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Based on results from chemical kinetic model calculations, a method to improve dia
film growth in a dc arcjet chemical vapor deposition reactor has been developed.
Introducing the carbon source gas (CH4) into an AryH2 plasma in close proximity to
the substrate produced diamond films exhibiting simultaneous improvements in qua
and mass deposition rates. These improvements result from a reduced residence tim
of the methane in the plasma which inhibits the hydrocarbon chemistry in the gas fr
proceeding significantly beyond methyl radical production prior to encountering the
substrate. Improvements in growth rate were modest, increasing by only a factor of
Optical emission actinometry measurements indicate that the flux of atomic hydroge
across the stagnation layer to the substrate is mass diffusion limited. Since diamond
growth depends upon the flux of atomic H to the substrate, these results suggest th
under the conditions examined here, a low atomic H flux to the substrate poses an
limit on the attainable diamond growth rate.
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I. INTRODUCTION

Experimental measurements and chemical kine
modeling results obtained previously in this laborato
have identified CH3 as the dominant diamond growth
precursor in our dc arcjet reactor.1 Based on conclusions
drawn from that work, an optimization strategy wa
developed to simultaneously improve the quality a
growth rate of the diamond films produced in this rea
tor. The gas feed system was modified from introduci
the gas feed into the plasma gun as a mixture (3% C4

in H2), to one identical except that the CH4 feed was
injected into the plasma separately at a position midw
between the gun and the substrate.2 Herein we will
refer to the former method as thepremixed feed and
the latter as theremote CH4 feed. The concept behind
the remote CH4 feed method was to limit the exposur
time of the CH4 to the hot plasma, thereby allowing
sufficient time for CH4 to react to produce CH3 via
CH4 1 H ! CH3 1 H2 upstream of the substrate whil
forcing subsequent CH3 consumption reactions to occu
downstream of the substrate.2 The goal was to determine
the feasibility of increasing the CH3 flux to the substrate
while simultaneously reducing the flux of all othe
hydrocarbons by taking advantage of the high gas fl
velocities produced in the reactor and the finite react
kinetics of the hydrocarbon chemistry.1–3 Diamond films

a)Current address: Department of Chemistry, Arkansas State Uni
sity, State University, Arkansas 72467.
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grown using the remote CH4 feed exhibited a significant
enhancement in quality as evidenced by Raman spe
with reduced diamond peak linewidths.2 However, while
the quality of the diamond produced was improved,
was necessary to nearly double the CH4 flow rate in order
to achieve the same growth rate as the premixed
feed, indicating a decrease in the efficiency with whi
the carbon in the feed was converted to diamond.2,3 The
decreased efficiency was due to the inability of the C4

to become radially well-mixed during the short transpo
time (,60 ms) from point of injection to the substrate.2,3

Measurements of the carbon content of the gas at
substrate indicated that up to 66% of the injected carb
feed completely bypassed the substrate.2

In this work we present results obtained followin
an additional modification to the system designed
minimize the CH4 feed gas exposure to the plasma b
injecting the CH4 at the substrate. We refer to this react
feed method assubstrate CH4 injection. The extremely
short exposure time of the CH4 to the plasma maximizes
the delivery of CH4 and CH3 to the substrate during de
position. As before, subsequent reactions involving C3

consumption will occur in the gas phase, though p
dominantly downstream of the substrate. Ideally, the
the only reactive hydrocarbon species encountering
substrate will be CH3, as CH4 is presumed to be un-
reactive. In addition, the close proximity of the CH4

injection port outlet to the substrate is designed to a
dress the low CH4-to-diamond efficiency problem men
tioned above.
 1996 Materials Research Society
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II. EXPERIMENTAL

The dc arcjet diamond reactor used in these exp
ments is a modified version of a system that has been
viously described in detail.1 During diamond deposition
only Ar was passed through the plasma gun electro
gap, creating a high velocity plasma that imping
at normal incidence onto a water-cooled molybdenu
substrate positioned 2.5 cm from the gun outlet. In t
present configuration, the H2 and CH4 were introduced
into the reactor through separate feed lines, as sho
in Fig. 1. H2 was injected into the Ar plasma as befor
1 cm downstream of the electrode gap through oppos
side ports integral to the plasma gun, while CH4 was
injected 3.5 cm downstream of the H2 ports through a
stainless steel tube mounted onto the substrate ho
as shown in Fig. 1. Typical reactor operating paramet
are given in Table I.

