be the dominant CHx species in

the hot plasma region ([C] �5.9� 1013 cm�3� [CH]

�1.7� 1012, [CH2] �2.9� 1011, [CH3] �5.7� 1010 cm�3,

and [CH4] �1.4� 109 cm�3). A similar shift in favor of [C2]

and [C3] is calculated for the C2Hx and C3Hx groups in the

core plasma region, due to a combination of thermal decom-

position (of CyH2 and CyH, y¼ 2, 3) and the H-shifting reac-

tions, e.g., C2H2þH $ C2HþH2 and C2HþH $
C2(X)þH2, with the result that [C2]total (i.e., the sum of

[C2(a)] and [C2(X)])�1.04� 1014, [C2H] �1.16� 1014,

[C2H2] �3� 1014 cm�3, and [C3] �4.6� 1014, [C3H]

�5.4� 1011, [C3H2] �2.3� 1012 cm�3. Such distributions are

very different from those found in the cores of plasmas

involving higher H2 fractions, wherein C2H2 will normally be

the dominant carbonaceous species. Thus, for example, the

present 2D modeling of our base plasma (X0(H2)¼ 14.7%)

returns [C2H2] �1.1� 1015� [C2H] �8.6� 1013, [C2]total

�1.5� 1013, [C] �2� 1013, [CH] �3.2� 1012, [CH3]

�2.9� 1012 and [C3] �2.7� 1013 cm�3 in the hot plasma

core. Even in the case of UNCD plasmas, the dominance of

species like C, C2, and C3 is limited to the hot core region; the

predicted concentrations of such species in the cooler regions

are very much lower. The CH3 concentration maximizes in

cooler, off plasma regions (Tgas �1300 K).26 These large spa-

tial variations in the various radical densities are illustrated in

Fig. 9. Figure 9(a) shows the 2D distributions of CH3 and

C2(a) radical concentrations under the present base conditions

(X0(H2)¼ 14.7%), while Fig. 9(b) displays the calculated C3

and C2(a) radical concentration distributions for our model

UNCD plasma. The calculated spatial distributions of CH and

C radicals in the latter conditions are not shown [since they

are very similar to that calculated for C2(a) radicals], while

the CH3 radical density in the UNCD plasma shows a barrel-

like spatial distribution similar to that calculated for the

present base conditions [Fig. 9(a)]. The C3 distribution shown

in Fig. 9(b) underpins the “explosion” of C3 emission

observed under UNCD plasma conditions [Fig. 6(a)].

The large variations in the various species concentrations

with Tgas and with [H]/[H2] ratio are even more obvious from

Table I, which shows [CH3] �1.5� 1012 cm�3, [C]

�7.5� 1010 cm�3 and [C2]total �1.2� 1010 cm�3 for the

UNCD plasma conditions at r¼ 0, z¼ 0.5 mm, i.e., just above

the center of the substrate. The fact that the calculated [C] at

z¼ 0.5 mm is only one order of magnitude lower than [CH3],

allied to the lower Tsub (see later), might be seen as encourag-

ing the recent suggestion that insertion of gas phase C atoms

into surface CH bonds could be a contributory mechanism for

UNCD growth;40 indeed, this density at the growing surface,

coupled with an assumption that the insertion reaction occurs

with unit probability, could provide the UNCD growth rates

observed experimentally (e.g., G �0.1 mm h�1 at Tsub¼ 873
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K).41,42 However, the temperature dependencies of the equili-

bria linking the various CHx species will ensure [and addi-

tional calculations with a finer grid size (dz¼ 0.25 mm, cf.

