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Resonance enhanced multiphoton ionization and cavity ring down spectroscopies have been used to
provide spatially resolved measurements of relative H atom angdr&tical number densities, and

NH column densities, in a hot filamerfHHF) reactor designed for diamond chemical vapor
deposition and here operating with a 1% QH/H, gas mixture—wheren represents defined
additions of N or NH;. Three-dimensional modeling of the H/C/N chemistry prevailing in such HF
activated gas mixtures allows the relative number density measurements to be placed on an absolute
scale. Experiment and theory both indicate that ibl largely unreactive under the prevailing
experimental conditions, but NHadditions are shown to have a major effect on the gas phase
chemistry and composition. Specifically, Widdditions introduce an additional series of “H-shift”
reactions of the form NE#+H=NH,_;+H, which result in the formation of N atoms with
calculated steady state number densitiek)*® cm™2 in the case of 1% Nladditions in the hotter
regions of the reactor. These react, irreversibly, with l&§drocarbon species forming HCN
products, thereby reducing the concentration of free hydrocarbon siectably CH;) available to
participate in diamond growth. The deduced reduction i, @iimber density due to competing gas
phase chemistry is shown to be compounded by; Nduced modifications to the hot filament
surface, which reduce its efficiency as a catalyst fordi$sociation, thus lowering the steady state

gas phase H atom concentrations and the extent and efficiency of all subsequent gas phase
transformations. ©2002 American Institute of Physic§DOI: 10.1063/1.1481941

I. INTRODUCTION CH;NH,/H, and HCN/H gas mixtures were also shown to
yield CVD diamond, with(low) efficiencies comparable to
that found using 1:1 mixtures of GHand NH; in H,.?* Such
findings are explicable given the MBMS measurements,
which showed substantial conversion of the input carbon to

wave (MW) reactors can lead to enhanced deposition rate{lCN’ the thermodynamlc%lly favorgd product, at the rel-
affect the growth habit, cause macrostep bunching, lead t5Y&nt Process temperaturésThus, it was proposed that
(modest nitrogen incorporation in substitutional lattice sites, HCN acts as a sink for carbon that might otherwise have

and thereby affect the electrical and field emission propertieBarticipated in diamond growth. _
of the resulting films:2° May and co-workerd=23 investi- The combined program of experiment and modeling pre-

gated diamond CVD in both HF and MW reactors usingSented here aims to provide a more detailed interpretation of
CH4/NH3/H,, CHsNH,/H,, and HCN/H gas mixtures. the effects of controlled additions of nitrogéin the form of
The aims of their studies were two fold; namely, to seeN2 and NH) to HF activated Cli/H, process gas mixtures
whether use of such alternative N containing precursors prcat mole fractions appropriate for, and well beyond those used
vided a route to enhanced nitrogen incorporation in the asin, successful diamond deposition. As such, the study pro-
grown diamond film, and to unravel aspects of the chemistry/ides a rather stringent test of the current understanding of
prevailing in H/C/N containing gas mixtures usimy situ ~ H/C/N gas phase chemistry, over a wide temperature range.
molecular-beam mass spectrometiBMS) to sample the The experimental work involves use of resonance enhanced
gas phase composition in the vicinity of the HF. Diamondmultiphoton ionization(REMPI) spectroscopy to provide
CVD was observed from CHNH3/H, feedstock gas mix- spatially resolvedn situ measurements of H atom and ¢H
tures, provided the input gas rafi€H,]:[NHz]=1, but the radical number densities, and cavity ring down spectroscopy
addition of NH; was found to reduce deposition rates relative(CRDS?*~?°to provide similar measurements of NH radical
to those found for a simple CHH, gas mixture. column densities, as a function of process condititmg.,
feedstock gas mixing ratio and the temperatdrg, of the
dAuthor to whom all correspondence should be addressed; electronic maiITa filamen}. The REMPI measurements serve to extend re-
mike.ashfold@bris.ac.uk cent investigations of diamond CVD when using £H,

Addition of trace(ppm) amounts of nitrogefas N, or in
the form of an N containing gas like Njlto the typical
hydrocarbon/H gas mixtures used for diamond chemical va-
por deposition(CVD) in both hot filamentHF) and micro-
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and GH,/H, gas mixtures in the same HF-CVD
reactor’ ~2° These experimental results are compared with _
the output of an existing three-dimensior{8D) model° vered
tailored specifically to this HF-CVD reactor. The model

comprises three blocks, which descritbg activation of the

reactive mixture(i.e., gas heating and catalytic H atom pro- Laser beam

Digital
callipers

|
=i i= Filament / substrate

duction at the filament surfage(ii) gas-phase processes / ‘

(heat and mass transfer and chemical kingtiaad (iii ) gas- —

surface processes at the substrate. The final subroutine is nc Micrometer S

required in the present work, since the experiments to be adjustable 12 mm
modeled were all performed with no substrate in place. The mirror mounts

gas-phase chemistry and thermochemical input is taken from 3mm$ y

the GRI-Mech 3.0 detailed reaction mechanism for C/H/N/O
gas mixtures! supplemented by one additional reaction al-
lowing destruction of the species,@N, but with all reaction
steps andzspemes mVOlV'”Q_ O atoms'removed- AS In previougig. 1. schematic of the HF-CVD reactor configured for CRDS measure-
studles?o'3 '33the conservation equations for mass, momen-ments. The inset at the bottom right-hand side shows an enlarged schematic
tum, energy, and species concentrations, together with appr@f- the filament region and coordinate system used in the numerical model-
priate initial and boundary conditions, thermal, and caloric"9- !n the model calculation, gas enters and exitz=at- 26 mm and'+ 26

. ) . m, respectively. The filament consists of seven lo@mm diameter of
equations of state, are each integrated numerically untia wire, and is of overall length 12 malongy).
steady-state conditions are attained, thereby yielding spatial
distributions of the gas temperatufigys, the flow field, and
the various species number densities and mole fractions.