Using the substrate CH4 injection arrangement, a se
ries of diamond films was grown under varied depositi
conditions. Mass deposition rates were determined
substrate weight difference. The films produced we
characterized using Raman spectroscopy and opt
microscopy. Films were grown for 20–30 min to ensu
the formation of crystallites large enough to be examin
by optical microscopy. Raman spectra were collec
using anAr1 laser (488 nm, 75 mW) with an inciden
beam diameter of 60mm. To assess the relative qualit
of each film, the full width at half maximum (FWHM) o
the diamond peak was determined by performing a le
squares fit of the Raman spectra using a fitting funct
consisting of a single Lorentzian peak superimpos
upon a quadratic background.4-7

Stable reactor exhaust gas component concentrat
were determined using a UTI Model 100C quadrupo
mass spectrometer interfaced with a LeCroy Model 94

FIG. 1. Schematic diagram of the dc arcjet diamond reactor incor
rating the substrate CH4 injection system.
J. Mater. Res., Vol. 1
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TABLE I. Nominal dc arcjet CVD reactor operating parameters.

Dc voltage 20 V
Dc current 140–150 A
Reactor pressure 55–60 Torr
Substrate Molybdenum (25 mm3 38 mm)
Plasma gun–substrate distance,2.5 cm (,1 inch)
Ar flow rate 13.7 slm
H2 flow rate 5.4 slm
CH4 flow rate 150–700 sccm

digital oscilloscope and a Hewlett-Packard Model 98
computer via an IEEE-488 bus. The mass spectrome
response was calibrated by sampling the reactor exh
following addition of known amounts of CH4, C2H2,
C2H4, C2H6, CO and CO2 to fixed reactor feed flows of
H2 (5.4 slm) and Ar (13.7 slm) with the plasma turne
off. Experimentally determined hydrocarbon crackin
patterns were found to be necessary to account
complications that occur when high hydrogen part
pressures exist in the ion source region of mass sp
trometers utilizing electron impact ionization.8,9 Elec-
trode surfaces are bombarded with atomic hydrog
created on the hot filament in the ionizer, generati
significant background levels of H2O, COx, and CmHn.8,9

The presence of these background species alters
observed hydrocarbon cracking patterns from typic
literature values. The observed height of each peakPj

in the mass spectrum is the sum of contributions fro
the various hydrocarbon species detected. Thus, a fit
function was constructed to fit all peak heights in th
mass spectrum simultaneously, wherePj ­

P
FifCig,

where Pj is the height of mass spectral peakj, Fi is
the fractional contribution of speciesi to the peak, and
fCig is the concentration of speciesi.1 The summation
is performed for all species producing signals betwe
5 amu and 55 amu. Only theCi values are varied during
the fit to determine the hydrocarbon concentrations.

Optical emission spectra for actinometry analys
were obtained by imaging the luminous plasma emiss
onto the end of a 1.0 mm diameter fiber optic bundle w
a 200 mm focal length biconvex quartz lens. A Trac
Northern Model TN6500 optical multichannel analyz
(OMA) equipped with an intensified 1024 element ph
todiode array detector, 0.5 nm bandpass, was used
record the emission spectra. The OMA was calibrat
for spectral response using an Optronics Laborator
Model 220M standard tungsten lamp.

III. RESULTS AND DISCUSSION

In Fig. 2, the mass deposition rates for films grow
using the substrate CH4 injection scheme are shown
along with results for films grown using the remot
CH4 and premixed gas feeds. These films were gro
while varying the CH4 gas feed flow rate; the Ar and H2
1, No. 3, Mar 1996 695
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FIG. 2. Measured diamond mass deposition rates versus CH4yH2

percentage in reactor feed gas for various CH4 gas feed methods.
Calculated deposition rates are for the substrate CH4 injection method.
Feed gas flow rates for Ar and H2 were held constant at 13.7 slm an
5.4 slm, respectively.

flow rates were held constant at 13.7 slm and 5.4 s
respectively. Deposition rates for films grown using t
premixed feed are limited to lower CH4yH2 feed ratios,
since ratios greater than,3% produced black films for
which the Raman spectra indicated the presence of
nificant amounts of non-diamond carbon. Similar resu
were obtained using the remote CH4 feed for CH4yH2

ratios greater than 6%. With the substrate metha
injection design, high quality diamond films have be
produced with CH4yH2 feed ratios as high as 12%
Although the mass deposition rate increased by a fac
of 2 at the higher CH4 flows, there appears to be little
advantage in using a CH4yH2 feed ratio above about 8%

