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Based on results from chemical kinetic model calculations, a method to improve diamond
film growth in a dc arcjet chemical vapor deposition reactor has been developed.
Introducing the carbon source gas (§hkhto an Ar/H, plasma in close proximity to

the substrate produced diamond films exhibiting simultaneous improvements in quality
and mass deposition rates. These improvements result from a reduced residence time

of the methane in the plasma which inhibits the hydrocarbon chemistry in the gas from
proceeding significantly beyond methyl radical production prior to encountering the
substrate. Improvements in growth rate were modest, increasing by only a factor of two.
Optical emission actinometry measurements indicate that the flux of atomic hydrogen
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 that
under the conditions examined here, a low atomic H flux to the substrate poses an upper
limit on the attainable diamond growth rate.

I. INTRODUCTION grown using the remote CHeed exhibited a significant
enhancement in quality as evidenced by Raman spectra

Experimental measurements and chemical kineti h reduced di q i idth hil
modeling results obtained previously in this laboratory"ith reduced diamond peak linewidthéiowever, while

have identified Chi as the dominant diamond growth the quality of the diamond produced was improved, it
precursor in our dc arcjet reactbBased on conclusions Was necessary to nearly double theJldw rate in order
drawn from that work, an optimization strategy was(© achieve the same growth rate as the premixed gas

developed to simultaneously improve the quality and€€d, indicating a decrease in the efficiency with which

growth rate of the diamond films produced in this reac-the carbon in the feed was converted to diaméhdhe

tor. The gas feed system was modified from introducingfecreased efficiency was due to the inability of the,CH
the gas feed into the plasma gun as a mixture (3% CH'° become radially well-mixed during the short transport

in H,), to one identical except that the GHeed was time (~60 us) from point of injection to the substraté.

injected into the plasma separately at a position midwaj¥/€@surements of the carbon content of the gas at the
between the gun and the substratelerein we will substrate indicated that up to 66% of the injected carbon
refer to the former method as thwemixedfeed and f€ed completely bypassed the substfate. _

the latter as theemote CH feed. The concept behind In this work we present results obtained following

the remote Chi feed method was to limit the exposure &7 _ad_ditional modification to the system designed to
time of the CH to the hot plasma, thereby allowing Minimize the CH feed gas exposure to the plasma by

sufficient time for CH to react to produce CHvia injecting the CH at the substrate. We refer to this reactor
CH, + H — CHs + H, upstream of the substrate while feed method asubstrate CH injection. The extremely

forcing subsequent GiHconsumption reactions to occur SNOrt exposure time of the GHo the plasma maximizes
downstream of the substrédhe goal was to determine (he delivery of CH and CH to the substrate during de-
the feasibility of increasing the GHlux to the substrate POSition. As before, subsequent reactions involving,CH
while simultaneously reducing the flux of all other Consumption will occur in the gas phase, though pre-

hydrocarbons by taking advantage of the high gas floyfiominantly dqwnstream of the sub;trate. IdeaIIy,_ then,
velocities produced in the reactor and the finite reactiorin® ©nly reactive hydrocarbon species encountering the

kinetics of the hydrocarbon chemisty. Diamond films ~ Substrate will be Ch as CH is presumed to be un-
reactive. In addition, the close proximity of the ¢H

injection port outlet to the substrate is designed to ad-

aCurrent address: Department of Chemistry, Arkansas State UniverqreSS the low Cltto-diamond efficiency problem men-
sity, State University, Arkansas 72467. tioned above.
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Il. EXPERIMENTAL TABLE I. Nominal dc arcjet CVD reactor operating parameters.
Thg dc arcj_e_t diamo_nd reactor used in these experipc voltage 20V

ments is a modified version of a system that has been préc current 140-150 A

viously described in detall During diamond deposition, Reactor pressure 55-60 Torr

only Ar was passed through the plasma gun electrod&ubstrate Molybdenum (25 mm 38 mm)

: : : : : Plasma gun—substrate distance~2.5 cm (~1 inch)
gap, creating a high velocity plasma that |mp|ngedAr fow rate 13.7 slm

at normal inci_d_ence onto a water-cooled monbdenurrr|2 flow rate 54 sim

substrate positioned 2.5 cm from the gun outlet. In thec, fiow rate 150—700 scem
present configuration, theHand CH, were introduced
into the reactor through separate feed lines, as shown