Comparisons between the experimental and model resulipectra-Physics DCR 2A plus PDL).3The transient ion
serve to illustrate the very different reactivities of ldnd  current resulting from REMPI in the focal region within the
NHs in the present HF activated 1% GHH, gas mixtures, reactor, and the signal from the photodiode used to monitor
and reveal details both of the gas-phase chemistry prevailingye UV light intensity(to allow power normalization of the
when using CH/NH3/H, process gas mixtures, and the re- measured REMPI signalsare passed to a digital oscillo-
duction in H atom prOdUCtion rate on the surface of the HFscope and then to a persona] Complﬂm) for storage and
when NH; is added to the process gas mixture. subsequent analysis.

CRDS measurements involved slight adaptation of the
reactor to allow for mounting of the ring down mirrors, but
otherwise similar operating conditions. The Pt probe wire

Details of the HF-CVD reactor, and the REMPI detec-used in the REMPI measurements was removed from the
tion schemes used for spatially resolved measurements of Kactor and, as shown in Fig. 1, two of the flange mounted
atom and CH radical number densities have been presenteavindows were replaced with “mirror mount” flanges which
elsewher®~2%33and are here summarized only very briefly. were designed and fabricated in house. Each consists of two
CRDS measurements in this reactor will be described irstainless steel plates separated by edge welded bellows and
somewhat greater detail. held apart by four micrometer adjustable supports. The two

The reactor is an evacuable stainless steel six-way crossgh reflectivity mirrors[Virgo Lightning Optical Corpora-
equipped with quartz windows to allow passage of the prob¢ion, R~99.7% at~336 nm, the wavelength required for
laser beam and, along an orthogonal axis, viewing of the HEletection of NHX) radicals via theirA °I1—X 33~ transi-
with a two color optical pyrometeflLand Infrared. The HF  tion] are mounted within the vacuum by attachment to the
(250 um diameter Ta wire, seven turns,3 mm coil diam-  outer plates, and aligned parallel using the micrometers, thus
etel is attached to a cradle suspended below a linear transféorming an optical cavity of length. =63 cm. Frequency
mechanism mounted on the top flange of the reactor; thisdoubled dye laser radiation at336 nm is coupled into the
allows the HF to be translated vertically, k525 mm, rela-  cavity through the rear of one of the mirrors and its subse-
tive to the fixed laser focus and the tip of a negatively biasedjuent ring down(with a 1k time constanty~590 ns when
Pt probe wire used for ion collection. Power is supplied fromthe reactor is fully evacuatgdietected by a photomultiplier
a dc power supply via feedthroughs to one side of the HF; itsube (PMT) mounted external to the other mirror. Absolute
other end is grounded. The,HCH,, NH3, and/or N feed-  frequency calibration is assured by directing a small part of
stock gases are metered through separate mass flow contréhe fundamental dye laser radiation into a wavemeter
lers, premixed in a manifold, and enter the reactor through &Coherent-Ealing, “Wavemaste)” The PMT signal is re-
port located above the cradle assembly, so as to maintain arded by an eight-bit digital oscilloscogéeCroy 9361
overall flow rate of 100 sccm and total pressure of 20 Torr. Hand the ring down trace passed to a PC through a general
atoms and CHKlradicals are both detected by+t2 REMPI  purpose interface bus connection. Each individual ring down
using UV excitation wavelengths of, respectively, 243.1 nmtrace is analyzed by linear fitting to its natural logarithm.
and ~333 nm, both of which are produced by frequencyThis gives a ring down rate coefficietk) and, as the laser
doubling the output of a Nd—YAG pumped tunable dye laseifrequency is scanned across a spectroscopic transition, the

Il. EXPERIMENT
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2560 with a time constantr, that decreases as the NHaction in

the input gas feed is increased. Figure 2 also provides one
illustration, for the specific case of a filament conditioned
with a 1% CH/2% NH;/H, gas mixture at a maintained
temperature of 2473 K, of the waly; increaseqwith a time
constant that is independent of the actual ;Nitbw rate
when the NH flow is shut off. Prior to any N addition, we

2440 | 0.5% NH, I envisage the HF as being “carburized,” i.e., to be mainly
tantalum carbide, with a surface that is partially shrouded by
a coating of graphitic carbon. Given knowledge of the input

2540

2520

2500

2480

Ta [ K

2460

2420

e I O " . . S%NH, - power supplied to the HHPj,,,=87W for Tg(t=0)
2380 : . : : . ‘ ‘ . : =2473 K in Fig. 4 and estimates of the power expended on
©oW T T e S0 s AW Y, dissociation Pgise~8 W) and conductive 10ssePfong

~10.7 W) from the 3D modeling, we can estimate the power
FIG. 2. Variation in the measuref; as a function of time after introducing  radiated by the HF R, .~ 68 W). This, in turn, allows esti-

