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Experimental and modeling studies of the gas-phase chemistry occurring in dilute, hot filament (HF) activated
B,H¢/H, and BHg/CH4/H; gas mixtures are reported. Spatially resolved relative number densities of B (and
H) atoms have been measured by resonance enhanced multiphoton ionization methods, as a function of process
conditions (e.g. the HF material and its temperature, thiésMBl, mixing ratio, and the presence (or not) of
added CH). Three-dimensional modeling of the H/B chemistry prevailing in such HF activated gas mixtures
using a simplified representation of the gas phase chemistry succeeds in reproducing all of the experimentally
observed trends, and in illustrating the key role of the “H-shifting” reactiong BH = BH,_; + H, (x =

1-3) in enabling rapid interconversion between the various &H= 0—3) species. Ckladdition, at partial
pressures appropriate for growth of boron-doped diamond by chemical vapor deposition methods, leads to
~30% reduction in the measured B atom signal near the HF. The modeling suggests that this is mainly due
to concomitant H atom depletion near the HF, but it also allows us a first assessment of the possible
contributions from B/C coupling reactions upon £atidition to HF activated B1¢/H, gas mixtures.

Introduction molecular mechanics scheme in which crucial atoms involved
in the reaction site are treated quantum mechanically, but the

during chemical vapor deposition (CVD) of diamond thin films s_caffold of r_1e|g_hbor|ng c atoms tha.lt makes up the larger
is of considerable interest, as incorporated B atoms act asdlamonq lattice is treated using classical force fields. o
acceptorsE, ~ 0.37 eV) and impart p-type semiconductivity B,Hg is one pf the more commonly used boron_ containing
to the as-grown B-doped diamohd-doped CVD diamond ~ Precursors in dlamo_nd CVD. Here we report combined experi-
finds use in intrinsic devic@sand electrochemical sensdend, mental and modeling studies of the gas-phase chemistry
when combined with P-doped diamond (an n-type semiconduc- occurring in dilute, hot filament (HF) activated2B¢/H. gas
tor), as a UV light sourcé.Reports of n-type electrical mixtures, along with preliminary investigations of HF activated
conductivity from deuterated (100) B-doped diamond Ia§ers B2He/CH4/H2 gas mixtures, as a precursor to future analyses of
have served to stimulate additional interest, though tifdeag ~ the full B/C/H gas-phase chemistry. The experimental part of
thus far failed to validate initial suggestions that such conductiv- this project has involved use of resonance enhanced multiphoton
ity might be associated with boremleuterium complex defects ~ ionization (REMPI) techniques to measure spatially resolved
within the diamond lattice. Post-growth film characterization relative number densities of B (and H) atoms, as a function of
has revealed a marked preference for B incorporatidr i} process conditions (e.g. the HF material, and its temperature,
rather than{100} growth sector;? but the details of the  Ti, the BHe/Ho mixing ratio, and the presence (or not) of added
underpinning gas-phase and gasirface chemistry involved in ~ CHa). It has also served to reveal unintended complications
the growth of B-doped CVD diamond are poorly understood. arising from the reactivity of B containing species with the hot
We have embarked on a two pronged strategy aimed atmetal filament. The complementary modeling builds on previous
rectifying some of these deficiencies. Aspects of the-gasface ~ analyses of CliH,'%"*3 and CH/NHy/H,'* gas-phase chemistry
chemistry are being explored via density functional theory (DFT) in the Bristol HF reactors. The model comprises three blocks,
based electronic structure calculations. Thus far, our work in wWhich describe (i) activation of the reactive mixture (e.g. gas
this area has focused on the addition of,gk= 1—3) species  heating, catalytic H atom production and, in the present case,
to a small carbon cluster that traditionally has been used to allows for loss of gas-phase boron by incorporation at the
mimic a small portion of the H-terminated>2 1 reconstructed  filament surface), (i) gas-phase processes (heat and mass
diamond (100) surfackThis study is now being extended using transfer, and chemical kinetics), and (iii) gesurface processes
a larger model of the diamond surface and a hybrid DFT/ at the substrate. The third block was not required here, as no
substrate was present in any of the current experiments.
TPart of the special issue “dgen Troe Festschrift”. Wherever possible, the necessary gas phase thermochemical and
gzg&ultg"g‘r’;;ﬁrﬁfg’;‘éﬁ?{;gggf’gp;‘é’ﬂﬁi (117)-0288312. Fax: (117)- Linetic input has been taken from the literatéifel” As
* University of Bristol. R previously, 101214 the conservation equations for mass, mo-
8 Moscow State University. mentum, energy, and species concentrations, together with
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appropriate initial and boundary conditions, thermal and caloric
equations of state, are each integrated numerically until steady-
state conditions are attained, thereby yielding spatial distributions
of the gas temperaturdy,s the flow field, and the H atom,
BHx species, and B4 number densities and mole fractions.
The modeling, which succeeds in reproducing all of the trends
observed experimentally, reveals rapid interconversion between
the various BH (x = 0—3) species via successive H-shifting
reactions and suggests concomitant H atom loss (rather than
B/C coupling reactions) as the main cause of the observed
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reduction in the B atom density upon @lddition to HF
activated dilute BHg/H,> gas mixtures.