dz¼ 1 mm) confirms] further processing away from C and to-

ward CH3 and larger species in the near substrate region

0� z� 0.5 mm, and a number of alternative proposals have

appeared. For example, several analyses now favor CH3 as the

probable UNCD growth species.27,42 The marked increase in

CH3 concentrations in the near substrate boundary layer [such

a boundary is clearly evident at the periphery of the hot region

in Fig. 9(a)] could provide [CH3 (z¼ 0)]�1013 cm�3 and con-

sequent UNCD growth rates G �0.05�0.1 mm h�1.27,42

Recent mass-spectrometric studies of the relative densities of

different CyHx species in C/H/Ar plasmas and their variation

with Ar dilution have led to a suggestion that all CHx, x¼ 0�3

species could contribute to UNCD growth.43 This work also

finds an anti-correlation between UNCD growth rates and the

measured C2 radical densities. Further careful investigation of

species distributions in the (nonthermally equilibrated) bound-

ary layer just above the substrate surface, and of possible

conversions of CyHx (y¼ 1�3) species to higher carbons,

hydrocarbons and, possibly, nanoparticles would clearly be

beneficial. Preliminary additional calculations including just

the C3þC3 $ C6 reaction44,45 suggest C6 radical concentra-

tions comparable with [C3] in the low temperature

(Tgas< 1500 K) regions, e.g., in the near substrate region.

E. Power balance and heat loss to the substrate,
reactor walls and the quartz window

The 2D modeling also allows investigation of the vari-

ous dissipation pathways for MW power absorbed in the re-

actor, and comparison between the calculated weights of

these pathways relative to measured rises in the temperature

of the cooling water. The main power dissipation pathways

revealed by the 2D modeling are (i) thermal conduction

fluxes, from the hot plasma to the reactor walls, baseplate

and top plate (window), (ii) radiation losses and (iii) sub-

strate heating — both from the thermal conduction flux and

from the incident flux of atomic H. Notwithstanding the very

high [H]/[H2] ratio (�2.5) in the core of the hot UNCD

plasma [X0(H2)¼ 1%], the actual H atom concentration in

these plasmas is �3.7� lower than that in the core of the

base plasma [X0(H2)¼ 14.7%, P¼ 1 kW]. The lower [H]

must result in reduced substrate heating46 from H atom

adsorption at the C* surface radical sites.47 Another, more

important, reason for the observed drop in Tsub when operat-

ing with UNCD plasma conditions [Tsub �785 K, cf. �1130

K for the present base conditions, with P¼ 1.0 kW in both

cases (Fig. 2)] is the much reduced thermal conductivity of

the Ar dominated plasma, and thus of the conductive heat

flux to the substrate. The calculated contributions to substrate

heating from heat conduction and from H atom adsorption

on C* surface sites are, respectively: 27 and 3.4 W for UNCD

conditions [X0(H2)¼ 1%, P¼ 0.5 kW), 57.4 and 22 W for the

present base conditions (X0(H2)¼ 14.7%, P¼ 1 kW], 80 and

28 W for X0(H2)¼ 25%, P¼ 1 kW, and 277 and 41.6 W for

the H2-rich conditions (4.4%CH4/7% Ar/H2, P¼ 1.5 kW),23

under which conditions the power loading to the substrate

reaches ~45 W cm-2.

Thus we see that the flux of atomic H is only responsible

for �12%�30% of the total substrate heating, and that the

total substrate heating increases almost linearly, by a factor

�10 on changing from Ar-rich to H2-rich plasma conditions

(albeit with changes in P also). Tsub is determined by the bal-

ance of the heat loading and the gas cooling system. The

much higher (�10-fold) substrate heating rate in the H2-rich

plasma is compensated by enhanced heat abstraction from

the H2-rich gas due to the higher (again �10-fold) thermal

conductivity of H2 gas as compared with Ar. The local maxi-

mum of Tsub is found at X0(H2)¼ 20%, at which ratio Ar and

H2 make comparable contributions to the total conductivity.

The plots of power balance versus X0(H2) shown in Fig.