0.5% NH; (M), 1% NH; (@) and 5% NH (A) to a 1% CH in H, gas : s . .
mixture. The solid lines are best fits to these data sets in terms oflEq. mation of the mean emissivity, of the HF via the relation

with =100 $(0.5% NH), 21 s(1% NH,), and 6 (5% NHs). Also shown  SNiP
is one additional plot illustrating the time dependent recoverygpfupon T4
curtailing a flow 2% NH (¢) together with its best fit in terms of E¢l) Prag=e0STy, 4

and a time constant=100 s. i .
whereo is the Stefan—Boltzmann constant aBds the sur-

face area of the HF0.63 cnf). The emissivities so derived,
£~0.52 and~0.61 for the addition of, respectively, 0% and
1% NH;, lie between the literature values for the emissivity
of polished TaC £~0.3)** and graphite §~0.9)*® at T

difference,Ak, in the ring down rate coefficient “on” and
“off” the resonance is proportional to the absorption coeffi-

cient, «: ) ) "
“ ~2500 K implying that, under these conditions50% of
_ LAk n the HF surface has a graphitic overcoat.
T The observed time dependenceTgf upon addition of

NH; can be understood in terms of dynamic competition
between the adsorption of N and C containing entities onto,
and desorption and/or etching from, the HF surface. Two
a=opd NH], (2)  limiting mechanisms merit consideration. One assumes that,
when both N and C containing species are present, the
perimental measurable is the absorbance per pass, former are adforbed prefereTtiaIIy leading to a surface that is
which is derived directly from determination of the ring preferentially *N terminated.” The other assumes that NH

down rates[from Eq. (1)] without any assumptions of ab- addition causes a reduction in the concentration of C contain-

sorption pathlength or local temperature along the column.mg species in the gas phase near the HF, and thus to t_he
P P g P 9 extent of carburisation of the HF. These are considered in

/" in Eg. (1) is the length of the column of gas containing NH
radicals,c is the speed of light, and

where o 45 1S the NH absorption cross section. The key ex-

turn.
Ill. RESULTS AND DISCUSSION The reported emissivity of polished Takk~0.6 at
A. Modifications of the hot filament upon addition of ~2600 K)**is significantly higher than that of polished TaC.
nitrogen containing gases Assuming this trend to be applicable also to thepolished

. . ) surface of a Ta HF in the presence of QH, and
Addition of NH; to a 1% CH/H, gas mixture acpvated CH,/NH3/H, gas mixtures, it is tempting to suggest that
by a Ta HF was observed to cause a reduction inthe any N terminationbeing more analogous to TaMill affect
value recorded by the two color optical pyrometer. No SUChy,g energy halance of the HF and cause a progressive reduc-
decrease was observed upon addition of a corresponding,, poth in T, —consistent with the present observations—
flow rate of N,. Figure 2 illustrates these effects, via plots of and, as shown below, i@, the net rate of H atom production

Ty versus time after the introduction of various partial pres-per it area of the HF surface. In this picture, the observed
sures of NH to an.establlshed 1% CHn H, gas m|x'ture. N time dependence of; [Eq. (3)] can be rationalized by a
each case, the filament had been run f8 h with the g\ jified adsorption—desorption/etching kinetic scheme in

CH, /H, gas mixture prior to the Nki(or Np) addition, and  \hich accommodation of a nitrogen containing gas phase
the power supplied to the filament was held ConStantspecies A on a surface sité¢ $eads to N termination, i.e.,
Clearly, both the rate and the extent of the temperature drop,

ATy (the difference betweehy; measured prior to any NH A+S*=SN. )
addition and the asymptotic value found at long tirnego)

increase with increasing NHfraction. The Ty versust The time dependence @&f the N surface coverage, will then

trends measured for the various MNligartial pressures are follow
each well described by Ke[A] ) S o
== (l—exd— +k_a)t],
Th(t) —Tg(t=0)=ATg exp —t/7), 3) k5[A]+k,5( i —(ks[A] 5)t]
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where[A] is the number density of N containing species near 5
the HF surface anll; andk_g are, respectively, the forward : B e -
and reverse reaction rate coefficients. Fitting the observec - T P4
time evolution ofTy upon addition of 1% and 5% NHo a
1% CH, in H, gas mixture withT(t=0)~2473 K(Fig. 2),
yields values ofk_5~0.01s ! andks[A]=0.038s* and
0.157 s'%, respectively. Equatiof6) also successfully repro-
duces the observed recovery ©f when the NH flow is
shut off (and[A]—0). .

We now turn to consider the possible alternative expla- A 05 1 15 2 25
nation for the observed fall i; upon NH; addition. In LN , : 0
developing this argument, we first note that fallsTig have 0 05 N 10r " fracﬁor:-fo/ 2 25
been reported previously in the case of carburised Ta fila- U ’
ments operating with CiHH, gas mixtures at high tempera- FIG. 3. Experimentally measured H atom relative number densities as a
tures and ConStarﬁ)input when the hydrocarbon content is function of added M (A) and NH; (OJ), for 1% CH, in H, mixtures(flow
suddenly reduce3” Such observations might appear to run "t€= 100 sccm, total pressure20 Tom and Ty =2573 K, measured a

. . . . ) . =4 mm beneath the midpoint of the lower edge of the coiled filament. The

counter to the previous discussion, since a reduction in thgashed curve shows the calculated variation in abspikéright-hand side
number density of gas-phase carbon might be expected t@alg, assuming fixed values d®=4.92<10" cm 251, T, =2075K,
diminish the extent of any graphitic overcoat on the HF sur-ogether with the previously establishésite Ref. 2yd dependence OF gs.
face, thereby reducing the overall emissivity and cau3igg The_solid curve shows a fit to the I_\jl-data- obtained b){ assuming th@t