in Fig. 1. H, was injected into the Ar plasma as before, gigital oscilloscope and a Hewlett-Packard Model 9836
1 cm downstream of the electrode gap through opposingomputer via an IEEE-488 bus. The mass spectrometer
side ports integral to the plasma gun, while £as  response was calibrated by sampling the reactor exhaust
injected 3.5 cm downstream of the, lports through a following addition of known amounts of GH C,H,,
stainless steel tube mounted onto the substrate hoIdeQ;EHm C,Hg, CO and CQ to fixed reactor feed flows of
as shown in Fig. 1. Typical reactor operating parametersy, (5.4 sim) and Ar (13.7 slm) with the plasma turned
are given in Table I. off. Experimentally determined hydrocarbon cracking
Using the substrate CHnjection arrangement, a se- patterns were found to be necessary to account for
ries of diamond films was grown under varied depositioncomplications that occur when high hydrogen partial
conditions. Mass depOSition rates were determined bbressures exist in the ion source region of mass spec-
substrate weight difference. The films produced wergrometers utilizing electron impact ionizatifl. Elec-
characterized using Raman spectroscopy and opticilode surfaces are bombarded with atomic hydrogen
microscopy. Films were grown for 20—30 min to ensurecreated on the hot filament in the ionizer, generating
the formation of crystallites large enough to be examine@igniﬁcam background levels of,®, CQ,, and G,H,.8°
by optical microscopy. Raman spectra were collectedrhe presence of these background species alters the
using anAr™ laser (488 nm, 75 mW) with an incident opserved hydrocarbon cracking patterns from typical
beam diameter of 6@m. To assess the relative quality |iterature values. The observed height of each pak
of each film, the full width at half maximum (FWHM) of in the mass spectrum is the sum of contributions from
the diamond peak was determined by performing a leashe various hydrocarbon species detected. Thus, a fitting
squares fit of the Raman spectra using a fitting functioqunction was constructed to fit all peak heights in the
consisting of a single Lorentzian peak superimposegnass spectrum simultaneously, whete = Y Fi[C],
upon a quadratic backgroufid. ~ where P; is the height of mass spectral pegkF; is
Stable reactor exhaust gas component concentratioRge fractional contribution of speciésto the peak, and
were determined using a UTI Model 100C quadrupole[c,] is the concentration of speciéd The summation
mass Spectrometer interfaced with a LeCroy Model 940@5 performed for all Species producing Signa|s between
5 amu and 55 amu. Only th@& values are varied during
Ar the fit to determine the hydrocarbon concentrations.
r r Optical emission spectra for actinometry analyses
H H were obtained by imaging the luminous plasma emission
2 2 onto the end of a 1.0 mm diameter fiber optic bundle with
a 200 mm focal length biconvex quartz lens. A Tracor
Northern Model TN6500 optical multichannel analyzer
(OMA) equipped with an intensified 1024 element pho-
‘éngfé d todiode array detector, 0.5 nm bandpass, was used to
mount record the emission spectra. The OMA was calibrated
for spectral response using an Optronics Laboratories
Model 220M standard tungsten lamp.

protective
plate

cooling

water out lll. RESULTS AND DISCUSSION

: In Fig. 2, the mass deposition rates for films grown
cooling ; A P
CH. inlet ?Wmerin using th_e substrate QH_anectlon scher_ne are shown
4 along with results for films grown using the remote

FIG. 1. Schematic diagram of the dc arcjet diamond reactor incorpoCH.4 and Premixed gas feeds. These films were grown
rating the substrate CHinjection system. while varying the CH gas feed flow rate; the Ar and,H

to
vacuum

pump

P
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15 , mechanism given in Table H- For the reactions (1)—(3)
17°¢ ;;e:;f:"cg”“F:::" in the text below and those listed in Table Il, CH(s)
- Substrate C4H4 denotes a hydrogena.ted surface carbon, C*(s) denotes
" Injection a surface carbon radical, CM(s) denotes a methylated
-5 — Calculated surface carbon, and CM*(s) denotes a LCkadical
bound to a surface carbon. The model predicts that
injecting the CH inside the boundary layer, close to the
1 substrate, proves to be beneficial for two reasons. First,
[ the residence time of the hydrocarbon in the hot gas
i ;e o mixture is very short, and the gas-phase chemistry does
1 %9 not have sufficient time to proceed significantly past the
i reaction:

e
o
1

GROWTH RATE (mg/h)
o
1

0 2 4 6 8 10 12 14 CHy + H— CH; + H,. (1)
% [CH4/[H )