2 merit careful consideration. The experimentally measured

temperature rise, dTwater, of the cooling water flowing

through the reactor side walls and the baseplate (including

the substrate and substrate holder) provide valuable insights

into the operation of the MW reactor and the plasma parame-

ters. First, we can calculate the power Pwater carried away by

the water flow F(H2O) using the measured dTwater values and

the specific heat capacity of water (C¼ 4187 J kg�1 K�1):

Pwater [W]¼ a�C� dTwater�F(H2O)[kg min�1]/60 �
a� 70� dTwater�F(H2O). The experimental data displayed

in Fig. 2(b), obtained using F(H2O)¼ 1 kg min�1, has been

plotted using a scaling factor a¼ 2 so as to raise the sum of

FIG. 9. (Color online) 2D(r, z) model distributions of: (a) CH3 (left) and CH

(right) number densities for the present base conditions and (b) C3 (left) and

C2(a) (right) number densities for the UNCD growth conditions (0.5%CH4/

1%H2/98.5%Ar, p¼ 150 Torr, P¼ 0.5 kW). Again, the vertical (z) and ra-

dial (Rr) dimension of the simulated reactor is 6 cm.
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the measured powers close to the total input power P¼ 1 kW

and the 2D model predictions. The origin of the scaling fac-

tor a is not clear. The calorimetric procedure employed may

underestimate the dissipated power. Alternatively, the differ-

ence may reflect additional, unmonitored power dissipation

pathways through the solid parts of reactor. The 2D model

results included in Fig. 2(b) have also been scaled — by a

factor of 1/P[kW] (i.e., by a factor of 2 for the model

UNCD plasma conditions, by 2/3 for the plasma with

X0(H2)¼ 88.6% and by 1 for the remaining modeled plasma

conditions) — in order to facilitate comparison with the ex-

perimental power dissipation data all of which was measured

at P¼ 1 kW. Note that the different power dissipation path-

ways are only approximately proportional to the total power

(Ptotal), and that the calculated powers used in substrate heat-

ing are included, as in the experiment, in the baseplate heat-

ing term. As Fig. 2 showed, decreasing X0(H2) results in a

progressive increase in the fraction of Ptotal expended in wall

heating and a decrease in the fraction dissipated through

baseplate heating — consistent with the observation that the

hot plasma volume expands, and rises slightly from the base-

plate (and substrate) as H2 is progressively replaced by Ar.

The second important effect evident from Fig. 2 is the

drop in the total power abstracted via the cooling water

(i.e., the sum of the two experimental curves) in the case

of the UNCD plasma. We can envisage two contributory

reasons for the implied power shortfall — an increase in

the unmonitored power lost via heating of the top quartz

window, and/or radiation losses. As discussed previously,

the precise location of the plasma is sensitive to the

process gas mixture, but the 2D model calculations show

no marked increase in the conduction flux to the quartz

under UNCD conditions. What the calculations do reveal,

however, is a sharp increase in the density of excited car-

bon radical species [mainly C3* in the present modeling

— recall Figs. 4(a), 6(a), and 9(b)] under UNCD plasma

conditions, which will result in a significant radiative

power loss even when, as in the present modeling, only

three singlet excited states of C3 [the A1Pu (term value

�3.85 eV), A1Pg (�4.56 eV) and1Ru
þ (�8.1 eV)

states]48,49 are considered. The calculated rate coefficients

for electron impact excitation from the X1Rg
þ ground state

to these states are quite large (e.g., k[e-

C3(X1Rg
þ)]¼ 8.4� 10�9, 4.3� 10�9 and 3.8� 10�10 cm3

s�1, respectively, at Te¼ 2.5 eV, comparable to that for

exciting the C2(d3Pg/a3Pu) Swan system at 516.5 nm

{k[e-C2(a)], Te¼ 2.5 eV}¼ 4.1� 10�9 cm3 s�1 calculated

using cross-sections from Ref. 50) and sufficient to

account for radiation loss up to �30% of the total input

power under UNCD plasma conditions. Emitted photons

with energies �> 5 eV will be absorbed in the quartz win-

dow, providing an additional heating term (e.g., �8 W cal-

culated for just the C3(1Ru
þ!X1Rg

þ) emission, amounting

to �12% of the total quartz heating) that is clearly evident

under UNCD plasma conditions in Fig. 2. The enhanced

heating of the quartz window is also discernible

TABLE I. Calculated concentrations (in cm�3) of selected species at z¼ 0.5 mm above the substrate center in 0.5%CH4/1%H2/Ar, 0.5%CH4/14.7%H2/Ar,