. .. . declines with added NfHas shown in the inset. Experimental and theory
to r'se'. The apparent contrad|ct|on ha_s been explalngq ssumingQ(NH,) as in the insdtare scaled so as to match for 1% added
recognizing that the graphitic overcoat is much less efficienin,.
than a “clean” TaC surface at -catalyzing ,H
dissociatior’®~8 The observed drop iy in such experi-
ments is then attributable to the increased fractioPgf,,  [CHs] values, as a function of added, ldnd NH;, for a 1%
expended on surface catalyzed Hissociation. As shown CH, in H, mixture (flow rate=100 sccm, total pressure
previously?!?2 and in more detail later in this article, one =20 Torn and Ty =2573 K, measured at a distanae
effect of NH, addition in the present experiments is to con- =4 mm beneath the midpoint of the lower edge of the coiled
vert CH, molecules into HCN in the hotter regions of the filament. Clearly, given the discussion in the preceding sec-
gas. HCN is a stable molecule in this environment, and thu$on, it was necessary to increase the power supplied to the
acts as a “sink” for gas phase carbon near the HF. AddingHF progressively as the NHnput mole fraction increased in
NH; to a CH,/H, gas mixture thus has a similar effect to order to maintain a constaiy; .
simply reducing the Ciinput flow rate; both lead to a re- Interpreting these, and subsequent, experimental data
duced number density of gas phase carbon available for foluilds on our previous modeling of the gas-phase chemistry
mation of any graphitic layer on the HF surface. This wouldoccurring in activated Cj#H, and GH,/H, gas mixtures in
cause an increase in the number of active sites@able of this same HF-CVD reactdf.****The reactor(with no sub-
catalysing H dissociation, and an increase s, Which strate preseptis represented in Cartesian coordinates with
would be reflected in a fall ifP,q and thus in the observed the z axis parallel to the direction of feedstock gas flow
Ts . We note, however, that the earlier experiments involved
much higheiTy, values(and thus a very different partitioning
of Pinpu) than the present work. ATy >2800 K—the fila-
ment temperatures used in the earlier stilii#ls—P s and
P,.q @are of comparable magnitude, so any increade jg, as
a result of changes in the relative surface coverage by TaC>
and by graphite would have a very noticeable effectPay
and thusTy . The present studies employ much lowegj
values whereP 45 is estimated to account for less than 10%
of Pinput- Given such modest estimates Bf;ss, it seems
unlikely that an explanation based solely on reductions of
gas phase C near the HF surface could explgimeductions
of the magnitudes shown in Fig. 2.

»
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[CH,]/ 10" cm®

0 0.5 1 15 2 25
B. Gas phase H atom and CH , radical number N, or NH; fraction / %

densities as a function of added N , and NH; at

FIG. 4. Experimentally measured Glfadical relative number densities as a
constant Ty

function of added Bl (A) and NH; (OJ), for 1% CH, in H, mixture with
Relative number densities of H atorffeenceforth repre- total flow rates, pressure an@l; as in Fig. 3, again measured dt

. =4 mm. The dashed and solid curves show the calculated variation in ab-
sented byH]) and CH radicals (CH;]) were measured by solute[ CHs] (right-hand side scaleassuming, respectively, the same fixed

2"" 1 REMPI, as a function bOth of added NHN,) andTg; . and[NH,] dependent values f@ as in Fig. 3 with, again, the experimental
Figures 3 and 4 show experimentally measufel] and  and model outputs set to match for 1% added;NH
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(input—output) and perpendicular to the filament. The cen- ™ 2200
ter axis of the filament defines tlyeaxis, andx is orthogonal
to both the filament axis and the direction of gas flow. The
modelling considers the volume bounded Xy =16 mm,
y=*18 mm, andz= +26 mm, with the poin{0, 0, O de-
fining the center of the filamentd=0 corresponds to the
point (0, 0, 1.5 mm, since the coiled filament has diameter 3
mm. The pointq0, 0, —26 mm) and(0, 0, +26 mm) define
the gas inlet and outlet positions, where the gas temperature
is set toTgy,=450 K. The present calculations include two
refinements as compared with those reported previcsfy.
First, theT 4,5 values at all other boundaries of the numerical
grid (hitherto constrained to be 450 K ajswere now chosen
more carefully so as to ensure that the temperature distribu-
tion far from the HF exhibits near spherical symmetry. Sec- '@ CHITN SRONTH & CH, s NS FONTT,
ond, AT=Tg— Ty, the temperature drop between the HF 8 :Cm::&;m . :;:f:::fmz
surface and the immediate gas phase, was allowed to be HCN+N—>CH+N, x CN+H—sHCN+H
function of Ty, varying from AT=500K when Ty R S S NN
=2700 K, through 475 K foif;=2500 K and down to 350
K at T;=2200 K2° Initial 3D simulations assume experi-
mental values foiTyg, gas pressure and flow rate, a net H
atom production rate at the filament Q&4.92
xX10¥%cm ?s™1), a near filament gas temperaturd (
=2075K), and a dependence foT 4,5 consistent with our
previous characterisations of,H CH,/H,, and GH,/H, (b)
gas-phase chemistry in this reactbf>3233 y