Subsequent hydrogen abstraction reactions do occur,
FIG. 2. Mea_sured diamond mass dep(_)sition rates versug/KGH but only small concentrations of GHx = 0,1,2) are
percentage in reactor feed gas for various,Qits feed methods. . s
Calculated deposition rates are for the substrate iBjeéction method. predicted to form within the ,boundary layer. Further,
Feed gas flow rates for Ar and,Hvere held constant at 13.7 sim and Small concentrations of atomic carbon through methy-
5.4 slm, respectively. lene radical species and short residence times lead to

relatively small conversion of the C1 species to C2

species. A series of boundary-layer calculations carried
flow rates were held constant at 13.7 sIm and 5.4 slmgut in this system predict that, at the outer edge of the
respectively. Deposition rates for films grown using thesubstrate where [{,] is maximum, [CH] is larger by a
premixed feed are limited to lower GfH, feed ratios, factor of up to five, even though GHbk being depleted by
since ratios greater thar3% produced black films for deposition downstream of the injector (brackets denote
which the Raman spectra indicated the presence of sigsoncentration). These relative concentrations of @hdl
nificant amounts of non-diamond carbon. Similar result€C,H, are in marked contrast to those observed near
were obtained using the remote ¢leed for CH/H, the substrate under premixed conditions; in that system,
ratios greater than 6%. With the substrate methan§C,H,] can be between 10 and 30 times greater than
injection design, high quality diamond films have been[CH3] adjacent to the substrate. The second benefit of
produced with CH/H, feed ratios as high as 12%. injecting the hydrocarbon within the boundary layer
Although the mass deposition rate increased by a factds that, by definition, all reactive species formed have
of 2 at the higher CHl flows, there appears to be little a finite probability of reacting with the surface. No
advantage in using a GH, feed ratio above about 8%. activated species can be “blown by” the substrate without

Calculated diamond deposition rates for the sub-ossibility of contact.

strate CH injection method, also shown in Fig. 2, agree The enhancement of growth rate through substrate
extremely well with measured values. The calculatednjection is directly proportional to the amount of atomic
results were obtained using a boundary-layer modehydrogen present inside the boundary layer. At the
(CRESLAF) coupled with a simplified surface kinetics pressure considered in this study, 55 Torr, the system is

TABLE II. Surface chemistry mechanism used in boundary-layer calculatiGteaction rate coefficient A?e~(E/RT),

Reactiofl A b E
CH(s) + H — C*(s) + H, 6.19 x 10'3 0 7300
C*(s) + H— CH(s) 1.70 x 1013 0 0
C*(s) + CHz — CM(s) 3.30 X 10" 0 0
CM(s) — C*(s) + CH;s 1.29 X 10' 0 61000
CM(s) + H — CM*(s) + Ha 427 X 10" 0 7300
CM*(s) + H — CH(s) + H, + diamond 8.54 X 10 0 7300
C*(s) + C — C*(s) + diamond 3.30 X 102 0 0
CM*(s) + CHs — CM(s) + defect+ H; 7.50 X 108 0 0
CM*(s) + C — C*(s) + defect+ diamond+ H; 7.50 X 108 0 0

a8From Ref. 11.
bSpecies symbols defined in text.
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mass-transfer limited in atomic hydrogen. This limitation
manifests itself as a dramatic drop in [H] from its free b
stream value to that at the surface. The two surfact d a ¢ 11.3 cm
reactions responsible for this drop in H across the bound e
ary layer are

CH(s) + H— C*(s) + H, 2
and

a
C*(s) + H — CHJ(s). (3)

The mole fraction of H at the surfacey; is related to
the free stream valu&y by simple transport theor:

X5 | 2kkIs 1
XH (k2 + k3)DH 1 + Da ’

wherek, and k; are the rate constants for Egs. (2) and
(3), I is the total concentration of surface siték; is the
diffusivity of H in Ar, andDa is the effective Damihler
number, which is the ratio of the rate of destruction
of H by surface reactions to the rate of transport of H
through the boundary layer to the surface by diffusion.
The boundary-layer thicknes8, is given by

(4)

INTENSITY (a.u.)

LD
s ~2 =81, (5)
Us
. . . 1
where L is the torch-to-substrate distance abdg is 1000 1200 1400 1600 800
the average velocity of the gas exiting the plasma gun RAMAN SHIFT (cm -1)

