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A series of detailed calculations have been carried out using a stagnation flow model to examine the
dependence of diamond growth rate on hydrocarbon injector location in dc arcjet reactors. It is
predicted that, for methane feed, growth rate can be increased by as much as 75% by relocating the
injector from a position near the plasma torch exit to one near the diamond surface, but outside the
boundary layer. As the injector is moved towards the surface from the plasma torch, the
concentrations of C and GHbresent at the surface increase. When the injector is located within the
boundary layer, the lower atomic hydrogen concentration and short residence time leave most of the
injected CH unreacted, causing growth rates to drop.1€@95 American Institute of Physics.

Of the high growth rate deposition technologies for theobserved growth rates in a variety of reactor systems can be
synthesis of diamond via low-pressufel atm chemical reproduced by gas-surface chemical kinetic models in which
vapor deposition, direct curreritic) arcjet reactor systems CH, (x=0-3 are the species leading to diamond grofiih.
have been demonstrated to be extremely robust at producir@ne of these numerical studies includesHg as a potential
high quality, relatively large area filmts> While growth rates  growth specie$,but concluded that it contributed negligibly
in dc arcjet systems are indeed high, ranging fromub@®h  to diamond growth.
up to over 100um/h, the growth rate is achieved at a sig- In dc arcjet reactors where Ghb the feed and there are
nificant materials cost. Carbon capture efficiencies are estho oxygen bearing species present, conditions leading to a
mated to lie between 0.1% and 5%, depending on the detaifavorable growth environment—that is, large atomic hydro-
of the reactor system and operating conditions, where capen concentrations—also result in the formation of appre-
ture efficiency is simply the measure of rate of carbon uptakeiable amounts of ¢H,. Even though large H concentrations
into a film compared to the rate at which carbon is intro-quickly strip hydrogen from the CHeed to form CH radi-
duced into the reactor as a gaseous feed. The low carbaral species, subsequent reactions among these radicals lead
capture efficiency translates into anywhere from 40 to 100 o the formation of GH,. For example, if a dc plasma torch
of continuous reactor operation to produce an 0.5 mm thiclcan produce 30 mol % atomic hydrogen at 2500 K, the domi-
film; increases in carbon uptake efficiency may potentiallynant hydrocarbon species over 80% the region between the
reduce the growth time by a corresponding amount. torch exit and the substrate are C angHg, in comparable

A means of improving the carbon utilization is to exploit concentrations. Inside the several-millimeter-thick boundary
the disparate time scales for the physical processes occurrihgyer adjacent to the substrate, heterogeneous hydrogen re-
in the dc arcjet reactor. Specifically, characteristic time scalesombination chemistry drives the homogeneous hydrocarbon
associated with convection of mass, energy, and momentunchemistry to the extent that the concentration gfigis five
as well as diffusion of these quantitié¢the transport time times higher than that of the second most prevalent carbon
scale, compete with the characteristic time scales associspecies, C atonfsFor systems with less H present, the con-
ated with each of the homogeneous and heterogeneous reaentration of GH, at the surface is higher.
tions taking place in the reactgthe chemical kinetic time Because of the independence of the time scales associ-
scales. If all gaseous hydrocarbon species were equallyated with the chemical kinetics and the convective and dif-
likely to adsorb and incorporate into the diamond film, therefusive transport, it may be possible to exploit the competition
might not exist a competition between the transport andetween the different scales to increase diamond growth rate
chemical kinetic time scales; if the time scales associatetbr a given set of operating conditions. That is, the system
with the delivery of material to the diamond surface weremight be manipulated to utilize the strongly convective na-
smaller than the rate at which carbon species could react, thare of the dc arcjet systems to increase the amount gf CH
kinetic limit, then the rate of diamond growth would dependgrowth species delivered to the diamond surface, relative to
solely on the rate-limiting incorporation si@p the rate at which these species are converted,tt, GCC,H,,

However, there is significant evidence that a small subsetnd GHg. A means of implementing this concept is to con-
of the gas-phase hydrocarbon distribution actually leads ttrol the location of the hydrocarbon injector. Existing dc arc-
diamond growth. One piece of evidence is based on isotopjet systems locate the hydrocarbon injetgbimmediately
labeling experimentdwith an additional body of work based downstream of the plasma torch ekithe resulting hydro-
on numerical modeling studies. The models predict that, focarbon species equilibrate within approximately 26
reasonable adsorption and abstraction rates, experimentalyound the H and Hcomposition issuing from the torch.
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FIG. 1. Schematic diagram of the plasma torch/substrate configuration. dicted di d h ¢ . f hvd bon ini
Methane is injected into a mixture of H ang Hvhich exit the torch at 2500 EIG'hZ' Pr? icte ; |§1_m|0n Igl’(fJWt 'rate afs a unctl;)ndo ydrocarbon injector
K and a velocity of % 10° cms, eightZ,; for two initial mole fractions of atomic hydrogen.