Experimental Section
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Figure 1. 2 + 1 REMPI spectrum of B atoms in a 0.0475%Hg in
Hz gas mixture activated with a borodized Ta HF== 20 Torr, Ty =

The experimental apparatus and procedures have beer?100°C, d =3 mm. Details of the probe transitions are provided in

described previouslit18and so only key or new features are
described here. The CVD chamber consists of a six-way cross
which is evacuable to a base pressure~d0—2 Torr using a
two stage rotary pump connected to the lower arm. Three of
the sidearms in the horizontal plane are fitted with quartz
windows—two to allow exit and entrance of the REMPI laser
radiation, while the third is an observation window that allows
determination offy; using a two-color pyrometer (Land Infrared
FRP12). The HF was made of Ta (or Re) wire (26t
diameter, 7 turns with coil diameter3 mm) and mounted so
that its long axis was parallel to the laser propagation axis.
Typically, a borodized Ta filament drawing 6.5 A atl2.5 V
exhibited a color temperature 62100°C. Vertical translation

(by =25 mm) relative to the fixed laser focus and ion probe
was achieved by attaching the HF to the top flange via a linear
transfer mechanism.H100 sccm), ChH(0—5 sccm), and BHg
(0—1 sccm of a 4.75% BHg in H, mixture) were metered using
separate mass flow controllers (MFCs, Tylan), and premixed
in a manifold before introduction into the upper arm of the
chamber, the total pressure in which was regulatep &t20
Torr.

B atoms were detected by2 1 REMPI on the 2&1p!;2P°
— 282pL2P° transition at wavelengths-346.1 nmt%20 As

the partial Grotrian diagram shown (not to scale) in the inset.

'by the Pellin Broca prism were separated further using beam

splitters and sampled using a wavemeter (Coherent WaveMaster)
and an etalon/photodiode combination to ensure accurate
frequency calibration. H atoms were detected by REMPI also,
by 2+ 1 REMPI on the 25— 1! transition at~243 nm, as in

the earlier work of Redman et &l.

HFs were analyzed, after use, by scanning electron micro-
scopy (SEM, using a JEOL JSM 5600LV instrument) and
secondary ion mass spectroscopy (SIMS, using a substantially
modified VG 7035 double focusing magnetic sector GCMS
equipped with a FEI electronically variable aperture focused
gallium ion gun operated within the Interface Analysis Centre
at the University of Bristol).

B,Hg/H2: Experimental Measurements.The 2+ 1 REMPI
spectra of atomic B have been reported previously, in the
excitation wavelength range 350 4 < 304 nm, but only at
comparatively low resolutiof? Two possible REMPI detection
schemes were investigated in the present work. The first
involved 1+ 1 REMPI via the 243s'?S state atl ~ 249.7
nm. One photon absorption on the22#;2S — 2g2pl;2P°
transition has been used previously to monitor B atoms in dilute
low-pressure BHg/Ho/Ar plasmas?? Detecting REMPI signals

illustrated in the following section, both states are affected by at this wavelength attributable to B atoms in dilute HF activated
spin—orbit splitting, with the result that this transition appears B,Hg/H2 gas mixtures was straightforward, but the measured
as a pair of partially resolved doublets. The requisite probe line shapes were much broader than would be expected on the
wavelengths were generated using a Nd:YAG (Continuum basis of the known laser bandwidth, Doppler broadening effects,
Surelite 11-10) laser operating at 10 Hz to pump a dye laser etc. This we attribute to partial saturation of the initial one
(Spectra-Physics PDL3) operating with a mixture of LDS 698 photon absorption, the cross-section for which we presume to
and DCM dyes, and subsequent frequency doubling using abe very much greater than that of the subsequent ionization step.
KD*P crystal mounted in a home-built “auto-tracker”. The Figure 1 shows the spectrum obtained following excitatioh at
frequency doubled UV light¢0.5 mJ pulse?!, bandwidth~0.15 ~ 346.1 nm, with the probe laser focus at a distathee3 mm

cm~! (fwhm)) was separated from the fundamental radiation below the bottom of the HF. lonization of B atoms at this
using a Pellin Broca prism, and then steered via & @@sm wavelength is resonance enhanced by thé2gP° state at