In the case of N additions, such modeling accords with o 2 4 6 8 0 12 4 8 18 22
experiment in finding that botfH] and[ CH5] are insensitive #/mm
to added N. This result can be readily understood by in- FIG. 5. Semilogarithmic plots showing calculated ratBs(in molecules

specting the calculated temperatiend thus positionde- €M °S . lefthand side scale for (a) the H-shift reactions N

dent int . ¢ d ber d ities for t +H=NH,_,+H, (10) and (b) selected other reactions involving N con-
peq entin grgonyersmn r_a €S and number densities tor r‘lgining species, for an HF activated 1% g£t6 NH;/H, mixture (Ty
various participating species for the case of a 1%,/ =2573 K) plotted as a function af (with x=y=0). The calculations as-
N, /H, gas mixture. These show,No be an essentially inert sumeQ=2x10°cm 2s7?, T,;=2100K and the showa dependence of
spectator, with a predicted fractional dissociat[oM]/[N,]  Teas[(®, right-hand side scaje

<107 even afT 4.5~ 2000 K, i.e., very close to the HF. This

reflects the extreme bond strength of,;N[Dy(N=N)

=941.6 k mol 1].%* Further simulations, in which this ratio - || species and reactions involving O atoms were excluded.
was arbitrarily increasedsuch as could apply in the event inetic data for the strongly exothermic reactith appears
that N, dissociation was catalyzed on the HF surface or, ing pe restricted to one preliminary study which suggested a
the case of microwave activation, as a result of nonthermglyte constank,>7x10 1 cn®s ! at 298 K, i.e., some
plasma chemistiyindicate that thelN]/[N] ratio would 5004 faster than that for the better documented reaction of N
have to be at least 100 times higher to cause a discerniblgoms with HCN.*2 Since, as Fig. @) shows, the H:N atom
reduction in the measurgeCH;]. concentration ratio in the present environment-is(? at all

In contrast, Figs. 3 and 4 clearly show that bfifj and 7t is clearly necessary to include a realistic parameterization
[CHs] are sensitive to NEladditions. The calculated de-  of reaction(7) in the present modeling. Lacking other knowl-
pendent interconversion rates and number densities for maj%rdge, we thus presume it to proceed at or near the gas kinetic

species present in an HF activated 1%,% NH;/H> gas  collision rate  with k(T,P) the same as for the
mixture (Figs. 5 and 6, respectivglghow this nitrogen con-  (gocumenteif* analogue

taining precursor to be intimately involved in the high-
temperature gas-phase chemistry—a reflection, at least in H+HCO=H,+CO. ®

part, of the much weaker NH bond strength |nclusion of reaction7) has rather little effect on the near
[Do(H,N—H)=443.9 kdmol *].*" Temperature and pres- filament HCN and HCN concentrations but, in the cooler
sure dependent rate constark§T,P), for the 100 elemen- regions, reduces the steady state concentration,GMNHby
tary steps(50 forward and back reactionanderpinning the  some four orders of magnitude causing-25% increase in
H/CIN gas phase Chemistry are taken from the GRI-Mech 3%e calculated HCN concentration.

reaction mechanisrif. These were supplemented by one ad-  The dashed lines in Figs. 3 and 4 show absolute H atom

NH, + H —>NH, + H, L 2000
NH,, +H,— NH; + H
NH, + H—> NH + H, F 1800
NH + H,—> NH, + H

NH +H—>N +H, - 1600

F 1400

r 1200

Tgas 1 K

r 1000

F 800

r 600

r 400

200

20

x OO e

L 4 e e

log (R/cm3g®
>

ditional reversible step and CH, radical number densities predicted by these initial
3D simulations. Though the model succeeds in capturing the
H+H,CN=H,+HCN. (7) experimentally measured trend [i€Hs] quite well, it con-
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16 H der of magnitude slower than the presumed H atom produc-
O S S e e S U tion rate,Q—hence the comparative insensitivity [¢f] pre-
E dicted upon addition of NEl
To accommodate the experimentally observed reduction
: NH, N of [H] upon adding NH, it is necessary to assume that N
i . W "8 & s == =8 termination of the HF surface causes not only an increase in
13 3 N A emissivity but also a reduction i@. The inset to Fig. 3
2 shows the functional form d@(NHs), at the prevailing fila-
12 | ment temperatureT ~ 2573 K), that we assume in order
’ that the calculated H atom number densities show a reason-
5 able match to the experimentally measured variatiopHh
i with added NH. Such a decrease @ with increasing NH
is plausible, given the previous conclusions that;Nddldi-
o 2 4 & & 10 1 1w 1 1w tion leads to modificatiot®“N termination”) of the HF sur-
z /mm face and of its emissivity. The final comparison between the
16 measured relative H atom and gkadical number densities
(O in Figs. 3 and #and the corresponding absolute number
densities returned by the mod@hown by the solid lings
have been scaled so as to match at 1% addeg. NH
Before proceeding further, it is worth commenting on the
values ofQ used in this, and previodg;3°3*2*modeling of
the gas-phase chemistry occurring in the Bristol HF-CVD
reactor, which are about one tenth of those estimated in a
previous investigation of the way the temperature of a Ta HF
varied as a function of CHH, input gas mixing ratio and
the power supplied to the filament. &t al*” derived values
for Q, as a function ofTy, by estimating the power con-
sumed in H dissociation on both clean and “poisoned” Ta
filaments(i.e., HFs envisaged as having a pure TaC surface,
and a graphitic overcoat, respectiveli£nergy balance con-
siderations, together with the assumption that the clean and
FIG. 6. Calculated number densities(@f H, N, N,, NH, (b=1-3), and  poisoned surfaces exhibit their respective limiting emissivi-
other Ofbthedm‘ire ab‘é”da’: ';‘ Contgi”ing species (@mdC :;Omst_a“td ;h‘io/ ties, allowed estimation o®(Tg) values®” However, if the
gﬁ:‘flo‘z l,’\l”er;fmaiQturg péttfga;f: fjﬁggf:;'(mh X=$C=IE)/?, S surface of a carburized filament is actually partially over-
suming the sam@, T, andT.{2) values as in Fig. 5. coated TaQas deduced in the present stitehalbeit with a
coverage that varies witfig and with the CH/H, mixing
fraction, then the mean emissivities of the clean and poi-
spicuously fails to reproduce the observed variatiorfHf soned surfaces would be_ more similar than hiftherto assumed
and theQ values so derived would necessarily have to be

with added NH. Given the magnitudes and temperature de'reduced.