Depending on the torch power and operating conditions, théh 1,02 an_(%i' O.IT imi.Thirl]?Sttr:W% |njec(j:tor :ocatloni'vxr/]e_re
gas temperature ranges from 2000 to 3000 K. As the hydroc-: osen speciiically to fie within the boundary 'ayer, which 15
pproximately 0.5 cm thick for these conditions. At each

carbon species convect towards the substrate they are inexo- ; 0
rably converted to gH,. By moving the hydrocarbon injec- injector location two values foXy, were used, 0.10 and 0.25.

. These values were chosen to be representative,afi$$o-
tor closer to the substrate the amount gHgformed will be o : ; .
. : ciation fractions achievable in low and moderate power dc
less due to the decreased residence time. '

To demonstrate the utility of optimizing diamond growth plasma torches. The values gy, ranged from 2 mg/cfts

rate through control of the hydrocarbon injector location, a&tZinj=10 cm down to 0.011 mg/c’?_ts atZi=0.1 cm. The
set of calculations was performed based on the geomet®'@SMa _torch/substrate gapwas maintained at 15 cm for all
illustrated in Fig. 1. A dc plasma torch, operated solely ontalculations.

H,, is located a distancke above the substrate. Methane is . The prgdmed d|am9nd .growth rate as a.funcuon of in-
injected into the system, inside the jet, at a distadge jector location is shown in Fig. 2 for the two different values

above the substrate, and in the direction towards the su Of free-stream H mole fraction. The dependence of growth

strate. The mole fraction of atomic hydrogen leaving therate on injector location is qualitatively similar between the

0
plasma torchx?,, is assumed known. Analysis of this system FWO values ofXy, but as can be clearly seen, the growth rate

leads to a set of ordinary differential equations describing th i higher when more H is produced by the plasma torch.

: . Both sets of growth rate calculations show a local maximum,
transport of mass, momentum, and energy in the region be-

. indicating that there is an optimal injector location near the
tween the plasma torch exit and the substfdese equa- substrate but outside of the boundary layer. And within the

:glnsd conta|rr11 muIt|cror|npion;?t r:%?Spgrtu?;;f:réfesr’n??g deE)ounds set by the relatively few points computed, it appears
€d gas-phase pyrolysis chemistand s STY- " that the optimal value oZ;,; is insensitive to the amount of

The di_almond growth mechanirused here provides for the H produced by the plasma torch. The percent increase in
deposition O.f C, CH, and GH,. - rowth rate as the injector is moved from 10 cm down to 1
Calculations are presented here for a system similar t(?,m is larger forx%=0.25 than fox%=0.10, primarily due to

one studied previousfy,for which L=15 cm, the reactor the differences in the relative amounts of C and;Gifo-

plressure 'ShSO ;igs an;j thed Iéysl-(i)rg)lxéurle Iﬁaves éhe dﬁ duced for the two cases. Figure 3 illustrates the major species
plasma torch at cm/s an - In that study, G mole fraction profiles for the injector located &f;=1 cm.

comprised 0.5 mol % of the gas mixture at the torch exit. Foro, X%=0.10 [Fig. 3a)] litle C is produced in the free

purposes of direct comparison between the results of thi§qeam and much of this is converted back to,@side the
work, as well as with those of the previous study, the injecteq,, \qary |ayer, driven by the drop in atomic hydrogen due to
CH, flux Mcy, is chosen such that the local gas mixture inpeierqqeneous destruction. In contrast, wh@r=0.25[Fig.

the vicinity of the injection positio&;,; is composed of 0.5%  3(p)] a significant fraction of the inject GHs converted to
CH,; asZ;, decreases, so does the valueMby,,, because . Although the concentration of GHat the surface in Fig.
the total axial mass flux decreases as the substrate is apfa) is a factor of 2 and 3 higher than the concentrations of C
proached. Also, the closet, is to the surface, the less hy- and CH in Fig. 3(b) the assumed reactivity of C with the
drocarbon that is “swept by” without the possibility of en- surface results in a higher predicted growth rate for the case
countering the surfacE. Two sets of calculations are presented by Fig.(8).

presented below for five different injector locatio#g, =10, Figure 4 demonstrates that the mole fraction gHEL
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FIG. 4. Mole fractions at the growth surface as a function of hydrocarbon
injector heightZ;, for two initial mole fractions of atomic hydrogeelosed
symbolsX$,=0.25; open symbol¥%=0.10.

boundary layer the chemistry is driven in a direction that
produces Chland GH, at the expense of C and GHWhen

the injector is located inside the boundary layer there is an
order of magnitude less 8, present at the surface than
when the injector is located in the free-stream region
(Zini>0.5 cm in this case However, this is because the
atomic hydrogen concentration is between 2 and 10 times
less than in the free stream, and little of the G$lconverted

to CH, and GH, species during its residence time within the
boundary layer.

Thus the numerical simulations predict that diamond
growth rate can be increased by moving the hydrocarbon
injector to a position near the substrate, but outside the
boundary layer. When the injector is located within the
boundary layer there is insufficient time and insufficient H
concentration to convert the injected ¢kb either reactive
diamond precursors or to,8,.
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