and focused (25 cm focal length lens) to a spot close below thethe two photon energy. The relevant part of the Grotrian
coiled HF and~1 mm from a biased probe wire (Pt, 0.5 mm diagram, also shown in Figure 1, highlights the spambit
diameter,—50 V) in the center of the chamber. Transient ion Splitting present in both the ground and excit&d states. The
currents sampled by the probe wire were recorded with an spectrum takes the form of two partially resolved doublets. The
oscilloscope (LeCroy 9450) and passed to a PC via a GPIB large separation is due to the ground-state splitting (15.254
interface for collection and subsequent analysis using the in- M %), while the incompletely resolved doubling within each
house data collection program DRIVE.Shot to shot (and  Peak is due to spinorbit splitting in the excited state (0.638
longer term) variations in the intensity of the incident Uy ¢m™%).*® The relative peak intensities reflect the differing
radiation were monitored by directing the UV beam exiting the transition strengthsI'y;» which, in the case of multiplet
chamber into a cuvette containing dilute rhodamine 6G solution; transitions in a light atom (i.e., transitions that are well described
the resulting fluorescence was monitored by a photodiode andusing the RusseftSaunders coupling scheme), are given by
passed to another input channel of the oscilloscope to allow I

subsequent power normalization of the measured ion currents. L, ‘], S }
Portions of the fundamental dye laser radiation initially separated JoLU ok

2

T,, = (I+1)2) + 1)‘{ , 1)
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Figure 3. (a) Measured B atom signal (obtained as the area under the
2 + 1 REMPI line profile) plotted as a function of,Bs fraction in a
B,He/H, gas mixture activated with a borodized Ta HF. (b) Plot of B
atom signal (measured at the peak of the 28886'cimature) as a
function of time after switching off the 1 sccm of 4.75%Hg in H,
component to the total gas flow. The filled and opened circles represent
data from two separate measuremepts. 20 Torr, Ty = 2100°C, H,

flow rate = 100 sccm, andl = 3 mm in both cases.

Figure 2. (a) Overview and (b) higher magnification SEM images of
a Ta HF maintained at 170 in a 0.0475% BHe in H, gas mixture

for 4 h. (c and d) Analogous micrographs of a Ta HF run in the same
gas mixture, for the same duration, but at 2100. (e) Higher
magnification image of a Ta HF held in a 0.0475%HB in H, gas
mixture at 2100°C for 24 h. Evidence of surface melting and
recrystallization is apparent in each of 'mag%c(fg Cross-sectional 3 horon containing surface layer on the Ta HF as time increases.
view of a Ta HF maintained at 170 in a 0.0475% BHgin H2 93s g rate of joss of B diminishes with time but, as shown below,

mixture for 4 h, obtained by SIMS and monitoring just ther84 10 . . o
and 11) signal. To record this image, the HF was potted in Struers’ never decays to zero during the working lifetime of a Ta HF.

Polyfast resin, and polished using Kemet 6 anghi pastes, resulting Our standard operating procedure thus involved initial borodiza-
in the elliptical section shown. tion by running the Ta HF in a 0.0475%Bs in H, gas mixture
at the chosefy for 6 h prior to making any measurements.
] ) The resulting embrittlement ensured that it was rarely possible
where the), L, andSatomic quantum numbers have their usual {5 yse such a borodized HF for more than 1 day. Prior

meanings, the term in curly brackets is a-§ symbol, anck carburization of a Ta HF (by operating the filament at elevated
is the rank of the transition tensaxJ = 0 transitions are carried 1. in a 1% CH/H, gas mixture for several hours prior to
exclusively by rankk = 2 coTpone”nts.lOnly thie = 0 scalar exposure to any B1e) reduced the efficiency of the filament
term can contribute to thié =/ — J" = 7/, transition, whereas  syrface as a sink for boron. Rhenium was also investigated as
corgponents of both ranks can contribute to Jhe= %/, — J* a HF material. Re is significantly more expensive than Ta, but
= 7, transition. Evaluation of eq 1 for the four possible tyrns out to be a much less effective sink for boron and thus a
transitions, and comparison with Figure 1, indicates thakthe more suitable HF material for activating2s/Hz gas mix-

= 0 andk = 2 components make comparable contributions to tyres: B atom signals were immediately detectable in a Re HF
the measured spectrum. Thef(2+ 1) degeneracy term ensures  activated 0.0475% s in H, gas mixture.

