7804 J. Phys. Chem. A998,102,7804-7812

Flow-Tube Investigation of the High-Temperature Reaction between BGland NH3
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The reaction between BEand NH; to produce dichloroboramine ((8NH,) and HCI was probed using a
flow-tube reactor interfaced to a molecular-beam mass-sampling system. A composite method that couples
the detailed simulation of the fluid mechanics and chemical reactions occurring in the flow tube to an algorithm
for nonlinear least-squares optimization was used to extract the kinetic parameters from the experiment. The
rate constant for this gas-phase reactiok {sm* mol™* s71) = 4.21 x 10 exp[—(8350 cal mol?)/(RT)]

with an estimated uncertainty of £05% over the temperature range 67820 K. The results indicate that
surface reactions involving B&band NH; occur in the flow tube, but their contributions to the observed
chemical behavior of the system can be quantified and therefore do not affect the kinetic measurements
reported here. In addition, the low-energy barrier to this gas-phase reaction has important implications for
the chemical vapor deposition of boron nitride from B@hd NH;.

I. Introduction kcal molt. Although this value is consistent with other
determinations cited by these investigators, their conclusions
are based on measurement techniques that could not resolve
the detailed process chemistry. The experiments of Kwon and
McGee, Avent et al., and others suggest that little if anysBCI
remains intact to adsorb at the growth front under the typical
VD conditions of excess NfHand temperatures exceeding

Chemical reactions between Lewis actohse pairs such as
BX3 (X = H, F, Cl) and NH are of fundamental importance
and have been the subject of intense investigdti®n.The
resulting complexes (2B:NHj3) are isoelectronic analogues of
organic compounds CCHg) but are unstable solids at room
temperature that possess large dipole moments about the B:

e . L 000 K.
center.> Furthermore, they readily eliminate HX to form To complicate matters further, the dichloroboramine produced
X2BNH,.578 |t is these reactions that create a practical synthetic . P ' P

. L in reaction 1 is also a Lewis acid, albeit a weaker one than
route to valuable IH-V materials such as boron nitride (BN). . .
. . . . BCls due to the presence of the less electronegative amino group.
The desirable properties of BN, either in hexagonal or

o . ) i o As is the case for BG) NH3 can donate electrons to the unfilled
pyrolitic form, have been exploited in a variety of applications,

. X ; - . . boron p-orbital, resulting in further aminatiépi9.20
including corrosion-resistant coatings and ceramic compo#ients,

debonding layers in ceramic-matrix composite matetfatsand
coatings on nuclear fuel elements.In the majority of these
applications, BN is deposited via chemical vapor deposition
(CVD) processes in which the precursors of choice are boron
trichloride and ammoni&. Despite the wealth of literature
available on B-N coordination compounds, little is known about ~ This fact, coupled with the elimination of HCI from dichloro-
how BCk and NH; are transformed into BN. In 1972, Kwon boramine’®:19.20

and McGeé® reported that BGl and NH; react at room

temperature to form dichloroboramine: Cl,BNH, — CIBNH + HCI (4)

C1,BNH, -+ NH, — CIB(NH,), + HCI )

CIB(NH,), + NH, — B(NH,), + HCI ©)

BCl; + NH; — CLLBNH, + HCI Q) suggests that the gas-phase chemistry in this system is quite
rich and deserving of a more detailed investigation. It seems

The reaction products were identified using time-of-flight mass lIkely that in many cases, BEls not the sole or even the most

spectrometry. No mass fragments unique to theBGIH; abundant boron-containing species that interacts with the BN

adduct were observed, which is not surprising considering the Surface during deposition.

difficulty reported by Avent et &t.in isolating this compound. In this investigation, a molecular-beam mass spectrometer

Following Kwon and McGee’s report, several other investigators (MBMS) sampling system interfaced to a high-temperature flow

have documented reactiort4-16 reactor (HTFR) was used to extract the kinetics of reaction 1
These observations cast doubt on the conclusions of severalia & conventional discharge-flow approach. Traditional meth-

researchers who state that BN CVD is kinetically limited by ods of da;a reduction hgve been r.eplaced by.a numerical
the adsorption of BGl or that homogeneous reactions are procedure in which a detailed simulation of the fluid dynamics
unimportant. Patibandla and LutAfand Lee et a measured and chemistry in the flow reactor is coupled to a nonlinear least-
BN deposition rates and found an activation barrier of-36 squares algorlthm. Thls procedure results in a direct determi-
nation of the kinetic parameters that govern the system.

* Author to whom correspondence should be addressed. E-mail: mdallen@ COmparison of our findings with the only other rate constant
sandia.gov. reported for reaction 1, that of Kapralova et’dlindicates that
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Figure 1. Schematic of high-temperature flow reactor (HTFR).

the gas-phase reaction between B&id NH; is much slower the background pressure and serves to minimize beam scattering

than previously thought. and transmission of off-beam gases into the third chamber. This
_ final chamber houses an electron-impact ionizer, adjustable ion
Il. Experiment optics, a mass-spectrometer quadrupole assembly capable of unit

resolution to 500 amu, and a conversion-dynode/electron-

Apparatus and Measurements. The experimental apparatus e - ! - A
multiplier pair for detection of positive or negative ions (Extrel

is depicted in Figure 1 and consists of a high-temperature flow oo ) =9 A
reactor interfaced to a molecular-beam mass spectrometer. Thé&20)- The pressure in this chamber is maintainedk 10