Calculated diamond deposition rates for the su
strate CH4 injection method, also shown in Fig. 2, agre
extremely well with measured values. The calculat
results were obtained using a boundary-layer mo
(CRESLAF),10 coupled with a simplified surface kinetic
696 J. Mater. Res., Vol. 1
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mechanism given in Table II.11 For the reactions (1)–(3)
in the text below and those listed in Table II, CH(s
denotes a hydrogenated surface carbon, C*(s) den
a surface carbon radical, CM(s) denotes a methyla
surface carbon, and CM*(s) denotes a CH2 radical
bound to a surface carbon. The model predicts t
injecting the CH4 inside the boundary layer, close to th
substrate, proves to be beneficial for two reasons. Fi
the residence time of the hydrocarbon in the hot g
mixture is very short, and the gas-phase chemistry d
not have sufficient time to proceed significantly past t
reaction:

CH4 1 H °! CH3 1 H2 . (1)

Subsequent hydrogen abstraction reactions do oc
but only small concentrations of CHx sx ­ 0, 1, 2d are
predicted to form within the boundary layer. Furthe
small concentrations of atomic carbon through meth
lene radical species and short residence times lead
relatively small conversion of the C1 species to C
species. A series of boundary-layer calculations carr
out in this system predict that, at the outer edge of t
substrate where [C2H2] is maximum, [CH3] is larger by a
factor of up to five, even though CH3 is being depleted by
deposition downstream of the injector (brackets den
concentration). These relative concentrations of CH3 and
C2H2 are in marked contrast to those observed ne
the substrate under premixed conditions; in that syste
[C2H2] can be between 10 and 30 times greater th
[CH3] adjacent to the substrate. The second benefit
injecting the hydrocarbon within the boundary lay
is that, by definition, all reactive species formed ha
a finite probability of reacting with the surface. N
activated species can be “blown by” the substrate with
possibility of contact.

The enhancement of growth rate through substr
injection is directly proportional to the amount of atom
hydrogen present inside the boundary layer. At t
pressure considered in this study, 55 Torr, the system
TABLE II. Surface chemistry mechanism used in boundary-layer calculations.a Reaction rate coefficient­ Abe2sE/RT d.

Reactionb A b E

CH(s) 1 H ! C*(s) 1 H2 6.19 3 1013 0 7300
C*(s) 1 H ! CH(s) 1.70 3 1013 0 0
C*(s) 1 CH3 ! CM(s) 3.30 3 1012 0 0
CM(s) ! C*(s) 1 CH3 1.29 3 1015 0 61000
CM(s) 1 H ! CM*(s) 1 H2 4.27 3 1013 0 7300
CM*(s) 1 H ! CH(s) 1 H2 1 diamond 8.54 3 1014 0 7300
C*(s) 1 C ! C*(s) 1 diamond 3.30 3 1012 0 0
CM*(s) 1 CH3 ! CM(s) 1 defect1 H2 7.50 3 108 0 0
CM*(s) 1 C ! C*(s) 1 defect1 diamond1 H2 7.50 3 108 0 0

aFrom Ref. 11.
bSpecies symbols defined in text.
1, No. 3, Mar 1996
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mass-transfer limited in atomic hydrogen. This limitatio
manifests itself as a dramatic drop in [H] from its fre
stream value to that at the surface. The two surfa
reactions responsible for this drop in H across the bou
ary layer are

CHssd 1 H °! Cpssd 1 H2 (2)

and

Cpssd 1 H °! CHssd. (3)

The mole fraction of H at the surfaceXs
H is related to

the free stream valueXH by simple transport theory:11

Xs
H

XH
­

2k2k3Gd

sk2 1 k3dDH
­

1
1 1 Da

, (4)

wherek2 and k3 are the rate constants for Eqs. (2) an
(3), G is the total concentration of surface sites,DH is the
diffusivity of H in Ar, andDa is the effective Damk̈ohler
number, which is the ratio of the rate of destructio
of H by surface reactions to the rate of transport of
through the boundary layer to the surface by diffusio
The boundary-layer thickness,d, is given by

d ø 2

s
LDH

U`

, (5)

where L is the torch-to-substrate distance andU` is
the average velocity of the gas exiting the plasma g
For this arcjet system, it is estimated from Eq. (
that Xs

HyXH ø 0.06. This prediction is borne out
by experimental observation. Since only 1% of th
injected H2 into the plasma gun dissociates to for
H,1 the amount of H present inside the boundary lay
reacting with the injected CH4 comprises only about
0.2% of the total gas mixture.