that the lower wavenumber peak, associated with excitation of  Gjyen the evident reactivity of boron with the Ta HF it was
atoms in the higher energyR’s;2) spin—orbit component of  geemed prudent to test that the measured B atoms arise as a
the ground state, is the more intense; at all gas temperaturegesult of the intended gas-phase chemistry rather than, for
relevant to the present work the degeneracy term far outweighsexample, thermal desorption from the borodized HF itself. Two
any small difference in population due to the Boltzmann factor. gata sets pertinent to this issue are shown in Figure 3. Figure
This peak was therefore used for all subsequent relative numberss shows a plot of measured B atom signal as a function of
density measurements. B2Hs fraction in a BHe/H, gas mixture, flowing at 100 sccm
The measured B atom signals can be sensitively dependentand atp = 20 Torr, activated with a borodized Ta HIF( =
upon the choice of HF material, and any preconditioning strategy 2100°C), probed atdl = 3 mm. These should be taken as the
employed. Experiments with dilute,Bg/H, gas mixtures and  standard operating conditions for all subsequent data sets, except
a virgin Ta HF initially yielded no B atom signal. The required where specified otherwise. Each point in this plot was obtained
signal was found to develop with time, however, suggesting as follows: Having selected a,Bg flow rate, the local gas
that the bare Ta HF reacts with, and acts as a local sink for, composition was allowed to stabilize fer5 min, after which
gas-phase B containing species. As Figure 2 shows, scanningime the probe laser wavelength was scanned across the 28886
electron microscopy (SEM), and secondary ion mass spectro-cm~ feature. Each point within the measured spectrum was
scopy (SIMS) analysis confirm the progressive development of then normalized with respect to the instantaneous UV pulse
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Figure 4. Plots of [B] vsd using borodized Ta HF, measured at the
specifiedTy values. The superposed lines through the data are intende
merely to guide the eye.

Figure 5. Plots of [B] vs Ty using a borodized Ta HF®) and a Re
gHF (©), measured atl = 3 mm. Lines through the data points are
merely intended to guide the eye. The inset showsTthdependence
of the boron accommodation coefficiemt, required by the modeling

. . in order to reproduce these experimental trends.
energy, and the area under the resulting 2 REMPI line shape P P

summed to give a relative sign@l Power normalization relied

upon the results of parallel measurements of the &agried data sets suggest that the efficiency of boron accommodation
with laser pulse energyEj, which revealed arS O EM on (or into) the HF surface increases witfi. SEM and SIMS

dependence under our typical operating conditions. This pro- analysis supports this view, revealing that the thickness of the
cedure was repeated for some 30 differepHBflow rates, surface crust on a borodized Ta HF (recall Figure 2) and the B

selected in random order. As Figure 3a shows, the measured Bpenetration depth both increase with. SEM analysis also
atom signat-which we take to be proportional to the local B provides clear indications of surface melting and recrystallization
atom number density and henceforth represent simply as [B] of this outer skin on the HFs operatedTat > 2100°C. We
is found to increase essentially linearly with the percentage of note that the observed turn over in [B] correlates with the
B.Hs. Further definitive evidence that the detected B atoms arise melting temperatures of boroif{, = 2076°C?3) and of TaB
as a result of gas-phase chemistry is provided by the data(Tmp, = 2040°C?4).
displayed in Figure 3b. This shows two separate measurements Such [B] vsd and [B] vsTy trends are in marked contrast to
of the time decay of the 2 1 REMPI signal intensity measured that observed for H atoms measured under the same experi-
at the peak of the 28886 crhfeature wha a 1 sccm of 4.75%  mental conditions. Very much as reported previously for the
B2He in H, contribution to the total flow is switched to zero. case of pure K'825the relative H atom number density, [H],
Clearly, [B] falls rapidly, with a 1/e time constamt~ 23 s. in a BoHe/H2 gas mixture activated with a borodized Ta HF is
Both data sets support the view that B atoms antHsB observed to maximize at = 0, to decline with increasing,
molecules are in local thermodynamic equilibrium in the gas and to rise rapidly with increasingy . lllustrative data sets are
phase; the observation that the B atom signal falls to zero within shown in Figure 6. One noteworthy feature of these data is the
~100 s of shutting off the 1 sccm 4.75%Hg in H, contribution Ty value (1500°C) at which H atoms are first detectable by 2
to the total flow indicates that desorption from the HF makes + 1 REMPI, which is>100°C lower than that found previously
an immeasurably small contribution to the measured gas-phasewith 20 Torr of pure H activated with a Ta HFsuggesting
B atom signal, even at small that borodization (or an increase in surface area that accompanies
Thus, the spatial distribution of B atoms within the reactor borodization) enhances the efficiency with which a Ta HF
at any givenTy should be interpretable in terms of gas-phase catalyses dissociative adsorption of. H
B/H chemistry, mediated by the effects of gas flow and the local  B;He¢/H2: Modeling. Interpretation of these data is guided
gas temperature distribution. Figure 4 shows B atom relative by extension of our previous modeling of the gas-phase
number densities measured as a function of distahftem a chemistry prevailing in activated GHH, and CH/NH3/H, gas
borodized Ta HF under standard pressure and gas flow condi-mixtures in this same HF react¥r.1326 As before, the reactor
tions, at several differenly values. Several striking features is represented in Cartesian coordinates, with-tzedirection
are evident from these plots. [B] displays a local minimum at parallel to the direction of gas flow and perpendicular to the
d ~ 0, at all T5;. This can be understood if the Ta HF (even HF. The center axis of the HF defines tgeaxis, andx is
after several hours conditioning in al/H, gas mixture) acts  orthogonal to botly andz. The modeling considers the volume
as a sink for gas-phase B containing species. A number of bounded byx = 60 mm,y = £36 mm andz = +60 mm,
similar measurements involving the standard gas mixture, but with the point (0, 0, 0) defining the center of the HiF= 0
activated with either a precarburized Ta filament or a bare Re corresponds to the point (0, 0, 1.5 mm). The points (G;60Q
filament were also carried out. The minimumdat 0 was less mm) and (0, 0;+60 mm) define the gas inlet and outlet positions
pronounced in both cases, suggesting that such surfaces aré the model, where the gas temperatliggswas set at 450 K.
poorer sinks for gas phase B containing species than a bare TaThe gas temperature values at all other boundaries of the
HF. All such plots show [B] declining relatively little over the  numerical grid were chosen so as to ensure that the far field
d range investigated, implying a lack of efficient, purely gas Tgasdistribution had approximately spherical symmetry. As in
phase, B atom loss processes. As Figure 4 shows, [B] alsoour other recent modeling® AT = Ty — Ty (the temperature
exhibits an unusudly dependence: it increases with up to drop between the HF surface and the immediate gas phase) was
~2100°C, but declines ifT is raised further. Figure 5, which  assumed to be a function @f;, declining fromAT = 500 K at
shows plots of [B] versu3; measured ad = 3 mm with both Trii = 2700 K toAT = 350 K atTy = 2200 K. Guided by the
a borodized Ta HF and a Re HF, under standard pressure angrevious modeling, our 3-D simulations of diluteH&/H, gas
gas flow conditions, illustrates this trend more clearly. Both mixtures activated by a borodized Ta HF under our standard
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TABLE 1: B/H Reaction Mechanism Used in the Present