HTFR is a water-jacketed steel chamber that contains alumina- 7 With a 400 L s turbo pump. _

and graphite-felt insulation (not shown), heating elements, aflow ~ The molecular beam originates in the first of the three vacuum
tube, a ceramic heat exchanger, and a translating injector. TheStages as the reactor gases pass from a region of relatively high
flow tube is constructed of quartz, has an internal diameter of PressureR > 1 Torr) to one of low pressur@fax < 2 x 10°°

6.4 cm and an overall length of 112 cm, and is lined with 0.5 Tor), through the 125m diameter orifice in the sampling
mm thick graphite foil to minimize deposition on the tube walls. Nozzle. The flow exiting the nozzle is supersonic and under-
Resistive heating elements encircle the tube, creating three€xpanded. By maintenance of a background pressure in the
independently controlled heating zones. The injector, also madefirst (éxpansion) chamber that is low enough to prevent
of quartz, is mounted on a translating stage that is attached to€ontinuum flow, complicating shock structures are avoided and
the HTFR by a flexible metal bellows. the gas undergoes a smooth transition to free molecularflow.

Mass flow controllers are used to meter all gas feed rates. Under these conditions, the expansion can be considered ideal

Reactants are introduced into the flow tube via the injector and nd isentropic. Mostimportantly, within-25 nozzle diameters,
are dispersed at right angles to the axis of the tube by issuingthe flow becomes rotationally cold and collisionless, which
through a sparger. Alternate feeds for ammonia and carrier gas“freez_es” the chem_lcal comp_osmon of the mixture. This allows
are located at the entrance to the flow tube and at the top of thetransient or short-lived species to be detected as well as stable
translating stage. The reactor exhaust is throttled, allowing for compoundg#2
feedback control of the reactor pressure to any desired setpoint Prior to electron-impact ionization at 70 eV, the molecular
within the range £700 Torr. Power to each heating element beam is chopped with a resonant modulator driven at 200 Hz.
is also under feedback control, using type-K thermocouples in The chopper reference and analogue multiplier signals are routed
contact with the outside wall of the flow tube. This results in through a lock-in amplifier (Stanford Research Systems SR510)
a variation in the centerline temperature 62 K about the where the modulated ion signals are extracted from the dc
setpoint over the 30 cm length of the tube used to extract kinetic baseline. This allows for discrimination between beam gases
data. Residence times up to 2000 ms can be achieved byand quiescent gases that are present in the quadrupole chamber.
adjusting the injector position, gas flow rate, pressure, and Phase-sensitive detection reduces the ultimate detection limit
temperature. to less than 10 ppm at reactor pressures above 5 Torr in a helium
Gases exiting the flow tube are sampled using the techniquecarrier gas.
of modulated molecular-beam mass spectrometry (MBMS). The  The reaction of BGl with NH3 was investigated at temper-
sampling train consists of three differentially pumped vacuum atures between 670 and 920 K in helium carrier gas at a reactor
stages (see Figure 1). The first chamber houses a 1500 L s pressure of 10.6t 0.2 Torr. A few experiments were also
turbo pump, adjustable skimmer nozzle assembly, tuning fork performed with quartz wool inserted into the flow tube to
chopper, and molecular-beam entrance aperture. The intermedidetermine the importance of wall reactions. Anhydrous am-
ate chamber, fitted with a 150 Lsturbo pump, further reduces  monia (Scotty Specialty Gases 99.99 wt %), boron trichloride
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(Matheson 99.9 wt %), and helium (Matheson 99.99%) were are usually adopted, with convective velocities large enough to
fed directly from their respective cylinders and were used negate axial diffusion. Secondary gas-phase reactions are
without further purification. Unless indicated otherwise, the neglected, and any heterogeneous chemistry must exhibit first-
data presented here were collected under the following condi- order behavior in the primary reactant with a well-determined
tions: a total gas flow rate of either 1280 or 2000 sccm, an rate constant that can be incorporated into the boundary
initial BCl3 concentration of 2000 ppm, and a [MHBCI 3] ratio conditions of the flow equation. Investigators often go to great
of 2.25, 3.0, or 4.5. Although unnecessary, given the new lengths in order to satisfy these criteria so that simple ap-
method of data reduction, ammonia was fed in excess to ensurgproximations to the flow equation may be used to interpret
first-order decay behavior of the BLI A typical experimental experimental data.

run involved positioning the injector at five to ten different  Although it is fairly straightforward to maintain the flow
locations within the flow tube, recording the intensity of the conditions described above for reaction 1 and achieve pseudo-
desired ion signals at each position, changing the ammoniafirst-order behavior in the decay of Bglsecondary loss
concentration or temperature, and then repeating the injectormechanisms due to gas-phase and surface reactions cannot be

motion. avoided. The product of the bimolecular reaction betweery BCI
The reactants (BGland NH;) were monitored by their  and NH;, dichloroboramine (GBNH,), is a Lewis acid that
respective parent-ion signals at mass/charge rati 6f 116 further interacts with the Nk{reaction 2) and thereby decreases
and 17. The product species, HCI,BINH,, and diaminochlo- its concentration. More importantly, our results show that upon
roborane (CIB(NH),), were observed atVe ratios of 36, 97, mixing, BClk and NH; react at the surface, resulting in the loss
and 43, respectively. Mass flow controllers were used to of BCls that cannot be quantified a priori. These additional
calibrate the MBMS sampling system for BCNH3, and HCI. reactions introduce an unacceptable level of uncertainty into