For this arcjet system, it is estimated from Eq. (4)
that Xf{/XH =~ (0.06. This prediction is borne out FIG. 3. Spatially resolved Raman spectra for a diamond film grown
by experimental observation. Since only 1% of theusing the subst_r_ate QHnje_cti(_)n method._ Spectra labeled a—e cor-
injected H into the plasma gun dissociates to form r(_aspond t_o posmo_ns a—ce indicated in diagram of a 1.3 cm diameter
1 e circular diamond film on a rectangular Mo substrate.
H,* the amount of H present inside the boundary layer
reacting with the injected CHcomprises only about
0.2% of the total gas mixture. is some evidence in the spectra of a non-diamond carbon
Both measured and calculated deposition rates iphase. Also, the films grown with substrate injection are
Fig. 2 exhibit identical functionality (initial increase, nearly white in color, as opposed to the characteristic
plateau, and then fall off) with increasing @lgercent- off-white/gray color of the films produced using the
ages in the rector gas feed. At relatively low £H,  premixed and remote CHyas feeds. This coloration is
feed ratios, the increase in growth rate is due to amlue to an accumulation of amorphous and/or graphitic
increase in the concentration of activated carbon (preearbon in the films, presumably at the grain boundaries.
dominantly CH) in the gas phase near the substrate via Raman spectroscopic measurements provide an
reaction (1). At higher CkfH, ratios, the deposition rate assessment of diamond quality that is largely qualitative
levels off because reaction (1) competes with reaction (2and interpretation of spectra is subject to a number of
for available gas phase H, effectively limiting the rate atdifficulties. Although the scattering efficiency of graphite
which reactive sites are formed on the surface via reads about 50 times that of diamond in the visibfé3
tion (2). At very high CH/H, ratios, the deposition rate graphite is strongly absorbing (optical absorption
falls as reaction (1) depletes the gas phase of H, whichoefficient « = 3.4 X 10° cm~')'* while diamond is
reduces the rate of reactive site formation, reaction (2)transparent. Consequently, th@?> bonded carbon in
Spatially resolved Raman spectra for a representhe film is capable of absorbing a significant portion
tative film grown using the substrate GHnjection of both the incoming laser and the outgoing Raman
method are shown in Fig. 3. The absence of a significargcattered radiatiof?. A CVD diamond film containing
non-diamond feature in the spectra indicates that tha small amount of a non-diamond carbon would be
reported mass deposition rates are attributable largely texpected, therefore, to exhibit a Raman spectrum
diamond, although in peripheral regions of the film, therewith fewer detected scattered photon counts, but not
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necessarily a discernible non-diamond carbon peak. Thehile varying the CH feed flow rate are shown in
top trace in Fig. 4 is a Raman spectrum obtained fron¥ig. 5. For comparison, the linewidths for the highest
a white diamond film produced with the substrate ,CH quality films produced using the premixed and remote
injection reactor design, while the lower two spectra ardfeed methods (no non-diamond feature in the Raman
from the highest quality diamond films we have grownspectra) are included in Fig. 5. Unusually high £H,
with the remote CHl (off-white) and premixed (gray) gas feed gas percentages, up to 12%, may be used with the
feeds. Features due to non-diamond carbon are absemibstrate CH injection to produce high quality films,
in all three spectra. What is strikingly evident, however,whereas most other diamond CVD systems produce
is the reduced number of photon counts measured famon-diamond films above a GfH, feed gas percentage
the light gray films produced using the remote Cihd  of 0.5-2%!° Diamond is produced in this system
premixed gas feeds. We ascribe the decreased Ramah high CH/H, feed gas ratios largely because the
spectral intensities of these films as due to absorptionesidence time of the CHin the plasma is extremely
by non-diamond carbon. short, allowing only CH, which cannot bind as-is to
The existence of impurities and/or crystal defects inthe diamond surface, and GHwhich is an effective
diamond also affects the line shapes of the Raman spediamond precursor, to encounter the substrate surface.
tral features"? Relatively high quality diamond films Other hydrocarbons are, in fact, formed in the reactor,
are characterized by Raman spectra lacking the broaalthough predominantly downstream of the substrate
band due tosp? bonded carbon at about 1566n~'.  where they do not participate in film formation.
For these films, semiquantitative assessments of A noteworthy observation made during the course of
quality are performed by comparing the linewidth of this study is that both the remote ¢End substrate CH
the diamond peak at 1332m~!' to the benchmark injection gas feed methods produced high quality, small-
value of 2.0cm™! for gem quality single crystal grained films. The Raman spectra shown in Fig. 4 repre-
diamond*'? We have found that our films may sent films (of equal deposition times) with grain sizes of
produce FWHM linewidths at 1332m~! as high as 0.5-2um, 1.2—2.4um, and 6—7.2um for the substrate
13 cm~! with no discernible non-diamond feature. CH, injection, remote Chi and premixed feed meth-
The Raman FWHM linewidths of the 1332m~! ods, respectively. Only relatively large-grained films
diamond peak for the films represented in Fig. 4produced Raman spectra with no non-diamond carbon
are 10.9 cm~! for the film using the premixed feature using the premixed feed, whereas small-grained
feed, 4.5cm~! for the film grown using the remote films produced with this gas feed method were darker
methane feed, and 4&n~! for the film grown using and noticeably of inferior quality. The ability to pro-
substrate methane injection. An obvious improvementluce high quality, small-grained films is of value for
in the quality of the films is observed using the applications requiring thin films of high strength, since
remote CH feed and/or the substrate GHnjection, polycrystalline materials generally show an inverse
compared to the premixed feed. FWHM linewidths forrelationship between strength and the square root of
films grown using the substrate GHhjection method grain size'’