4 Work, together with Elements of an lllustrative B/C/H
Reaction Scheme
% ] e A, cni® E, cal
S5 O reaction mol~ts™ B mol~t
49:' | =) (D)H+H+H <= Ha+ H; 9.9x 106 —0.6 0.0
= - 2)H+BH<H,+B 1.1x 10° 2.3 1671.6
= T (3) H+ BHz < Hz+ BH 5.0x 10P 2.3 3200.0
= P (4) H+ BHz< H, + BH; 1.7 x 10° 28 5731.2
1 (5) BoHe + Ha<> BHs+ BHs+ H,  2.4x 108 0.0 39000.0
04 : : : . : i Lo (6) H+ BoHg <= Ha+ B2Hs 1.7x 1¢° 2.8 5731.2
a 0 2 4 86 8 0 12 W« (7) BHs+ C,H, — products 6.0< 1022 0.0 0.0
d/mm (8) BH3+ C,H, — products 6.0x 1012 0.0 0.0
(9) BH;+ CH;y < BH3+ CH;s 6.0 x 103 0.0 0.0
* aRate constants are expressed in the traditional formf(A, B, E)
= AT® exp(—E/RT), with units as defined in the column heads dd
21 = 1.9872 cal mol* K.
2
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Figure 6. (a) Plot of (relative) [H] measured by 2 1 REMPI at Q
243.1 nm vd at Ty = 2100°C superimposed on the (absolute) [H] vs 8
d dependence calculated for the specified base conditions. (b) Plot of Q“_,
[H] vs T measured ai = 3 mm. The line through the data points in 2
part b is merely intended to guide the eye. 5’ 114 X . ; 3 1500
0 5 10 15 20
operating conditions adopted experimental valuesTfprand _ - z/ mm '
the gas pressure and flow rate, and assumed a net H atonfigure 7. Semilogarithmic plot showing calculated rateB, (in
production rate at the HF surfa@= 1.27 x 10 cm 2 s% molecules cm® s7%) for various of the more important elementary

. _ reactions in a dilute HF activated 0.05%H in H, gas mixture as a
a near filament gas temperatufy; = 1900 K and ad function of z (with x = y = 0). The calculations assume the following

dependence follgas analogous to that found in our previous  page conditions: 100 scem total flow rages 20 Torr, Ty = 1900 K,
characterization&''2One additional refinement included inthe @ = 1.27 x 10 cm2 s andy = 0.04. Key: @) reaction 1; @)

present modeling was &; dependent accommodation coef- reaction—1; (a) reaction 2; {) reaction 3; {) reaction—3; (x)
ficient y for B containing species incident on the HF surface. reaction 4;Q) reaction—4; (%) reaction 5. The assumediependence