Calibration factors for the two aminochloroborane species were the rate constant for reaction 1 obtained from standard flow-
calculated from the measured mass balances of hydrogen andube data-reduction techniques, thus requiring an alternative
chlorine. The reason for this choice, as opposed to basing themethod for analysis and parameter recovery.

calibration on boron and/or nitrogen, is that compounds contain-  Here, we introduce a numerical method similar to the

ing hydrogen and chlorine are least likely to be incorporated treatment of Segatz et # for calculating the kinetic constants
into solid depOSitS on the reactor walls before detection. The from flow-tube data that does not re|y on Simp]ifications of the
overall uncertainties in the reported species concentrations fortransport equations. A detailed model of the flow reactor has
BCls, NHs, and HCI are estimated to be5%. Those for the  peen coupled to an iterative procedure for parameter optimiza-
aminochloroborane compounds are higher. tion to fit the experimental data to a predetermined reaction
An additional source of experimental uncertainty may arise mechanism. The optimization program TIMARMinimizes

from mass-discrimination-induced nonlinearities between the the sum of squares of residuals, using the algorithm developed
signal intensity and the absolute source density. This is by Marquard! to arrive at a best estimate for the Arrhenius
especially severe for heavily seeded molecular beams of heliumconstants. TIMARL1 can solve both linear and nonlinear least-
or hydroger?® such as those used in flow-tube experiments. squares problems with weighted and constrained residual
Therefore, to minimize the influence of mass discrimination, functions, which are formulated from the experimental data.

the source densities of reactants were kept small (less than 1% Duyring the optimization, TIMARL recursively calls for the
of the total feed) and all ion signals were normalized to an solution of the two-dimensional reacting-flow problem. To
internal standard of argon (typically 2000 ppm). As a result, simulate the fluid dynamics and chemistry of the flow tube, we
the mass-sampling system displayed a linear response to thesed the CRESLAR 34 and CHEMKIN®:36software packages.
concentrations of both reactant and product gases present iCRESLAF is a Fortran program that predicts the velocity,
the exit stream of the flow tube under all experimental temperature, and species profiles in two-dimensional channels
conditions. (planar or axisymmetric). The model uses a boundary-layer

Method of Analysis. In a standard flow-tube experiment, approximation to solve the coupled hydrodynamic and species
the injector position establishes the residence time for the continuity equations. As such, there must exist a principle flow
reactants by fixing the distance between the detector and thedirection in which convection dominates diffusive transport, a
point at which the primary and secondary reactants are mixed.criteria that is always met under the laminar-flow conditions of
Requisite data for a particular condition are collected by these experiments. The model accounts for finite-rate gas-phase
measuring the intensity of some signal that reflects the numberand surface chemistries, as well as multicomponent molecular
density of the primary reactant as a function of the injector transport, via the CHEMKIN, SURFACE CHEMKIN, and
position. The kinetic parameters governing the transformation transport interpreter®, respectively. These three software
or decay of the measured signal can then be extracted from apackages compose a body of subroutines that are linked to
solution to the steady-state transport equation for a single CRESLAF, creating a standard deck from which to calculate
reaction in a cylindrical duc¥2%> Given the complexity of a equations of state, chemical production rates, thermodynamic
system where the chemistry and fluid dynamics are closely properties, and mass diffusivities. For a complete discussion
coupled, it becomes necessary to operate the experiment undeon CRESLAF and the CHEMKIN packages, the reader is
limiting conditions so that data reduction and parameter referred to the above literature citations and the references
extraction are simplified. therein.

Various approximations and numerical procedures have been The numerical treatment of the flow tube is enhanced by an
formulated in order to evaluate the transport equation, provided accurate thermochemical database consisting of all participating
that certain experimental criteria are maintaifed® Typically, species. Although not a strict requirement for the successful
the system must exhibit pseudo-first-order behavior in the decay implementation of CRESLAF/TIMARL1, knowledge of the
of the primary reactant, usually accomplished by keeping the thermochemical properties (heats of formation, entropies, and
concentration of the secondary reactant in excess of the primaryheat capacities) allows for a more precise determination of the
by an order of magnitude or more. Laminar flow conditions reverse reaction rates. For all compounds of interest except
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NHs, HCI, and He, the thermochemical properties were taken 0.05 . T . | . ; .
from the ab initio work of Allendorf and Meliu%’ In this data

set, the results of ab initio electronic structure calculations, 0.00 .
performed at the MP4(SDTQ) level of theory, were coupled

with empirically derived bond-additivity corrections in order ., 005 -
to predict thermochemical quantities. This method is known g’

as the BAC-MP4 method (for bond-additivity-corrected fourth- @ -0.10 —
order Mgller-Plesset perturbation theory) and has been suc- =

cessfully applied to systems of first- and second-row com- @ 0151 =
pounds®®39 The data set we used encompasses 33 molecules <

in the B-N—CI—H system and is believed to be the best and -0.20 -
most complete available. Agreement between calculated heats

of formation and those found in the literature is quite good 0.25 .
(maximum error in the prediction less that?.6 kcal mof?).