Both measured and calculated deposition rates
Fig. 2 exhibit identical functionality (initial increase
plateau, and then fall off) with increasing CH4 percent-
ages in the rector gas feed. At relatively low CH4yH2

feed ratios, the increase in growth rate is due to
increase in the concentration of activated carbon (p
dominantly CH3) in the gas phase near the substrate v
reaction (1). At higher CH4yH2 ratios, the deposition rate
levels off because reaction (1) competes with reaction
for available gas phase H, effectively limiting the rate
which reactive sites are formed on the surface via re
tion (2). At very high CH4yH2 ratios, the deposition rate
falls as reaction (1) depletes the gas phase of H, wh
reduces the rate of reactive site formation, reaction (

Spatially resolved Raman spectra for a represe
tative film grown using the substrate CH4 injection
method are shown in Fig. 3. The absence of a signific
non-diamond feature in the spectra indicates that
reported mass deposition rates are attributable largel
diamond, although in peripheral regions of the film, the
J. Mater. Res., Vol. 1
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FIG. 3. Spatially resolved Raman spectra for a diamond film grow
using the substrate CH4 injection method. Spectra labeled a–e co
respond to positions a–e indicated in diagram of a 1.3 cm diame
circular diamond film on a rectangular Mo substrate.

is some evidence in the spectra of a non-diamond carb
phase. Also, the films grown with substrate injection a
nearly white in color, as opposed to the characteris
off-white/gray color of the films produced using th
premixed and remote CH4 gas feeds. This coloration is
due to an accumulation of amorphous and/or graph
carbon in the films, presumably at the grain boundari

Raman spectroscopic measurements provide
assessment of diamond quality that is largely qualitati
and interpretation of spectra is subject to a number
difficulties. Although the scattering efficiency of graphit
is about 50 times that of diamond in the visible,12,13

graphite is strongly absorbing (optical absorptio
coefficient a ­ 3.4 3 105 cm21)14 while diamond is
transparent. Consequently, thesp2 bonded carbon in
the film is capable of absorbing a significant portio
of both the incoming laser and the outgoing Ram
scattered radiation.15 A CVD diamond film containing
a small amount of a non-diamond carbon would b
expected, therefore, to exhibit a Raman spectru
with fewer detected scattered photon counts, but n
1, No. 3, Mar 1996 697
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necessarily a discernible non-diamond carbon peak. T
top trace in Fig. 4 is a Raman spectrum obtained fro
a white diamond film produced with the substrate CH4

injection reactor design, while the lower two spectra a
from the highest quality diamond films we have grow
with the remote CH4 (off-white) and premixed (gray) gas
feeds. Features due to non-diamond carbon are ab
in all three spectra. What is strikingly evident, howeve
is the reduced number of photon counts measured
the light gray films produced using the remote CH4 and
premixed gas feeds. We ascribe the decreased Ra
spectral intensities of these films as due to absorpt
by non-diamond carbon.

The existence of impurities and/or crystal defects
diamond also affects the line shapes of the Raman sp
tral features.4–7,12 Relatively high quality diamond films
are characterized by Raman spectra lacking the br
band due tosp2 bonded carbon at about 1560cm21.
For these films, semiquantitative assessments
quality are performed by comparing the linewidth o
the diamond peak at 1332cm21 to the benchmark
value of 2.0 cm21 for gem quality single crystal
diamond.4,12 We have found that our films may
produce FWHM linewidths at 1332cm21 as high as
13 cm21 with no discernible non-diamond feature
The Raman FWHM linewidths of the 1332cm21

diamond peak for the films represented in Fig.
are 10.9 cm21 for the film using the premixed
feed, 4.5cm21 for the film grown using the remote
methane feed, and 4.2cm21 for the film grown using
substrate methane injection. An obvious improveme
in the quality of the films is observed using th
remote CH4 feed and/or the substrate CH4 injection,
compared to the premixed feed. FWHM linewidths fo
films grown using the substrate CH4 injection method