The modeling also requires a gas-phase reaction mechanismof Teasis illustrated by— and the (linear) scale on the right-hand axis.
and estimates of the relevant temperature and pressure dependent

rate constantk(T, p) for the various elementary steps included 4t T,,,= 1900 K and in the presence of a hydrogen atom mole
in the model. The literature contains remarkably little detailed fractionx(H) = 0.01, we can then calculate that thgHg mole
kinetic |nfo.rmat|on pertaining to B/H. containing gas mixtures.  fraction x(B,Hs) might be~30% that ofx(B,Hg). Subsequent
We start with the minimalist mechanism listed as reactionS 1~ H + B,H, (y < 6) reactions e.g. H- ByHs < BH, + BH,

in Table 1. Parameters for reactions 1, 2, and 4 are taken fromcjearly demand future study as possible additional sources of
Harris et al We have not traced any experimental or theoretical BH, radicals.

determinations of the rate constant for reaction 3. The parameters Armed with this simple mechanism, we can predigand
given in Table 1 for this reaction were derived by interpolation thus T,.) dependent rates for the various interconversion
between those for reactions 2 and 4; the estimated forward ratereactions %5 listed in Table 1. Figure 7 shows the results of
constant for this H-shifting reaction approaches the limiting gas such a calculation, for the following set of base conditions:

kinetic collision frequency at high~(1500 K) temperatures, as  0.05% BHg in H, input gas mixture; 100 sccm total flow rate;
should be expected for such a barrierless exothermic prétess. p = 20 Torr, T, = 1900 K; Q = 1.27 x 10 cm 2 s and

We have also failed to uncover data for reaction 5, the thermal agssuming a modest loss of boron to the HF=t 0.04). The

decomposition of BHs in H,, at high €-1000-2000 K)  calculations serve to validate the assumed efficiency of the
temperatures. In this preliminary modeling study we have thermal decomposition of Bis (reaction 5-which, purely by
assumed the rate coefficient given in Table 1, and we have gas_phase Chemistry, is calculated to occur at axra@°cm—3
assumed an activation energy for the thermal decomposition of -1 near the HF-and rapid interconversion between the various

B2He equal to the enthalpy difference between reactants and BH, species driven by the family of H-shifting reactions 2
products. H+ ByHg interactions represent another possible

initiation step for BH radical formation. One such step is the H+ BH, < H, + BH
H-shifting reaction HH B,Hg < H, + B,Hs (listed as reaction

6 in Table 1), for which, again, we can find no kinetic data but Guided by the experimental observations, the modeling allows
here assume kinetic parameters as for reaction 4. In equilibrium,the possibility that gas-phase boron containing species can be

x=3-1

x—1r
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input gas mixture employing the same base conditions as in Figure 7. the pase conditions listed in the caption to Figure 7 but with a range of
y values.

lost, irreversibly, by incorporation into the HF. However, it does

not allow for possible BK (x = 0—3) production by, for -~ . o

example, dissociative absorption ofHg on the HF surface Effect of CH4 Additions. Inclusion of CH, within the process

such as has been invoked in some earlier analysesldf C ~gas mixture introduces more variables. Clearly, H/B/C contain-

decompositior¥” The rate of loss of boron containing species iNg mixtures can support a wider range of gas-phase chemistry

at the HF was modeled by eq 2 than the simpler H/B mixtures. Additionally, however, B and
C containing species can both reacbmpetitively and, con-
G=Y yNoS ) ceivably, cooperativelywith the surface of a HF. To minimize
4V

this potential variability, we chose to adopt a standard operating
. . . . ., procedure in which a new Ta HF was first carburizedat=
whereSis the effective surface area of the filament in the grid  55500¢ in 2 1% CH/H, gas mixture fo 6 h prior to exposure
]fle”’ Ni Is f[hehrelﬁvant Ispelczle_s nl;mhper den_5|ty cl(zlze hto the to any BHe. Carburized HFs were used to activate bothig
llament, v is the thermal velocity of this species, apds the H, gas mixtures (results of some such experiments have been
probability that collision with the HF surface will result in described above) and,B/CH4/H, mixtures. In both cases, B
irreyersible loss of th"’.‘t species from the gas phesfar the atoms were detectable as soon aslBwas introduced, and £he
;/Iflrltofus btorof‘ Céméa'g!ng ip%C;]eS \;\;]as affssutm?d t(;) b.e e?#al tomeasured [B] vsl dependences were reminiscent of those found
at for atomic b. Setting has e efiect ot recucing € \ith a Re HF — implying that B accommodation on a
numper den§|t|es qf the various poron containing species precarburized surface is relatively inefficient (smal. In
(particularly in the immediate vicinity of the HF) and thus marked contrast to the situation found with the bare metal
reducing the rateR of all reactions involving such species. ) . i
hi . learly f h lcul filaments, however, [B] was found to rise more than linearly
e e e et 5y asigli, i 0 S ofa o aly -~ 210
o : °C (Figure 10a), though [B] does appear to plateadsat~
calculatedd dependent number densities for H, Bid = 0—3) (Fig ) gh [B] PP P it

d BH, for th b diti 4in Fi 7 W 2300°C. This we rationalize in terms of formation of a thin
an 6 for tn€ same base conditions as used in Figure /. e(solid) borocarbide surface layer, rather than the molten B
should stress at this point that the quoted number densities are

correct for th.e. kinetic' parameters listed in Table .l’ but could fr?:tég%éoéftﬂg'b(grgﬁggﬂstt;dﬁg?tﬁghegic\’zr??ggggd n
change significantly if new, accurate data relating tgHB . . .