For NHs, HCI, and He, the requisite data were taken from the 030 0 " 004 o008 012

JANAF databasé?

Basically, this composite method of reactor simulation and
nonlinear least-squares optimization results in the direct deter-Figure 2. First-order decay of BGlsignal as a function of residence
mination of the kinetic parameters that govern the observed time for various feed ratios of [N4/[BCl3] at 10 Torr and 670 K.
behavior, within the confines of the gas and surface reactions Open symbols are data points with error limits at the 95% confidence
included in the model chemistry. This technique has two interval; lines are the results of CRESLAF/TIMARL simulations (see
principal advantages over the highly specialized treatment texy).
reported by Segatz et #. First, the CHEMKIN codes are
designed as a general interface that facilitates the formulation,
solution, and interpretation of problems involving elementary
heterogeneous and gas-phase chemical kinetics in the presence
of a solid surface. As such, with minimal effort, this method 0.2

Relative Residence Time (t-1,) (s

0.0

can be adapted to the study of different chemical systems in 5“’
reactors of different geometries and flow/chemical complexities. £
Second, TIMAR1 allows for parameter optimization over = 04} i
weighted and constrained fields, which provides more flexibility @ [NH,]/ [BCI,]
in the extraction of rate coefficients. s _
As a result of the numerical treatment of the flow-tube data, P ]
traditional graphs of the rate constant verses inverse temperature A 45
or rate constant verses Nidoncentration are not necessary. A
benefit of manipulating data in this manner is that uncertainties ) l I , B ] |
in thermal uniformity within the tube and parasitic reactions 000 002 004 006 008 010 0.12
that may occur in the gas-phase and on the surface of reactor Relative Residence Time (1-1;) (s™)

walls are no longer a barrier to extracting meaningful rate
constants from flow-tube reactors. Keys to the success of this Figure 3. First-order decay of BGlsignal as a function of residence

method are a well-defined reaction mechanism and an appropri-time for various feed ratios of [N#/[BCls] at 10 Torr and 918 K.
ate choice of residual functions to minimize. Open symbols are data points with error limits at the 95% confidence
interval; lines are the results of CRESLAF/TIMAR1 simulations (see

text).
lll. Results &)
HTFR Experiments. The reaction between BEand NH; calculated according to — 7o = (z — z)/llC) wherez (cm) is
was investigated at six temperatures between 670 and 920 Kthe physical distance between the injector tip and the sampling
and at three initial mole fractions of NH4.5, 6.0, and 9.0« nozzle (see Figure 1)iC(cm s™) is the average flow velocity,

10-3), which generated 18 separate conditions from which to and the subscript (0) indicates the initial condition (injector
collect rate data. Consistent with earlier investigations of this Position closest to detector). It is clear from these figures that
systemt3-16 we find that BC and NH; react rapidly over the ~ the process is pseudo-first-order in the loss rate of3B(I
entire range of temperatures examined. Three compounds wergemains so under all conditions investigated.

detected as products of the reaction: HCEBMNH,, and CIB- While the curves in Figures 2 and 3 substantiate the first-
(NHy),. It is of interest to note that none of the previous order behavior of the process under study, this observation does
investigators reported the presence of CIB@hHprobably due not guarantee that the governing reaction is solely a homoge-
to the lower reactor temperatures and/or lower instrument neous process. Both Bro#hand Orkin et aP8 report that a

sensitivities employed in these studies. first-order wall loss would go undetected, meaning that the
Shown in Figure 2 are the first-order decay curves for the behavior of the system would remain linear, but have an
BCl3 signal as a function of the relative residence time-(zo) observed slope that is steeper than that expected for a single

for various initial [NHs)/[BCl 4] ratios at 670 K. lllustrated in gas-phase, bimolecular reaction. Therefore, to test for possible
Figure 3 are the decay curves measured at 918 K. The opencontamination of our observations by surface reactions, glass
symbols in these figures are the raw data with error limits wool was placed in the flow tube. This increased the effective
established at the 95% confidence interval, and the solid linesarea exposed to Beand NH; by a factor of 70; any increase
are the results obtained from the CRESLAF/TIJMARL1 analysis. in the observed decay of the BQignal would immediately
The residence time relative to an initial injector position was point to an active heterogeneous process.
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TABLE 1: Mole Fractions of Reactant and Product Species TABLE 2: Reaction Mechanism Used in the CRESLAF/
for Various Conditions at a Residence Time of 0.5 s, 10 TIJMAR1 Calculations
Torr, and 670 K