12 4
b (]
10 4
Substrate CH 4 injection i T ]
3 $°] . "
S s ] -
ﬁ L 6 4
@ Remote CH, feed = -
z X13 i
w = | | A
= Z 4
z =
= ) @ premixed CHy
) 2 1 A remote CHy
Premixed CH 4 feed | W substrate CHy
0 e B s e S e e e L Ea
. . . . r . . 0 2 4 6 8 10 12 14
1000 1200 1400 1600 1800 % [CH, J/[H 5]

RAMAN SHIFT (cm T
( ) FIG. 5. Full width at half maximum (FWHM) linewidths of the

FIG. 4. Raman spectra of diamond films grown using various gasliamond peak at 1332m ! in Raman spectra of films grown using
feed methods. The substrate £hhethod produces films exhibiting varying CH,/H, percentages in the reactor feed gas for varioug CH
the most intense Raman spectra with the narrowest diamond linewidtfeed gas methods. Feed gas flow rates for Ar andweére held
at 1332cm™ . constant at 13.7 slm and 5.4 sIm, respectively.
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6001 substrate CHy4 injection 1 = CHy
1 4 coHp
500 1 _ 201 o coHg
E -
3
400 1 2 )
gas feed CH4 m i
300 A Exhaust § o b
O CHy g i
200 1
= 1004 © C2Hg ]
3
K23 _'_'_rW 0 T T T Y Y T T T T T T T T T
w 0- T 0 2 4 6 8 10 12 14
& 600 - premixed CH, feed % [CH,4 JMH 5]
% FIG. 7. Stable component gas flow rates detected by mass spectrom-
o 500 4 etry while sampling at the substrate versus ) percentage in
reactor feed gas for the substrate Lhjection feed gas method.
400 1 Feed gas flow rates for Ar andHivere held constant at 13.7 slm and
gas feed CH4 5.4 sIm, respectively, while the feed gas L£How rate was varied
300 - between 183 sccm and 615 sccm.
200 1
measurements, the amount of carbon detected (in the
100 - form of CH,, C,H,, and GHe) is only about 14—-27% of
o000 that injected as CiH This is in contrast with the exhaust
o+ gas measurements in Fig. 6 where, within experimental
0 2 4 6 8 10 12 14 error, 100% of the carbon injected as £ detected

% [CH, VM o] as CH, GCH,, and GHg. The low percentage of .to.tal
SHTa T2 detected carbon reveals that most of the carbon injected
FIG. 6. Reactor exhaust component gas flow rates detected by magd the substrate never reaches the mass spectrometer
spectrometry versus GifH, percentage in reactor feed gas for sampling port and, thus, does not mix completely with
substrate Chi injection and premixed Cifeed methods. Feed gas the plasma. Although injecting the Glh the boundary
flow rat_es for Ar_and H were held constant at 13.7 slmland 5.4 slm, Iayer ensures that all of the injected carbon contacts the
respectively, while the feed gas GHow rate (large solid squares)
was varied between 154 sccm and 615 scem. substrate, most of the carbon source gas flows through
the reactor without binding to the substrate, resulting in a
low gas phase carbon-to-diamond conversion efficiency.
The chemical effect of the reduced Gliesidence Of the gas that is sampled at the substrate, most of the
time in the plasma is indicated in Fig. 6, which showscarbon is in the form of gH,, which indicates that the
the reactor exhaust gas composition determined by masssidence time in the boundary layer is sufficient for
spectrometry as a function of the GHH, feed gas per- appreciable feed gas activation near the substrate. These
centage. Note that the Ar ang ffeed gas flow rates were results are similar to those we reported using the remote
held constant at 13.7 sim and 5.4 sim, respectively. ICH, gas feed where only 36% of the carbon injected
is clear in Fig. 6 that although identical exhaust gasas CH, was detected at the substrate as,CEH,, and
components are detected (HC,H,, and GHg), a  C,Hg. It appears, then, that in order to reduce the carbon
larger percentage of the feed gas £phsses through source gas residence time to enhance the delivery of
the reactor intact for the substrate Clihjection feed CHs; to the substrate, the gas feed carbon-to-diamond
system as compared to the premixed feed system.  conversion efficiency is substantially reduced as well.
The data in Fig. 7 were collected under identical  The low carbon-to-diamond conversion efficiency
conditions except that the gas was sampled at the sulis dictated by the concentration of atomic H in the
strate. The sampling port inlet was located at the oppositboundary layer, which drives the rates of both radical
end of the substrate relative to the gas feed port to sampkgte creation on the diamond surface [Eg. (2)] and,;CH
gas that had been injected and traversed the substrate;CHs conversion [Eq. (1)]. Dandy and Coltfthhave
a distance of about 1 cm. The data in Fig. 7 showreported model results indicating that the atomic H
that although the amount of,8, and GHg detected concentration in the boundary layer is 2 to 10 times
relative to CH is greater than for the exhaust gaslower than that for the free stream region of the plasma.
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Therefore, an attempt to examine the atomic H con: ® Actinometry