. . - observations, one might argue that a precarburized HF should
conversion to BH species (by thermal decomposition and/or be the filament of choice for this tvpe studv. However. the
reaction with H atoms) became available. The present calcula- € the flame . ype Y- Lo
tions show BHg dissociation to BH near the HF such that precgrbgrlzat!on stage IS time-consuming, and the rgsultlng
N(BHs) >1% N(B,Hg) atd ~ 0, and efficient conversion of coating is delicate. Suc_h fllame_nts are not recyclable, since the
the BH; species so formed to BHBH and, particularly, B atoms thermal stresses asso_clgted with cooling (to room temperatl_Jre)
via the sequence of H-shifting reactions£ The calculations and reheating are sufficient to crack the carbonaceou; coatlng,
also show thatN(B) varies less steeply witd than do either thereby exposing bare_ metal that has to be_ re(_:arburlzed prior
N(BH.) or N(BH). The calculatecti dependence oN(B) is to use. After completion of the precarbu.nzatlon stage, the
comparatively “flat” , in general agreement with the [B] & temperatures of the HFs used in _the experiments repor_ted here
trend measured experimentally, though the calculations alsoWere only reduced when conducting [BJ Vg profiles (during
show thaty > 0 is required in order to obtain a local minimum  Which Tri was still maintained at 1600°C).
in N(B) atd ~ 0. This effect is illustrated further in Figure 9, Figure 10b shows the time dependence of the B atom signal
in which the measured [B] vd trend with a borodized Ta HF ~ measured ai = 3 mm with a precarburized Ta HF maintained
at Ty = 2100°C (from Figure 4) has been superimposed on a at T = 2250°C, as a function of Cldaddition. The B atom
range ofN(B) vs d distributions calculated for the usual base number density measured in a 0.0475%iBin H, mixture is
conditions but with a range of differeptvalues. The observed  seen to fall by>30% upon addition of 1% Cii but quickly
[B] vs Ty trends can be reproduced reasonably well using the recovers its previous value when the £tbw is interrupted.
previously determine®(Ts) dependence if is allowed to scale Given the reproducibility of this trend, the lack of obvious
with Ty as shown in the inset to Figure 5. Clearyis required hysteresis in the data, or of any changd&;nupon CH, addition,
to increase quite dramatically at filament temperatures abovewe conclude that the observed variation in [B] is due to gas-
~2100°C, i.e. at temperatures when the filament surface could phase chemistry. We now consider possible causes for the
support a thin layer of molten boron. observed variation upon GHaddition.
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act as a sink for gas phase B atoms under conditions typically
found during diamond CVD?

Given that the efficiency of interconversion between the
various BH species via the H-shifting reactions-2 is rapid,
loss of any BH species could, in principle, account for the
observed decline in [B] upon addition of GHrigure 8 showed
BHj3 to be the most abundant Ridpecies, at aldl. BH3 is not
expected to react with CHtself. Diode laser absorption studies
of the BH; + C,H, reaction returned Bkremoval rate constants
: : . _ _ >10711 cm® s, at room temperature and at, Muffer gas
1600 1800 2000 2200 2400 2600 pressures as low as 6 Téfrwhile previous flow-tube studies
T,/ °C suggested that the adduct, ethylborane, was the major reaction
product3” Theory generally supports this view, though the
reliability of the early picture of the reaction proceeding via a
two-step mechanism involving initiat-complex formation and
subsequent rearrangement via a four center transition state has
been called into question by higher level calculations which
suggest a steady decline in energy with decreasing—#3iH,
separatiorf® BH3 addition to GH, (which will be the most
abundant hydrocarbon in the hottest regions of any HF activated
dilute CHy/H, gas mixture) appears to have received relatively
little experimental attention, but is a recognized route to forming
vinylborane. Theory suggests that the 8H C;H, and BH; +
C,H,4 reactions should show many similarities. Again, the
. . s-complex is predicted to be stable (48.3 kcal mot™ relative
Time / Minutes to the separated reactants), and the barrier associated with the
Figure 10. (a) Plot of [B] vs Ty measured aff = 3 mm when using  subsequent transition state for H migration is predicted to be a
a 0.0475% BHe/1% CHJ/H; gas mixture and a precarburized Ta HF. mere 2 kcal mol! measured relative to the-complex; the