reaction A s E?2
mole fraction & 107%) Gad
description measureti5%# simulated BCl; + NH; — 4.21x 101 0.0 8350
parent ion me input Ao  Aw  Asio  Aswi CLBNH, + HCI
CI,BNH; + NH; —~ 3.88x 101 0.0 18500
NH3 NH3" 17 9.00 —1.37 —2.49 —1.18 —2.59 CIB(NHy), + HCI
BCl; BCls* 116 2.00 —1.13 —1.94 —1.08 —1.96 Surfacé
HCI HCI* 36 0.0 -+1.11 +3.62 +1.21 +3.61 NH3 + * — NH3z* 5.00 x 1072 0.0 0
CI,BNH, CI,BNH;* 97 0.0 +1.01 +0.89 +0.94 +0.82 3BCl; + 4NHz* — 6.69x 102 —0.5 5240
CIB(NHz), B(NHp),* 43 0.0 +0.09 +0.52 +0.05 +0.56 6HCI + CILBNH, +
: _ CIB(NH,), + BN(s) + 4*
gas-phase difference (%) difference(%) - . ;
atomic balance input Aco A Moo Asm Units of c_aI mot?. P Gas-phase rate constant of the fdkns AT/_
exp[~E/(RT)] in (cm® mol~* s71). ¢ Surface-phase rate constant given
Cl 6.00 27 -19 15 13 as a sticking coefficient of the form = AT’ exp[—~E/(RT)] which is
B 200 14 263 42 291 unitless and in the range @ y < 1). (*) indicates an adsorption site.
N 9.00 2.0 6.2 1.4 7.2
H 270 23 0.0 0.8 1.0 TABLE 3: Species Used in the Equilibrium Calculations
a Uncertainties for GBNH, and CIB(NH), have not been deter- BCl; CIBNH NH3 He
mined (see text).{) indicates gain by reaction:) indicates loss by ClsB:NH3 CIB(NH>)2 NH.CI (s)
reaction. Ao = empty flow tube (low surface arealy = glass- Cl,BNH, B(NH;)3 HCI

wool-packed tube (high surface are@®)sio and Asy = results of

taking the percentage difference between the gas-phase mole fraCt'OrBystem

of the element in the input stream and that of the exit. A large positive . . .
value would indicate that the respective atomic element has been _Mechanism Development. The model chemistry used in the
incorporated into a surface deposit. simulations is limited to the four reactions listed in Table 2.

The two gas-phase steps, reactions 1 and 2, are discussed in
The results of the experiment are presented in Table 1. Here,the Introduction and are the subject of this investigation.

a comparison is made between the mole fractions of five speciesReactions 3 and 4 are not included in the mechanism because
measured in the reactor, under identical flow conditions, with B(NH2)3 and CIBNH were never detected in the effluent of the
the exception that one set of data was obtained in an emptyflow tube. We also omit reactions describing the unimolecular
tube (low surface area) and the other in a glass-wool-filled tube decomposition of BGland NH; because these processes are
(high surface area). The labelso and Ay represent empty- highly_ activated and would not contribute to the gas-phasg
and filled-tube configurations, respectively. Theoperator ~ Cchemistry at the low temperatures and pressures employed in
gives the difference between outlet and inlet mole fractions. this investigatiort?
As such, a “” sign indicates that a species is consumed by  For the surface, a simple two-step mechanism was devised
the reaction, and a+" indicates that a species is produced. !0 represent the interactions of Niand BCk at the gas-solid
ComparingALo andAy, in Table 1 shows that the consumption  interface. This choice was based on the following experi-
of BCl; and NH; increases significantly at the higher surface mental observations: upon addition of the glass wool (see

area. Consequently, the production rates of HCl and CIBjNH ~ Table 1,Aw), there is an increase in the net loss of Baind
increase: however, the amount obBNH, decreases. NHs, a concomitant increase in the production of HCI and

In the lower portion of Table 1, are the results of a mass CIB(NHs)2, and an unexpected decrease i_n the amount of

balance over the flow tube for the’elements (Cl, B, N, and H) CloBNH; produced. No new gas-pha_se Species were o_bserved.
. . o There appear to be only two mechanisms consistent with these

detected in the gas phase. The values listed were calculatedobservations_ (1) a surface reaction(s) that converts Al
by taking the percentage difference between the mole fraction CLBNH, to HCI and CIB(NH), or (2) a surface reaction(s)
of the element in the input Stream gnd that in the exit stream. that converts BGland NH; to the observed products. The first
CI_osurt_e of the mass balance, W'.th'n the experimental uncer- pathway, in principle, could deplete BNH, and thereby drive
tainty, is achieved for thé\.o CO!’ldItlon; however, for thé\ reaction 1 in the forward direction, resulting in an increased
state, the elements boron and nitrogen do not balance. The molg .. ¢ BCk loss and a drop in the production of BNH,.
fraction of boron and nitrogen in the exit is much lower than in However, this would be true only if reaction 1 were at
the input, which indicates that these two atoms have been equilibrium.

removed from the gas phase, presumably incorporated into solid To test this hypothesis, equilibrium calculations were per-

deposits on the surfaces within the reactor. The mole ra.ltio' of tormed using the STANJAN code developed by Reynolds et
B/N !ost to_the gurface is nearly 1:1, suggesting that stoichio- 4j41 Thig program uses the method of “element potentials” to
metric BN is being formed. determine the equilibrium mole fractions of species in ideal