pendences of the rates of reactions that produce and consume
H atoms(Fig. 5), the predicted modest increase[ k] upon _
(Fig. 5 P (k] up C. Gas phase H atom and CH 5 radical number

addition of trace amou_nts430f NHs perhaps surprising. Nu- densities in a 1% CH /1% NH,/H, gas mixture as a
merous previous studi&s* have shown that hydrocarbon function of Ty
I

based “H-shifting” reactions of the form
CH,+H=CH,_;+H, 9)

log (number density / cm-3)

CH,
15 3

log(number density / cm-3)

z/mm

Figures 7 and 8 show, respectively, the H atom and CH
radical relative number densities measured 4 mm from the
are the dominant H atom loss mechanism in the hotter reHF as a function off; for a 1% CH,/H, input gas mixture,
gions of HF activated Cl¥H, gas mixtures. Careful inspec- with and without 1% added N{i As in previous studies of
tion of the variousT 4,5 (and thusz) dependent reaction rates pure H and CH,/H, gas mixtureg/ the H atom number
and species number densities shown in Figs. 5 and 6 shovetensity near the HREFig. 7) is seen to increase near expo-
that addition of NH introduces a corresponding set of nentially across theTy range of interest, i.e.H]~exp
H-shifting reactions of the form: (—AHgis/ RT), Where AHgs~240kImol® is the en-

thalpy for H atom formation on the HF surface aRds the

NH,+H=NH, 1+ H, (10 gas constant. Figure 7 also confirms that the previously ob-
that compete with, and suppress, the reaction sequé&ce served reduction ifiH] upon addition of NH (Fig. 3) ex-

For the specific case of a 1% GH% NH;/H, gas mixture, tends to allTy . To stiffen the modeling, we assume that the
the two sets of H-shift reaction®) and (10) make compa- previously deduced functional form 6f upon NH; addition
rable contributions to the overall H atom loss rate in the neafat Ty =2573 K, shown in the inset to Fig. 3, and henceforth
filament region. However, both consumption rates are an omritten asQq(NH;) ] applies at allTg; values relevant to the
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6 =4 mm from the HF, as a function ofy, using a 1%
CH,4/H, input gas mixture with and without addition of 1%
NH;, and those -calculated using Eq11l), a ratio
Q(1% NHz)/Q(0% NH;)=0.57 (as in the inset to Fig.)3
and Q,=3.6x10%*cm 2s 1. A range ofQ, values were
investigated, and this value chosen so as to reproduce the
local maximum in[ CH3] for the 1% CH/1% NH;/H, gas
2 mixture atTg~2500 K, and the marked decrease| (DH;]
at higherTy, values. This value also reproduces the smooth

o B rise in[ CH3] with increasingTy; found experimentally when
S , using a standard 1% GHH, gas mixturé® and the observed

2000 2100 2200 2300 2400 2500 2600 2700 2600 saturation Of[CH3] reported when USing such mixtures at

TalK very highTg .4

FIG. 7. H atom relative number densities measured at a dis@#eemm The cglculated temperg?ur('and thus pOSItIOh depe_n—
from the HF as a function oF for a 1% CH, /H, input gas mixtureflow ~ d€Nt species number densitig§ig. 6) and inter-conversion
rate= 100 sccm, total pressure20 Torp, with and without 1% added NH  rates (Fig. 5 enable construction of a reasonably self-
(A and W, respectively. The open squares joined by the solid curve consistent picture of the gas-phase transformations occurring
(—0O——) show the result of the 3D model calculations for the in a HF-CVD reactor operating at typical modest filament

ammonia-free gas-phase chemistry using E@1l and Q,=3.6 h
X 10?4 em™2? 57 1. The corresponding model output for the case of 1% addegt€mperatures when NHis added to a hydrocarbonjHyas

NHs, assumingQ(1% NHs)/Q(0% NHs;)=0.57, is shown by the open Mixture. Input CH molecules pass through a multistep se-
triangles and dashed life- — —A— — —). For both data sets, experiment quence of reactions en route to stable productkl,Cand

and theory are scaled as in Fig(liut at Ty =2600 K). HCN, thereby depleting the number densities of GHecies
both near the HF and in the surrounding volume extending
tiorput to distances where any substrate would normally be po-
f sitioned in a diamond growth experiment. HCN acts as a sink
tg)r input NH; molecules also. The present studies show that

= H(0%NH

) experiment
A H (1% NH;) experiment
)
)

3
3
—— H (0% NH3) 3D model
A H (1% NH3) 3D model

Rel. [H] / Arb. Units
W
[H]/10" em™

present work. We also assume that the exponential rela
ship betweerQ and Ty, identified in the earlier studies o
pure H dissociation in this same HF reactor is applicable a
all NH; partial pressures used here. Thus, we arrive at th
following relationship forQ at any relevanily and added
NH; fraction:

H, additions to an activated GHH, gas mixture cause
reductions in the CHHnumber density close to the HF in two
ways. First, the addition of Niintroduces additional purely
gas phase CHloss processes, most importantly irreversible
Q(Tri ,NH3) =Qo(NH3) - exp(—AHgs/ RTs), (11 transformation of CH radicals to HCN through reaction
with N atoms in the vicinity of the HF. Secondly, and even
more importantly, NH additions are shown to cause modi-
fications of the HF surface, increasing its emissivity and thus
lowering Ty (for a given input powerand reducing its effi-

H ciency for catalyzing H dissociation, even ifly is main-
tained constant. Given the critical role of methyl radicals in
diamond growth in such HF-CVD reactdt$the deduced
reduction in [CHz] is wholly consistent with previous

18 report$? of reduced diamond deposition rates when the input

involving just one adjustable parameter
Qo(NH3=0%)—henceforth written simply afQ,—with
which to match all of the REMPI measurementd dff and
[CH;] at differentTy and gas mixing ratios.

Figure 8 displays the resulting comparison between C
radical relative number densities measured at a distance

B CH, (0% NHs) experiment u L6 fraction of NH; begins to approach that of GH
4 CH, (1% NH;) experiment P D. NH radical number densities and spatial profiles in
2 | 78 CHs (0% NHs) 3D model 2, 1% CH,/x% NH;/H, gas mixtures
= 4+ CH3 (1% NH3) 3D model £
£ 02 The modeling of the gas-phase chemistry summarized in
7 - the form ofz dependent species concentrations and elemen-
% “A:\_f_“ . & tary reaction rates in Figs. 5 and 6 suggests that the number
= e ) *aa density of NH radicals in the vicinity of the HF should be
. i kAR A i sufficient (>10' cm™3) to permit their detection by a sen-
A L2 sitive absorption method like CRD®2® Unlike REMPI,
‘ , , ‘ , : ‘ 0 such measurements offer a routeatosolutecolumn densi-
2000 2100 2200 2300 2400 2500 2600 2700 2800 ties, and thus provide a further test of the absolute values of
TalK Q, and their dependence di, and[NH,], returned by the

FIG. 8. CH, radical relative number densities measured under the sam&@as-phase chemistry modeling. Figure 9, which displays a
experimental conditions as in Fig. 7, with and without 1% added K&d  correct cavity ring downCRD) spectrum of part of th&
andl, respegtivepg Aﬁslin Fig. 7, the 3D model outputs using H41) and  pranch region of the NH{-X) origin band at~336 nm re-
Qp=3.6x10* cm 2 s, with and without NH additions, are depicted by corded along a column paraIIeI to, andcat 1 mm below,

the dashe¢q— — —A— — —) and solid(——C——) curves, respectively. . . 0 0 .
Experiment and theory are scaled to one another using the same normalizﬁ]e' HF while using a 1% CH10% NH;/H, gas mixture,
tion for 1% added NH as employed in Fig. 4, but &t; =2600 K. verifies
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FIG. 9. CRD spectrum of NH radicals in the viewing column parallel to,
and at a distancd=1 mm below, the bottom of a HF maintained B
=2473K for a 1% CH/10% NH;/H, input mixture (flow rate
=100 sccm, total pressure20 Torn, monitored via the0,0) band of the
ASII-X 33~ transition.

FIG. 10. Plots showing the variation i) the calculatedz dependence of
the absolute NH number densities for a HF activated 1%/08% NH;/H,
gas mixture Ty =2473 K) and(b) T4, as a function ofy, assumingQ(6
X10¥ cm2s71) and T, (1900 K). y=0 represents the midpoint of the
long axis of the HF.

such expectations though to obtain a signal to noise ratio of
the quality shown in Fig. 9 it was helpful to employ this high )
NH; mixing fraction. We find no evidence of any compa- Set of sugr_l data, in the form of calculatgd absolutg NH num-
rable absorption when using a 1% @#0% N,/H, gas ber densities and g, valges, as a function of vertical dis-
mixture, consistent with previous conclusions regarding thdancez, for a number of differeny (wherey=0 corresponds
unreactivity of Ny under such mild conditions of HF activa- 0 the midpoint of the long axis of the HFThese model
tion. Line assignments were made using literature values dfalculations employQ and T, values(6x10'® cm ?s™*,
the spectroscopic constants for the 0 levels of theA 3IT and 1990 K, respectivelythat are sensible extrapolations of
and X 33~ states of NH® Simulations of the entire origin the corresponding values used above when modeling the ef-
band show much reduced line density at higher frequency€Cts of smaller NH additions. Stage two involves simula-
and subsequent NH column density determinations all infion of the complete NHR-X) origin band for each relevant
volved monitoring absorption associated with the rotationall gasvValue using the programGoPHER™ from which we can
lines R;(2) andR4(3) at, respectively, 29 809.8 crh and calculgte the fractiory, of the tot.al band oscﬂlator strengt.h,
29846.3 cml. These lines were selected on the basis of oo—given as (77.1:2.6)x 10 * in Ref. 47—that is associ-
their intrinsic linestrengths, their isolation from other spec-atéd with the monitored transition at that particular value of
tral features, and the fact that they probe levels with signifi-Tgas: Calculatingp in this way ensures proper allowance of
cant population at the prevailing gas temperatures. As witfpoth the linestrength and Boltzmann factors. The deduced
the REMPI measurements, number densities were deteftaction offqoand the integrated absorption coefficient of the
mined as a function of input NHmole fraction and as a line of interest are related By
function of radial distancel from the lower edge of the g2
coiled filament. f a,0v