centration in the system was undertaken. In Ref. 19 10 1 Data
spatially resolved optical emi_ssi_on spectra collected fronZ iy —— Centerline
this system were reported, indicating the presence of & T Calculation
boundary layer up te-9 mm thick above the substrate < 1 ---- Line of Sight

under diamond growth conditions. Within the boundaryg .
layer, the optical emission intensity for both atomicy 05 1 9
hydrogen and argon increased significantly. Because tr§ . ~
emission line intensities can vary with changing plasme2, - ®
conditions, their use to determine relative changes = .
ground state species concentration is not relidble .
some cases, however, the technique of actinometry h¢ 0 T T r . Y . -
been successfully applied to correct for variations in 2 4 6 8 10
plasma condition&2-?° In actinometry, the ratio of the AXIAL DISTANCE FROM GAS INLET (cm)
opt|<_:al emission mtensm(_es of the .SpECIGSf of mtere?‘LIG. 8. Atomic H concentration profiles, normalized to maximum
(emitter) and that of an inert species (actinometer) iSajues of 1, determined by actinometry, PREMIX centerline calcu-
evaluated to determine relative changes in the groungtions, and line-of-sight integration.
state concentration of the emitter. The validity of acti-
nometry rests upon the assumption that changes in
plasma conditions will affect the emission intensities of
the emitter and actinometer similarly. Results obtained
by actinometry have been verified for a number ofFig. 8, appears to decrease faster with axial distance
plasma systems by comparison to ground state corthan the calculated [H] centerline concentration. This
centration measurements obtained with laser inducediscrepancy is not surprising, since the model calculates
fluorescencé’~3! Since both atomic hydrogen and argon concentration profiles along the centerline of the plasma
are strong emitters in our system, actinometry wouldand the actinometry optical emission is collected from
appear to be applicable as a means to examine grouradl points along a line-of-sight that is orthogonal to the
state hydrogen atom concentrations despite large fluglasma centerline.
tuations in plasma parameters such as electron energy The luminous glow of the plasma jet takes on a
distribution and density. well-defined conical shape, expanding from a radius
Of interest here is the ground state concentration for = 0.5 cm when confined to the bore of the plasma
atomic hydrogen. This is obtained through the relationgun tor = 1.75 cm approximately 2.54 cm downstream
Iu/In, = K((H]/[Ar]), wherel; andl,, are the optical of the plasma guh.To relate the calculated centerline
emission intensities of H and Ar, respectivelg,is a  [H] profile to the profile obtained using the actinomet-
proportionality constant, [H] is the ground state concen-ic intensity ratio experiment, we make the following
tration of the atomic hydrogen, and [Ar] is the ground assumption: there exist in the plasma jet axisymmetric
state concentration of argéh.In order to substantiate hemispherical contours of equal atomic H concentration
the validity of using actinometry to determine the H defined by vectors of equal length emanating from a
concentration profile in our reactor, a series of opticalsingle point of origin (here, the feed gas inlet at the
emission measurements was made using the premixgdasma centerline). A schematic diagram illustrating
feed method with the substrate lowered to the bottom othis assumption is shown in Fig. 9(a). Implicit in the
the reactor vessel, far from the plasma gun outlet. Th@ssumption is that the centerline calculation establishes
plasma, therefore, was essentially freeflowing, much likea concentration versus distance relationship that is valid
a premixed flame. This arrangement allowed the direcalong any of these vectors. The line-of-sight optical
application of the Sandia PREM#3? flame code to emission measurement is necessarily sampling the con-
model the plasma, since we had previously demonstratezentration across the hemispherical contours along a
the validity of the model for our reactéiThe experimen- line as shown in Fig. 9(a). In an emission measurement
tal [H] profile is obtained by plotting the ratio of theH taken at a given axial position, in addition to the signal
optical emission intensity at 656 nffiy) to the optical produced at the centerline, there will be contributions
emission intensity of the argon line at 696 fiM,) as to the signal along the line-of-sight that correspond to
a function of reactor axial distance. A comparison oflonger distances [longer vectors in Fig. 9(a)] from the
the calculated atomic H plasma centerline profile withorigin. These positions are equivalent to positions along
the actinometric measurements versus distance from titbe centerline at distances downstream of the measure-
plasma gun is shown in Fig, 8. The experimental H atonmment position. To account for the line-of-sight effect,
concentration profile, represented by the data points ithe actinometric measureme(t;/1,,) is related to the