FIG. 4. Raman spectra of diamond films grown using various g
feed methods. The substrate CH4 method produces films exhibiting
the most intense Raman spectra with the narrowest diamond linew
at 1332cm21.
698 J. Mater. Res., Vol. 1
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while varying the CH4 feed flow rate are shown in
Fig. 5. For comparison, the linewidths for the highe
quality films produced using the premixed and remo
feed methods (no non-diamond feature in the Ram
spectra) are included in Fig. 5. Unusually high CH4yH2

feed gas percentages, up to 12%, may be used with
substrate CH4 injection to produce high quality films,
whereas most other diamond CVD systems produ
non-diamond films above a CH4yH2 feed gas percentage
of 0.5–2%.16 Diamond is produced in this system
at high CH4yH2 feed gas ratios largely because th
residence time of the CH4 in the plasma is extremely
short, allowing only CH4, which cannot bind as-is to
the diamond surface, and CH3, which is an effective
diamond precursor, to encounter the substrate surfa
Other hydrocarbons are, in fact, formed in the react
although predominantly downstream of the substra
where they do not participate in film formation.

A noteworthy observation made during the course
this study is that both the remote CH4 and substrate CH4
injection gas feed methods produced high quality, sma
grained films. The Raman spectra shown in Fig. 4 rep
sent films (of equal deposition times) with grain sizes
0.5–2mm, 1.2–2.4mm, and 6–7.2mm for the substrate
CH4 injection, remote CH4, and premixed feed meth-
ods, respectively. Only relatively large-grained film
produced Raman spectra with no non-diamond carb
feature using the premixed feed, whereas small-grain
films produced with this gas feed method were dark
and noticeably of inferior quality. The ability to pro-
duce high quality, small-grained films is of value fo
applications requiring thin films of high strength, sinc
polycrystalline materials generally show an invers
relationship between strength and the square root
grain size.17

FIG. 5. Full width at half maximum (FWHM) linewidths of the
diamond peak at 1332cm21 in Raman spectra of films grown using
varying CH4yH2 percentages in the reactor feed gas for various C4

feed gas methods. Feed gas flow rates for Ar and H2 were held
constant at 13.7 slm and 5.4 slm, respectively.
1, No. 3, Mar 1996
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FIG. 6. Reactor exhaust component gas flow rates detected by m
spectrometry versus CH4yH2 percentage in reactor feed gas fo
substrate CH4 injection and premixed CH4 feed methods. Feed gas
flow rates for Ar and H2 were held constant at 13.7 slm and 5.4 slm
respectively, while the feed gas CH4 flow rate (large solid squares)
was varied between 154 sccm and 615 sccm.

The chemical effect of the reduced CH4 residence
time in the plasma is indicated in Fig. 6, which show
the reactor exhaust gas composition determined by m
spectrometry as a function of the CH4yH2 feed gas per-
centage. Note that the Ar and H2 feed gas flow rates were
held constant at 13.7 slm and 5.4 slm, respectively.
is clear in Fig. 6 that although identical exhaust ga
components are detected (CH4, C2H2, and C2H6), a
larger percentage of the feed gas CH4 passes through
the reactor intact for the substrate CH4 injection feed
system as compared to the premixed feed system.

The data in Fig. 7 were collected under identic
conditions except that the gas was sampled at the s
strate. The sampling port inlet was located at the oppos
end of the substrate relative to the gas feed port to sam
gas that had been injected and traversed the substr
a distance of about 1 cm. The data in Fig. 7 sho
that although the amount of C2H2 and C2H6 detected
relative to CH4 is greater than for the exhaust ga
J. Mater. Res., Vol. 11
ss
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FIG. 7. Stable component gas flow rates detected by mass spect
etry while sampling at the substrate versus CH4yH2 percentage in
reactor feed gas for the substrate CH4 injection feed gas method.
Feed gas flow rates for Ar and H2 were held constant at 13.7 slm and
5.4 slm, respectively, while the feed gas CH4 flow rate was varied
between 183 sccm and 615 sccm.