The line through the data @ < 2250°C is simply to guide the eye. - - :
(b) Plot of [B] vs time measured at= 3 mm with a precarburized Ta overall exoth_ermlcl‘,ltyl of vinylborane pkrOdIUCt frc;rgathnhfrom
HF maintained afiy = 2250°C, using a 0.0475% Bls/x% CHy/H, BH3 + C2H; is calculated to be-43.6 kcal mol™.** Neither

mixture in which x is alternated from O to trepresented by,  C2Hz nor GH, are expected to react significantly withis in
respectively, the periods of white and gray shading on the time-bar the gas phase at room temperature.
Iabove. Blaclk rekglons on this time bar indicate periods when the probe Clearly, our current understanding of possible gas-phase B/C
aser was blocked. coupling reactions under conditions representative of those used
in boron-doped diamond CVD is far from adequate. Nonethe-
The literature regarding B/C coupling reactions in the gas less, we have performed some pr_elimi_nary model calculations
phase is comparatively sparse. Andrews and co-workers, usingdPPropriate to the near HF region in the present reactor.
matrix isolation methods, identified GBH, and CHBH as  Specifically, for 0.0475% B¢/H, and 1% CH/H; gas mixtures,
products of the reaction of B atoms with G Formation of we find [BHg] ~10' cm~2 and [GH] N_2 x 1083 cm™3 and
these products was rationalized in terms of an initial exothermic [C2Ha] ~10'2cm™3, atd ~3 mm. Assuming that these number
insertion reaction, yielding C#8H, and subsequent rearrange- densities would be replicated in a HF activated 0.0475#B
ment to the thermodynamically favored isomer BH, and/ 1% CH/H, gas mixture, we would require that reactions 7 and
or H atom elimination prior to the excess internal energy being 8 in Table 1 removed Bl with essentially unit collision
dissipated into the matr The B atoms in that experiment  efficiency k~1071%cm® s, atTyas~1500-1900 K ando(Hy)
were generated by pulsed Nd:YAG laser ablation of a solid = 20 Torr) in order to give a reaction rate-2 x 10" cm™3
boron target; their average kinetic energy was estimated 20 s1) sufficient to account for the _observed 30% loss of B atoms
kcal mol-L.39 The high collision energies are very relevant, since UpPon Ch addition to a HF activated 0.0475%l/H; gas
subsequent ab initio calculatiché2have revealed a substantial ~ Mixture. The resulting vinylborane and ethylborane products
energy barrier in the entrance channel of the BH, reaction, ~ Will almost certainly react further, given the high 104 cm~)
the magnitude of which~20.8 kcal mot? (ref 31)) would H atom number densities, and much further work will be
preclude reaction at room temperature. This reaction is thus required to establish the complete set of gas phase (and reactor
unlikely to account for the observed drop in [B] upon £H surface) sinks for the boron introduced into £, gas mixtures
addition to the HF activatedBig/H, gas mixture. HF activation ~ used to grow B-doped diamond. Other BH CH, type
of CH4/H, mixtures leads to &, formation23 The B+ CH, reactions (e.g., BbH CH, <> BH3 + CHg) could, in principle,
reaction has been investigated by matrix isolation method&also !€ad to reductions in the BHx = 2—0) reactant concentrations.
and, more recently, in crossed-beam reactive scattering experiAgain, we estimate that the rate coefficients of any such
ments*35The latter reveal HBEas the sole molecular product;  reactions would need to be10'° cm® s™* in order to be
companion ab initio calculations suggest an indirect forma- competitive with reaction-4, k-4 ~10"* cm® s™%,
tion mechanism involving (barrierless) B atom addition to the ~ On the basis of these calculations, none of the above B/C
C=C triple bond, subsequent cyclic rearrangement involving coupling reactions provides a convincing explanation for the
an H atom migration, isomerization to a ring opened structure, level of [B] depletion observed upon addition of 1% £Ctd
and eventual H atom loss to yield the observed HBCC product. the 0.0475% BHg/H, gas mixture. However, preliminary 2-D)(
This reaction is calculated to be mildly exothermigiH = —1.6 2) model calculations fofT, = 1900 K outputs for a HF
kcal moi~t. Would the HBCC species be sufficiently stable to activated 0.05% BH¢/H> gas mixture assuming reactions-@

[B]/ Arb. Units

[B] / Arb. Units

0 10 20 30 40 5 60 70
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from Table 1, and a 0.05%Blg/1% CH,/H, mixture in which
we allow the full B/H chemistry (i.e. reactions-5 again), and
the full C/H chemistry associated with the 12 Cahd GHj
species assumed in previous modeling of HF activateg/i&H
gas mixtures? and the B/C coupling reactions-B, suggests
an alternative explanation. These prediet45% drop in [B],
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