Clearly, there is a heterogeneous component to the reactionmixtures of one or more phases. The species used in the
between BG and NHs. Given that the rate of this reaction  equilibrium calculations are listed in Table 3. The molecules
cannot be determined a priori, it then becomes necessary to useire all stable compounds and represent the most likely moieties
an alternative approach to data reduction so that meaningfulto exist at the temperature and pressure investigated; no reactive
kinetic parameters can be extracted from the experiments.intermediates were considered. Thermochemical data for all
Posing a well-defined reaction mechanism is important for the of the compounds except N&I(s), NHs, HCI, and He were
success of the CRESLAF/TIMAR1 method. With the observa- taken from the work of Allendorf and Melius described
tions made in the empty and wool-filled reactor, we have previously?® For the remaining species, the thermochemistry
sufficient information to develop a mechanism that describes was again taken from JANA.
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102 & - i i ————— to optimize the rate parameters. With reliable thermochemistry,
E 3 a reaction mechanism, and a sufficient number of observations,
r 1 the final step in parameter evaluation is to formulate the residual
10° kL i functions.
s E E The residuals, which are cast into the form of relative errors
5 C ] and taken as the sum of squares, describe the extent to which
= ol 1 the model predictions deviate from observation. In the interest
o 10 3 3 of reasonable computation times, we decided to liNigT to
§ 3 ] 36 data points. The most significant experimental results to
£ - . fit are the family of decay curves for the BQlignal (see Fig-
2 10°F E ures 2 and 3). Another observable that is sensitive to the rates
2 F ] of gas and surface reactions is the measured ratio of BClI
Iiy i [NHy] / [BCI;] = 4.5 ] CI;BNH,. Given these two data sets, the sum of squares of
10° & - residuals (SOR) for the first rang&l{) of 18 points, which
F ] represents the decay of BCls defined as:
T . Ny F)\2
10° 56 7 8 9 P, =w 1-—— 5
» =ei 3oy 5)
[NHz] (ppm)
Figure 4. Equilibrium mole fractions for various species in the B— [BC|3]i,1
Cl—H system as a function of initial [N4fiat 10 Torr, 670 K, and an Fi=In m’ (6)
I

initial [BCl3] = 2000 ppm. The vertical dashed line indicates the

experimental condition. where @, is the SOR for rangd\;, Y; are the experimental
values, which also take the form of eq &; is a weighting
factor, N; is the number of data points within the range, and
the subscripts (0 and 1) indicate the simulated value obtained
for a reactor with the injector position fully forward (relative
residence time of zero) or fully withdrawn (maximum relative
residence time), respectively.

The SOR for the second rangd,} of 18 data points, which
is a measure of the [BEJI[CI,BNH;] ratio in the exit stream,

Shown in Figure 4 are the predicted equilibrium mole
fractions as a function of initial Niiconcentration for a constant
temperature (670 K) and pressure (10 Torr). At an §NBCl 3]
ratio of 4.5, which is similar to the experimental conditions for
the data presented in Table 1, it is clear thaiBBIH, is not
the most abundant product. Its equilibrium mole fraction is
dwarfed by those of CIB(Nb), and B(NH)s. The magnitude
of the CLbBNH, concentration measured under the conditions

of our flow-tube experiments shows that the system is far from is given by

equilibrium. Thus, the first mechanism described above is N, F\2

inconsistent with the equilibrium calculations. We therefore D,=w, Z 1—— 7
use the second mechanism and assume that adldorbs on = Y

the surface with a high probability (i.e., relatively large sticking

coefficient) and subsequently reacts with B®ia a global [BCll;

process that results in the formation of gas-phase and solid izm (8)

products (see Table 2). To reduce the uncertainty associated
with these uncharacterized surface kinetics, a single rate-limiting whered; is the SOR for ranghl,, Y; are the experimental values
coefficient was chosen to represent the net reaction of BCl  in the form of eq 8w, is a weighting factorN; is the number
the wall. Although this global reaction does not describe the of data points within the range, and the subscript (1) indicates
individual elementary processes that must occur, it will be shown the simulated value obtained for a reactor with the injector
later that it accurately predicts the behavior of the major gas- position fully withdrawn (maximum relative residence time).
phase species under our experimental conditions. The total SOR minimized by the program is the sum of eqs 5
The rate parameters listed in Table 2 are the final results of and 7,®1o1r = ®; + P».
the analysis method and represent the optimal values, in a least- The objective of this work is to extract a reliable rate constant
squares sense, of the kinetic constants. ThHecpefficients for the bimolecular reaction between BGInd NH; (reaction
for temperature were held fixed, along with the preexponential 1). To this end, the SOR for ran@4 is given a much greater
factor (A) for the NH; adsorption step. The remaining six priority by the addition of a multiplicative weighting factan{
coefficients for the two gas-phase and global surface reactions> 1). An appropriate value forw; was determined by
were optimized to reproduce the experimental observations. increasing this factor untib; attained a minimum that was
Nonlinear Least-Squares Analysis (CRESLAF/TIMARL). invariant to any further changes in the valuexgf This point
As with most least-squares techniques, the total number of represents the best possible fit to the measured decay charac-
observationsNrot) should exceed the number of parameters teristics of BC4. The robust nature of the numerical procedure
(K). Here, we are interested in optimizing six rate coefficients is evidenced by the fact that the predicted pseudo-first-order
for three reactions = 6). Experimental data, in the form of  rate constantk{ s™1) for the decay of the BGlsignal does not
species concentration profiles, were collected under 18 differentvary by more than 2% in the rangel w; < 10°. However,
reactor conditions. In essence, every set of experimental the overall quality of the fit to the entire data set, represented
conditions produced a concentration measurement for each ofby the value of®ror, is strongly influenced by this weighting
the five species listed in Table 1, at a multitude of injector factor due to the extreme sensitivity of eqs 7 and 8 to the four
positions. Therefore, the number of observations can beremaining rate parameters in the model chemistry. The best
extended well beyond the number of experimental conditions, overall fit to the entire data set is obtained at values pfreater
thus providing a sufficiently large sell{or > K) from which than 1G6.
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Figure 5. Sum of squares of residuals (SOR) plotted as a function of the activation energy for reaction 1. Open symbols dres(), which
the preexponential factor for reaction 1. Open symbols@e) which is the total SOR with the weighting factors removed; solid symbols