0.5%CH4/25%H2/Ar and 4.4%CH4/88.6%H2/7%Ar gas mixtures, at p¼ 150 Torr, P¼ 0.5, 1, 1 and 1.5 kW, respectively, and the appropriate (experimentally

determined) Tsub in each case. The last two columns illustrate the variations induced by changing the power (0.6 kW) and pressure (225 Torr) away from the

present base values. The calculated gas temperatures, fraction of surface radical sites Cs*/(Cs*þCs–H) and H atom concentrations Hs just above the substrate

(z¼ 0, calculated as reported in Ref. 41) are presented also.

0.5%CH4/x%H2/balance Ar

Mixture x¼ 1% x¼ 14.7% x¼ 25% 4.4%CH4/88.6%H2/Ar 0.5%CH4/14.7%H2/Ar 0.5%CH4/14.7%H2/Ar

P/kW 0.5 1.0 1.0 1.5 0.6 1.0

p/Torr 150 150 150 150 150 225

Tsub/K 750 1130 1200 973 1130 1130

H 1.99� 1015 5.40� 1015 5.02� 1015 8.14� 1015 3.84� 1015 8.44� 1015

H2 2.10� 1016 1.63� 1017 2.79� 1017 1.04� 1018 1.79� 1017 2.41� 1017

CH4 9.92� 1012 4.42� 1012 1.08� 1013 9.56� 1014 7.32� 1012 1.21� 1013

CH3 1.51� 1012 1.79� 1012 3.21� 1012 1.08� 1014 2.41� 1012 4.59� 1012

CH2 4.61� 109 2.39� 1010 3.86� 1010 4.56� 1011 2.77� 1010 6.65� 1010

CH2(s) 1.32� 108 7.65� 108 1.14� 109 1.13� 1010 8.10� 108 2.35� 109

CH 1.29� 109 3.23� 109 3.09� 109 1.70� 1010 2.61� 109 9.80� 109

C 7.48� 1010 6.89� 1010 3.92� 1010 4.87� 1010 3.20� 1010 1.86� 1011

C2H2 2.43� 1015 2.43� 1015 2.46� 1015 1.04� 1016 2.63� 1015 3.40� 1015

C2H 3.00� 1011 4.55� 1010 3.93� 1010 3.30� 1010 3.87� 1010 8.36� 1010

C2(a) 8.82� 109 2.36� 108 1.02� 108 1.68� 108 1.59� 108 4.40� 108

C2(X) 3.37� 109 5.62� 107 2.61� 107 1.56� 107 3.29� 107 1.19� 108

C3 1.83� 1014 1.83� 1013 4.95� 1012 1.15� 1013 8.35� 1012 3.47� 1013

C3H 1.31� 1012 1.03� 1011 4.35� 1010 1.73� 1011 5.95� 1010 2.25� 1011

C3H2 1.43� 1014 2.83� 1013 2.05� 1013 1.93� 1014 2.37� 1013 5.51� 1013

C4H2 1.47� 1014 3.30� 1012 1.95� 1012 1.74� 1013 3.57� 1012 4.71� 1013

Tgas/K 1086 1365 1422 1314 1379 1391

Cs*/(Cs*þCs–H) 0.033 0.125 0.131 0.083 0.12 0.122

Hs 4.00� 1014 5.37� 1014 6.33� 1014 1.82� 1015 4.23� 1014 6.36� 1014
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experimentally, through temperature measurements of the