Integration
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Plasma Gun 1.0 -
Contours of 1 (@)
equal [H] 0.8 4
S
\\\\ / \ 306 1 |
% 0.4 - Iy
Line of Sight >
w J
4 =
= 0.2 - | Ar
0 T L3 v T T - T T T T
1.0
'% . integration limits in eq. 6 - (b)
o 1 4 J
i ] a/ 0.8
= ] 4
2 . 0.6 1 [
© <C
g . b = 4
£9% ] = 04
O -
T J
- 0.2
T ] ]
GCJ 0 L) L) L] T L) L 0
O 2 4 6 8 10 T T T T T T T Y Y T
0.2 0.6 1.0 1.4 1.8 2.2

Axial Distance from Gas Inlet (cm)
DISTANCE FROM BSTRATE (cm
FIG. 9. Schematic diagram illustrating line-of-sight optical emission S C oM SuBS (cm)
integration method using the CHEMKIN/PREMIX centerline atomic FIG. 10. Profiles of (a) optical emission intensities for H (656 nm)

H (Hca) calculations. and Ar (696 nm) and (b) atomic H determined by actinometry using
data in (a).

calculated atomic hydrogen concentration {d]by:
. of Fig. 10 is that the amount of atomic H that reaches
Iy the diamond growth surface is severely mass diffusion
o« 2 [H]calc dx ) (6) .. ..
Tar a limited under these reactor conditions and, consequently,
there is an upper limit on the attainable rate of diamond

where the factor 2 accounts for integration across th%lm growth possible for these reactor conditions

entire plasma diameternx is the distance along the
plasma centerling is the centerline distance of the line-
of-sight, andb is the distance from the origin to the IV. CONCLUSIONS
line-of-sight along the outermost vector, as illustrated Results presented here are consistent with the
in Fig. 9. The integration is performed numerically over hypothesis that Cklis the primary gas-phase diamond
[H]caier @s shown in Fig. 9. This line-of-sight correction growth precursor. The role of atomic H in diamond
produces an integrated [H] concentration profile thasynthesis has been relatively well established: (1) pro-
is in agreement with the experimental observation, asluction of reactive hydrocarbons in the gas phase,
shown in Fig. 8. The observed agreement provides &2) creation of radical sites on the diamond surface, and
level of confidence in the actinometric measurement¢3) stabilization ofs p3 bonding for carbon species bound
taken with the substrate in place. to the diamond surface. It appears, then, that for systems
Concentration profiles determined by actinometryproducing relatively low levels of atomic H, such as
for atomic H with the substrate in place are shown inours, a method of inhibiting the hydrocarbon chemistry
Fig. 10. The profile in Fig. 10 indicates that [H] rises to beyond CH production is advantageous and should be
a maximum at a poirnt-1.3 cm above the substrate, falls considered in reactor design. We cannot rule out the
rapidly over a distance of2 mm, and then levels off for possibility that the other species formed (£KH, and
the remaining distance to the substrate. The significanc€) contribute to diamond growth to some minor extent,
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although measures taken to avoid their presence at the.
substrate appear to be beneficial.
We regard the diamond deposition rates observe

ing under, and would, in theory, increase the diamond

deposition rate. The growth rate levels and the depent*:

dence upon gas feed GHH, ratios illustrated in Fig. 2
are due primarily to the small concentration of H in the

gas phase at the substrate, which is limited by the lowis.

amount(~1%) of feed gas H dissociated in the reactor

and a dramatic drop in atomic H concentration acros®:

the boundary layer.

17.

ACKNOWLEDGMENTS
This work was supported in part by the Office of 13

wishes to acknowledge the support of the Materials23
Science Program at ARPA, Contract NO0014-93-1-2002.

24.
25.