is the total SOR with the weighting factors removed; solid symbols are @4/w,), which is a partial SOR for the residuals defined in eq 5.
are @1/w,) which is a partial SOR for the residuals defined in eq 5.
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In addition to weighting the SOR for randé, the kinetic 4
parameters were initially constrained to positive values within
the range 18—10" cm?® mol~1 s™1 for the gas-phase preexpo-
nential factors, (0.65.0) x 10* for activation energiesEp/R 10°F T o
in K), and 0.6-0.5 for the sticking coefficient prefactor. These 6f *—n ® E
constraints represent limits imposed upon the process by the
stability of the numerical procedure but are quite consistent with
the kinetics under investigation. For example, if the chosen
rate of a reaction is unreasonably fast, the simulation will
consume all of the BGlwithin a very short distance from the a
reactor entrance. This leads to integration instabilities that result /”/
in excessively large values dfror and premature termination 2
of the program. In a typical numerical experiment, an initial 5 , , ,
guess for each of the six parameters was provided; the progress 10750 30 40 50 60
of the fit was then monitored by examining the valued®ior.
Once a general pattern for the behavior of the solution space

emer_ged, the initial guesses were given new yalues S0 .thatdistance at 771 K, 10 Torr, an initial [Bgl= 2000 ppm, and an initial
sol_utlons could be approached from qllf_ferent points of origin. [NHg = 6000 ppm. Symbols are data points and solid lines are
This was done to ensure that the optimized solution was not a cReSLAF predictions using the full mechanism.
local minimum.

lllustrated in Figure 5 are the SORs as a function of the simulations became unstable, causing the program to halt
prefactor value 4;) for reaction 1. Similarly, in Figure 6 are  prematurely. Each iteration of the program required a minimum
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Figure 7. Species concentrations as a function of the injector-nozzle

the same SORs as a function of the activation eneEgiR} of Nrot (K + 1) reactor simulations, resulting in an excess of
for reaction 1. The open symbols are valuesbgbr, with the 3000 complete reactor simulations per single run. Typical
weighting factorsw;, and w, removed ®Pror = P1/wg + Dof computation times were on ordef ® h on aSilicon Graphics

w>), produced by the CRESLAF/TIMARL1 program for runs that Octane workstation.
had satisfied the exit criteria and were making no further  To verify the accuracy of the model, predictions of species
progress in the reduction dror. The filled symbols are the  concentrations exiting the HTFR as a function of injector-nozzle
corresponding values fobi1/w;. It is evident from Figures 5  distance were compared to experiment. Plotted in Figure 7 are
and 6 that a deep well in the solution field fén/w; emerges the mole fractions that were measured and predicted for reactions
near the respective values ofxd 10* cm® mol~! st and 4.2 occurring in an empty flow tube at 771 K, a [NFBCl 3] ratio
x 10° K. The existence of a unique minimum within the of 3.0, and a pressure of 10 Torr. There is excellent agreement
constrained ranges of the kinetic parameters is a good indicationbetween the CRESLAF/TIMARL1 results and the experimental
that a meaningful rate constant can be extracted with this data. The figure shows little discernible difference between the
technique. We should reiterate thtor is a measure of the  predicted and measured profiles (less than 5%) fog,NB€Cls,
quality of the fit to the entire data set and is therefore dependentand HCI, which were the three compounds measured with the
upon all six rate parameters associated with the model chemistry.highest degree of accuracy. For the two remaining products,
Thus, small variations in4;) or (E1/R) should not be interpreted  CI,BNH, and CIB(NH,),, the model consistently underpredicts
as being responsible for large fluctuationsdor. their rates of formation but not to a significant extent (maximum
For each value ofbtor less than 19in Figures 5 and 6, the  deviations of 10 and 36%, respectively). The quality of the
convergence to a local minimum was usually attained in 10 or fits is also evident in Figures 2 and 3 and the trends exhibited
more iterations. At values @bror greater than 13) the reactor by the data in Table 1.
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Figure 8. First-order decay of BGlsignal as a function of residence
time at 10 Torr, a reactor temperature of 918 K, an initial [BG*
2000 ppm, and an initial [Ng} = 9000 ppm. Solid symbols are data
points with error limits at the 95% confidence interval; the solid line
is the result of a CRESLAF simulation using the full mechanism; the
broken line is the result of a CRESLAF simulation devoid of all surface
reactions.

In Table 1,A o and As o represent identical empty-tube
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of the simulations are of the empty (i.e., low surface area) reactor
tube. The top dashed line in this figure represents the model
predictions for the gas-phase mechanism (reactions 1 and 2),
omitting any surface chemistry. The solid line is the prediction
resulting from the full mechanism; the solid symbols are data
points with error limits at the 95% confidence interval. It is
clear that the surface reactions increase the decay rate gf BCI
since the slopes differ by more than 10%. Neglecting the
bimolecular process between BG@Ind NH; at the wall would
result in a measured rate constant that is too large.