air flow used to cool the upper surface of this window.51

V. CONCLUSIONS

We have extended our previous experimental/modeling

studies of H2-rich C/H/Ar plasmas (e.g. 4.4%CH4/88.6%H2/

7%Ar, Ftotal¼ 565 sccm, p¼ 150 Torr, P¼ 1.5 kW) such as

are used for growth of MCD films22–25 to explore the conse-

quences of major variations in the input H2/Ar ratio — from

H2/Ar mole fraction ratios of> 10:1 as used for MCD

growth, through ratios �1:6 (e.g., 0.5%CH4/14.7%H2/

84.8%Ar, Ftotal¼ 525 sccm, p¼ 150 Torr, P¼ 1.0 kW, the

“base” conditions used in most of the present work) typical

of those used for NCD growth, and extending to an H2/Ar ra-

tio of �1:99 (e.g., 0.5%CH4/1%H2/98.5%Ar, Ftotal¼ 525

sccm, p¼ 150 Torr, P¼ 0.5 kW) as used for growth of

UNCD material. As before, absolute column densities of

C2(a) and CH(X) radicals and of H(n¼ 2) atoms have been

determined by CRDS, as functions of z and of process condi-

tions [X0(H2), X0(CH4), X0(Ar), p, and P]. OES methods

have also been used to explore the relative densities of elec-

tronically excited H atoms, and CH, C2, and C3 radicals, as

functions of these same process conditions. Measurements of

the temperature rise in the water flow cooling the reactor

walls and base have allowed some insights into the ways in

which the input MW power is dissipated, and how this varies

with the H2/Ar ratio in the source gas mixture.

The experimental studies have again been comple-

mented by extensive 2D(r, z) modeling of the plasma chem-

istry, composition and parameters, which offers a

quantitative rationale for most of the present observations.

Substituting H2 by Ar (at constant p and P) results in sub-

stantial expansion of the plasma volume. In the case of

standard MCD (H2-rich) plasmas,> 90% of the input MW

power is absorbed through rovibrational excitation of H2.

Reducing the H2 content (as in an NCD or, particularly, a

UNCD plasma) necessarily reduces the absorbed power den-

sities; the Ar-rich plasma thus expands to accommodate a

given input power. The average power density in the core of

a UNCD plasma is an order of magnitude less than that in a

representative MCD plasma. Progressive replacement of H2

by Ar leads to increases in the electron temperature and elec-

tron density within the plasma, a reduction in [H] but an

increase in [H]/[H2] ratio, and little change in the maximum

Tgas (which is consistently �3000 K) — notwithstanding the

lower thermal conductivity of Ar (kAr �0.1kH2) which might

have encouraged the view that Ar-rich plasmas would sup-

port significantly higher Tgas values. The CH(X) and C2(a)

radical column densities measured for the present base con-

ditions are, respectively, �4 and �10 times greater than

those reported for the standard MCD plasma,23 despite the

fact that X0(CH4) used in the present studies is �nine times

smaller than that used in the earlier study. These differences

can be traced to the increased [H]/[H2] ratio at higher

X0(Ar), which pushes the fast H-shifting (CyHxþH $
CyHx�1þH2; y¼ 1�3) equilibria to the right —thereby

favoring “product” species like C atoms, C2, and C3 radicals.

The optical emission from Ar-rich C/H/Ar plasmas is

increasingly dominated by excited state C2 and C3 radicals,

and radiative power losses start to become comparable with

other power dissipation pathways (e.g., heat conduction to

the reactor walls and the reactor base) in UNCD plasmas.

The present study also confirms previous suggestions27,42

that reported UNCD growth rates (G �0.05�0.1 mm h�1)

can be accommodated by the calculated concentrations of

CHx radicals (i.e., CH3 radicals), though the detailed mecha-

nism of UNCD growth certainly merits further study.
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