The change in the ring down rate coefficieAts, was fine
measured on a point by point basis across the linewidth ofvheree andm are, respectively, the charge and mass of the
the chosen probe transition, thereby yielding an integrateélectron, and is the vacuum permittivity. The number den-
absorbance per pass/ [recall Eq.(1)], associated with that sity of NH radicals in the probed ground vibrational level,
transition under the prevailing experimental conditions.[NH],_, is obtained from the calculated total NH concen-
CRDS is a line-of-sight technique, so this measured absotration using the vibrational partition function at the appro-
bance is a convolution over the position dependent NH numpriateT 3,s. The absorbance predicted by the gas phase simu-
ber density and gas temperature along the column. In ordeations is then obtained by summing the calculafBg
to compare the measured value with the model predictions, dlependent contributiond 2) from each cell along the entire
is necessary to perform an analogous convolution of th&iewing column. Figure 11 displays the measured and pre-
model output. This procedure treats the space surroundingdictedd dependence of the NH absorbance for the case of a
the filament in cells of cross section 1 myid mm and length 1% CH,/5% NH;/H, gas mixture withTg = 2473 K, moni-
Ay=3 mm. The first step involves determination of thetored via theR;(2) andR;(3) transitions; the insets show
mean value ofNH] and Tg,in each of these cells from the the calculated temperature dependence,ahe fraction of
model output. Figures 18) and 1@b) show an illustrative the total band oscillator strength carried by these respective

= 480mC[NH]U:0fOOp! (12)
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activated 1% CH/x% NH;/H, gas mixture as a function of input NH
] ° 2.0 fraction x=0%—-10%), monitored via th&®,(2) transition at 29 809.8
129 S . cm L. The input power to the HF was held constant at 85 W, with the result
5 N that the measure®; declined with increasing Nias showr(A, and right-
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turned by the 3D model assuming the following valuesTgf and Q: X
=1%, T,=2020K, Q=1.8x10cm ?s!; x=2%, T,=2010K, Q
=1.1x10cm 2?57, x=3%, T=2000K, Q=7.7x10%¥ cm 2s™%; x
. =5%, Tw=1990K, Q=6x10% cm 2s™%; x=10%, T,=1980K, and
Q=4.8x10%cm2s L.

absorbance per pass /10

analysis correctly captures the main elements of the gas-
0 2 4 8 8 10 12 phase chemistry prevailing in HF activated QOMNH3/H,
d/mm gas mixtures.

FIG. 11. Measured®) and predicted—) d dependence of the NH ab-
sorbance per pass for a 1% @b6% NH;/H, gas mixture (flow rate IV. CONCLUSIONS

=100 sccm, total pressure20 Tor with Ty =2473 K. The former data - -
were obtained by monitoringg) the R;(2) and(b) the R,(3) transitions of REMPI spectroscopy has been used to provide spatially

the NH(A—X) origin band, respectively; the insets show the calculated€SOlved relative H atom and GHadical number densities
temperature dependence pf the fraction of the total band oscillator in a HF-CVD reactor operating with a 1% GH/H, gas
strength carried by these respective transitions. mixture, wherex represents known controlled additions of

N, or NH;. These relative number density measurements

have been placed on an absolute scale via 3D modeling of

the chemistry prevailing in such HF activated gas mixtures.
transitions. Clearly, the level of agreement in both cases Experiment and theory both show that I¥ unreactive under
within a factor of two in the implied absolute number densi-the prevailing experimental conditions, while Nlddditions
ties, at alld) provides strong support for the validity of the have a major effect on the gas-phase chemistry and compo-
foregoing modeling of the gas-phase chemistry of H/C/Nsition. Specifically, the introduction of NHintroduces an
containing mixtures in a HF-CVD reactor, and the spatiallyadditional sequence of H-shift reactiofi®) that result in the
resolved absolute number densities returned by the simuldermation of N atoms with steady state concentratiens
tions for all major species. Figure 12 shows absorbance dug 10** cm™2 in the hotter regions of the reactor. These par-
to NH radicals, monitored via the;(2) transition, measured ticipate in reactions that cause irreversible conversion of
atd=2 mm in HF activated 1% CHx% NH;/H, gas mix-  CHj; radicals to HCN—thereby reducing the number density
tures k=0%—10%) with a constant input power to the HF; of free hydrocarbon species available to participate in dia-
Ty thus declines slightly with increasingas shown. Unsur- mond growth. This reduction ipCHz] as a result of com-
prisingly, the measured NH absorbance scales with inpupeting gas-phase chemistry is shown to be compounded by
NH3; mole fraction. Once again, the essentially quantitativeNH; induced modifications to the HF and, particularly, its
agreement with the corresponding absorbance values prability to promote surface catalyzed, [issociation(param-
dicted through use of Eq12), together with NH number etrized by a net H atom production rat®). The deduced
density values returned by the 3D model assuming the plaueductions i CHs] are entirely consistent with previous re-
sible near filament temperatureB,;, and Q(NH3) values ports (Ref. 16 that the rate of diamond deposition from
consistent with extrapolation of the trend shown in the inseCH,/NH3/H, gas mixtures is much reduced when the input
to Fig. 3(detailed in the caption to Fig. 12suggests that our fraction of NH; becomes comparable to that of €H
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