We conclude that the model chemistry proposed in Table 2
is valid for all experimental conditions examined in this work
and that the composite method CRESLAF/TIJMAR1 is an
effective tool for extracting the kinetic parameters that govern
the reactions. On the basis of the nonlinear least-squares analy-
sis, the rate constant for reaction kiecm® mol~1s™1) = 4.21
x 10" exp[—(8350 cal mof1)/(RT)] with an estimated accuracy
of 10—15%#* over the temperature range 67920 K.

IV. Discussion and Conclusions

Very few researchers have documented the reactions thus far
considered, and only one has reported measuring a rate constant
for reaction 1. Kapralova et & working at significantly lower
temperatures (345 K) than those used here, measured a rate near
the collision frequencyk= 6 x 102 cm® mol~ts 1 at 10 Torr,

configurations, with the former being experimental and the latter 345 K). This determination is much faster than ours and is

numerical. Similarly Ay andAsy represent packed-tube con-

suspect because, at this low temperature, the concurrent deposi-

figurations. The model reproduces the increased consumptiontion of solid NH,ClI may open heterogeneous routes to 8Cl

of BClz as well as the increase in production of HCI and CIB-

decomposition. Unfortunately, Kapralova et al. do not provide

(NH2), that is observed when the reactive surface is augmentedsufficient detail in their paper to adequately evaluate their
by glass wool. Most noteworthy, however, is that the model experiments. The authors only briefly describe the methods

predicts the observed decrease in the concentration,BNE..

used to mix the reactants. The progress of reaction 1 was

This is an important subtlety that was not expected, given the followed by mass spectrometry, but the authors do not state

single global surface reaction between B@nd NH; that
dictates the equimolar formation of BN(s),,BNH,, and CIB-
(NH),. While it is unlikely that the two aminochloroborane
species would be formed with equal probability on the walls,

which mass peaks were monitored.

In their initial investigation, Kapralova et al. mixed nearly
equal portions of BGland NH; in a small-diameter copper tube
maintained at a temperature of 345 K and a pressure—& 1

this result does indicate that the gas-phase concentration ofTorr. This technique is identical to that of Kwon and McGée,

Cl,BNH; depends on a balance between the flux of BGlthe
surface and the rate of homogeneous reaction with.NH
The purpose of using CRESLAF/TIMARL to extract the

kinetic parameters from the flow-tube data was to overcome a more elaborate diffusion-flame approach.

who noted that solid formation was severe enough to clog the
tube after only a few hours. Kapralova also concedes that
heterogeneous reactions could not be avoided, so they adopted
However, by

the uncertainties associated with traditional methods of data keeping the reactor temperature well below the sublimation point
reduction that are induced by secondary reactions occurring inof NH4Cl (Tsyp = 613 K), they could not prevent homogeneous
the gas and on the surface of the reactor walls. With confidencenucleation of particles in the flow field upstream of their

in the predictive capabilities of the model, it can now be used detector. To add to the uncertainty, Kapralova also describes
to examine the relative effects of processes that may influencea nonlinear, nonmonotonic pressure dependence of the reaction

the concentration of Bgkxiting the HTFR. The first is reaction
2, which depletes the gas phase of bothsMiAd the byproduct
of reaction 1 (GIBNH,), and the second is the surface reaction
between BG and NH;. We do this numerically by omitting

rate. This trend may be caused by pressure effects on the
particle size distribution of aerosols formed within the reactor,

which would in turn affect the rates of heterogeneous reactions,
rather than by dependence of the bimolecular rate constant on

these reactions and observing the effects on the simulatedpressure.

behavior of BC}. A reactor temperature of 918 K was chosen

Kapralova’s data also cannot be reconciled with theory. Ab

because these processes are activated and therefore would exdriitio calculations of the transition-state energetics using the

their greatest influence on the B@oncentration at the highest
temperature studied.

The gas-phase reaction betweenBMNH, and NH; has no
observable effect on the decay of the BS&lgnal. This process
is highly activated and therefore is not a significant sink for
NHg; in fact, the surface is the major source of CIB(NH The

BAC-MP4 method predict an energy barrier to reaction 1 equal
to 13 kcal mott at 298 K2 This value is 4.7 kcal mof greater
than the energy barrier determined experimentally, which is not
surprising given the likelihood of significant ionic character in
the transition state that cannot be accurately described by the
basis sets employed by the BAC-MP4 method. Nevertheless,

heterogeneous reactions in Table 2, however, are a significantthe experimental and theoretical evidence reported here suggests

avenue for consumption of BEI lllustrated in Figure 8 are

that a gas-phase reaction between B&hd NH; does not

two curves that represent the simulated first-order decay of the approach the collision limit even at elevated CVD temperatures.

BCl; concentration as a function of relative residence time at

an [NHg]/[BCl ] ratio of 4.5 and a temperature of 918 K. All

The energetics of reactions 2 and 3 follow the suppositions
of both Allendorf and Meliu¥® and Brink et al* We observed
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smaller quantities of CIB(NE), than CbBNH,, indicating that

reaction 2 is slower than reaction 1. The calculated energy B

barrier to reaction 2 is 10 kcal mdigreater than that of reaction
1, which is consistent with previous findingfs'°® This behavior
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