REFERENCES

1. S.W. Reeve, W.A. Weimer, and F. M. Cerio, J. Appl. PHi.
7521 (1993).

2. S.W. Reeve, W.A. Weimer, and D.S. Dandy, Appl. Phys. Lett. 27

63, 2487 (1993).
3. S.W. Reeve and W. A. Weimer, Thin Solid Fili253 103 (1994).
. J.W. Ager lll, D.K. Veirs, and G. M. Rosenblatt, Phys. Rev. B
43, 6491 (1991).
5. L. H. Robins, E.N. Farabaugh, and A. Feldman, J. Mater. Res.
5, 2456 (1990)

Appl. Phys. Lett.58 1387 (1991).

7. S.C. Sharma, M. Green, R.C. Hyer, C.A. Dark, T.D. Black, 32.

A.R. Chourasia, D.R. Chopra, and K.K. Mishra, J. Mater. Res.
5, 2424 (1990).

8. H.F. Dylla and W.R. Blanchard, J. Vac. Sci. Technol1,A1297
(1983).

702

10.

26.

28.

29.

G. A. Rozgonyi, J. Vac. Sci. Techn@, 187 (1983).
M. E. Coltrin, H. K. Moffat, R.J. Kee, and F. M. Rupley, Sandia
Report SAND93-0478 (1993).

) (j!l. D.S. Dandy and M. E. Coltrin, J. Mater. Rd€), 1993 (1995).
here to be low. Operating at lower pressures would easg,

the mass-transfer limitation that the system is operatis.

D. S. Knight and W. B. White, J. Mater. Re%.385 (1989).

N. Wada, P.J. Gaczi, and S. A. Solin, J. Non-Cryst. SEEISG
543 (1980).

A. Borghesi and G. Guizzetti, Handbook of Optical Constants of
Solids,edited by E. D. Palik (Academic Press, New York, 1991),
p. 458. Absorption coefficients = 477k/A, usingk = 1.31 and

A = 488.0 nm.

R. E. Shroder, R.J. Nemanich, and J.T. Glass, Phys. &ev.
3738 (1990).

T. D. Moustakas, irsynthetic Diamond: Emerging CVD Science
and Technologygedited by K. E. Spear and J. P. Dismukes (Wiley,
New York, 1994), Chap. 6.

D. C. Harris)nfrared Window and Dome Materia(SPIE Optical
Engineering Press, Bellingham, WA, 1992), pp. 69, 70.

. D.S. Dandy and M. E. Coltrin, Appl. Phys. Lei, 391 (1995).
’ . S.W. Reeve and W. A. Weimer, Thin Solid Fili236, 91 (1993).
Naval Research. S.W.R. acknowledges the Office ofo.

Naval Research and the American Society for Engineer21.
ing Education for a Postdoctoral Fellowship. D.S.D.22:

F.G. Celiiand J. E. Butler, Ann. Rev. Phys. Chd®).643 (1991).
J.W. Coburn and M. Chen, J. Appl. Phy4, 3134 (1980).

R. A. Gottscho and T.A. Miller, Pure & Appl. Cherb6, 189
(1984).

. R.W. Dreyfus, J.M. Jasinski, R.E. Walkup, and G.S. Selwyn,

Pure & Appl. Chem57, 1265 (1985).

T.A. Miller, J. Vac. Sci. Technol. A, 1768 (1986).

J.A. Mucha, D.F. Flamm, and D. E. Ibbotson, J. Appl. Ples.
3448 (1989).

W. Zhu, A. Inspektor, A. R. Badzian, T. Mckenna, and R. Messier,
J. Appl. Phys.68, 1489 (1990).

A. Granier, D. Chereau, K. Henda, R. Safari, and P. Leprince,
J. Appl. Phys.75, 104 (1994).

R. d’Agnostino, F. Cramarossa, S. De Benedictis, and G. Ferraro,
J. Appl. Phys.52, 1259 (1981).

R.A. Gottscho, G.P. Davis, and R.H. Burton, J. Vac. Sci.
Technol. A1, 622 (1983).

] ] o ) ) 30. R. A. Gottscho and V. M. Donnelly, J. Appl. Ph§, 245 (1984).
6. M. Yoshikawa, H. Ishida, A. Ishitani, S. Koizumi, and T. Inuzuka, 31.

R. E. Walkup, K. L. Saenger, and G.S. Selwyn, J. Chem. Phys.
84, 2668 (1986).

R.J. Kee, F.M. Rupley, and J. A. Miller, Sandia National Labo-
ratories Report, SAND89-8009 (1989).

33. R.J. Kee, J.F. Grcar, M.D. Smooke, and J.A. Miller, Sandia

National Laboratories Report, SAND85-8240 (1985).

J. Mater. Res., Vol. 11, No. 3, Mar 1996