measurements, the amount of carbon detected (in
form of CH4, C2H2, and C2H6) is only about 14–27% of
that injected as CH4. This is in contrast with the exhaus
gas measurements in Fig. 6 where, within experimen
error, 100% of the carbon injected as CH4 is detected
as CH4, C2H2, and C2H6. The low percentage of total
detected carbon reveals that most of the carbon injec
at the substrate never reaches the mass spectrom
sampling port and, thus, does not mix completely wi
the plasma. Although injecting the CH4 in the boundary
layer ensures that all of the injected carbon contacts
substrate, most of the carbon source gas flows throu
the reactor without binding to the substrate, resulting in
low gas phase carbon-to-diamond conversion efficien
Of the gas that is sampled at the substrate, most of
carbon is in the form of C2H2, which indicates that the
residence time in the boundary layer is sufficient f
appreciable feed gas activation near the substrate. Th
results are similar to those we reported using the rem
CH4 gas feed2 where only 36% of the carbon injected
as CH4 was detected at the substrate as CH4, C2H2, and
C2H6. It appears, then, that in order to reduce the carb
source gas residence time to enhance the delivery
CH3 to the substrate, the gas feed carbon-to-diamo
conversion efficiency is substantially reduced as well

The low carbon-to-diamond conversion efficienc
is dictated by the concentration of atomic H in th
boundary layer, which drives the rates of both radic
site creation on the diamond surface [Eq. (2)] and CH4-
to-CH3 conversion [Eq. (1)]. Dandy and Coltrin18 have
reported model results indicating that the atomic
concentration in the boundary layer is 2 to 10 time
lower than that for the free stream region of the plasm
, No. 3, Mar 1996 699
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Therefore, an attempt to examine the atomic H co
centration in the system was undertaken. In Ref. 1
spatially resolved optical emission spectra collected fro
this system were reported, indicating the presence o
boundary layer up to,9 mm thick above the substrate
under diamond growth conditions. Within the bounda
layer, the optical emission intensity for both atomi
hydrogen and argon increased significantly. Because
emission line intensities can vary with changing plasm
conditions, their use to determine relative changes
ground state species concentration is not reliable.20 In
some cases, however, the technique of actinometry
been successfully applied to correct for variations
plasma conditions.20–26 In actinometry, the ratio of the
optical emission intensities of the species of intere
(emitter) and that of an inert species (actinometer)
evaluated to determine relative changes in the grou
state concentration of the emitter. The validity of act
nometry rests upon the assumption that changes
plasma conditions will affect the emission intensities o
the emitter and actinometer similarly. Results obtaine
by actinometry have been verified for a number o
plasma systems by comparison to ground state co
centration measurements obtained with laser induc
fluorescence.27–31 Since both atomic hydrogen and argo
are strong emitters in our system, actinometry wou
appear to be applicable as a means to examine gro
state hydrogen atom concentrations despite large fl
tuations in plasma parameters such as electron ene
distribution and density.

Of interest here is the ground state concentration f
atomic hydrogen. This is obtained through the relatio
IHyIAr ­ KsfHgyfArgd, whereIH andIAr are the optical
emission intensities of H and Ar, respectively,K is a
proportionality constant, [H] is the ground state conce
tration of the atomic hydrogen, and [Ar] is the groun
state concentration of argon.27 In order to substantiate
the validity of using actinometry to determine the H
concentration profile in our reactor, a series of optic
emission measurements was made using the premi
feed method with the substrate lowered to the bottom
the reactor vessel, far from the plasma gun outlet. T
plasma, therefore, was essentially freeflowing, much li
a premixed flame. This arrangement allowed the dire
application of the Sandia PREMIX32,33 flame code to
model the plasma, since we had previously demonstra
the validity of the model for our reactor.1 The experimen-
tal [H] profile is obtained by plotting the ratio of the Ha
optical emission intensity at 656 nmsIHd to the optical
emission intensity of the argon line at 696 nmsIArd as
a function of reactor axial distance. A comparison o
the calculated atomic H plasma centerline profile wi
the actinometric measurements versus distance from
plasma gun is shown in Fig, 8. The experimental H ato
concentration profile, represented by the data points
700 J. Mater. Res., Vol. 11
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FIG. 8. Atomic H concentration profiles, normalized to maximum
values of 1, determined by actinometry, PREMIX centerline calc
lations, and line-of-sight integration.

Fig. 8, appears to decrease faster with axial distan
than the calculated [H] centerline concentration. Th
discrepancy is not surprising, since the model calcula
concentration profiles along the centerline of the plasm
and the actinometry optical emission is collected fro
all points along a line-of-sight that is orthogonal to th
plasma centerline.

The luminous glow of the plasma jet takes on
well-defined conical shape, expanding from a radi
r ­ 0.5 cm when confined to the bore of the plasm
gun tor ­ 1.75 cm approximately 2.54 cm downstream
of the plasma gun.1 To relate the calculated centerline
[H] profile to the profile obtained using the actinome
ric intensity ratio experiment, we make the following
assumption: there exist in the plasma jet axisymmet
hemispherical contours of equal atomic H concentrati
defined by vectors of equal length emanating from
single point of origin (here, the feed gas inlet at th
plasma centerline). A schematic diagram illustratin
this assumption is shown in Fig. 9(a). Implicit in the
assumption is that the centerline calculation establish
a concentration versus distance relationship that is va
along any of these vectors. The line-of-sight optic
emission measurement is necessarily sampling the c
centration across the hemispherical contours along
line as shown in Fig. 9(a). In an emission measureme
taken at a given axial position, in addition to the sign
produced at the centerline, there will be contribution
to the signal along the line-of-sight that correspond
longer distances [longer vectors in Fig. 9(a)] from th
origin. These positions are equivalent to positions alo
the centerline at distances downstream of the measu
ment position. To account for the line-of-sight effec
the actinometric measurementsIHyIAr d is related to the
, No. 3, Mar 1996
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FIG. 9. Schematic diagram illustrating line-of-sight optical emissi
integration method using the CHEMKIN/PREMIX centerline atom
H (Hcalc) calculations.

calculated atomic hydrogen concentration [H]calc by:

IH

IAr
~ 2

Z b

a
fHgcalc dx , (6)

where the factor 2 accounts for integration across
entire plasma diameter,x is the distance along the
plasma centerline,a is the centerline distance of the line
of-sight, andb is the distance from the origin to the
line-of-sight along the outermost vector, as illustrat
in Fig. 9. The integration is performed numerically ov
[H]calc, as shown in Fig. 9. This line-of-sight correctio
produces an integrated [H] concentration profile th
is in agreement with the experimental observation,
shown in Fig. 8. The observed agreement provides
level of confidence in the actinometric measureme
taken with the substrate in place.

Concentration profiles determined by actinomet
for atomic H with the substrate in place are shown
Fig. 10. The profile in Fig. 10 indicates that [H] rises t
a maximum at a point,1.3 cm above the substrate, fall
rapidly over a distance of,2 mm, and then levels off for
the remaining distance to the substrate. The significa
J. Mater. Res., Vol. 1
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FIG. 10. Profiles of (a) optical emission intensities for H (656 nm
and Ar (696 nm) and (b) atomic H determined by actinometry usi
data in (a).

of Fig. 10 is that the amount of atomic H that reach
the diamond growth surface is severely mass diffusi
limited under these reactor conditions and, consequen
there is an upper limit on the attainable rate of diamo
film growth possible for these reactor conditions.

IV. CONCLUSIONS

Results presented here are consistent with
hypothesis that CH3 is the primary gas-phase diamon
growth precursor. The role of atomic H in diamon
synthesis has been relatively well established: (1) p
duction of reactive hydrocarbons in the gas phas
(2) creation of radical sites on the diamond surface, a
(3) stabilization ofsp3 bonding for carbon species boun
to the diamond surface. It appears, then, that for syste
producing relatively low levels of atomic H, such a
ours, a method of inhibiting the hydrocarbon chemist
beyond CH3 production is advantageous and should
considered in reactor design. We cannot rule out t
possibility that the other species formed (CH2, CH, and
C) contribute to diamond growth to some minor exten
1, No. 3, Mar 1996 701
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although measures taken to avoid their presence at
substrate appear to be beneficial.

We regard the diamond deposition rates observ
here to be low. Operating at lower pressures would ea
the mass-transfer limitation that the system is oper
ing under, and would, in theory, increase the diamo
deposition rate. The growth rate levels and the depe
dence upon gas feed CH4yH2 ratios illustrated in Fig. 2
are due primarily to the small concentration of H in th
gas phase at the substrate, which is limited by the lo
amounts,1%d of feed gas H2 dissociated in the reactor
and a dramatic drop in atomic H concentration acro
the boundary layer.
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