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JOURNAL OF CHEMICAL PHYSICS

VOLUME 111, NUMBER 20
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Experimenta | and theoretica | investigation s of the structure

and the stabilit y of the BNSi molecule

G. Meloni, R. Viswanathan,® and K. A. Gingerich
Departmei of Chemistry Texa A&M University, P.O. Box 300012 College Station Texa 77842-3012

(Receiva 9 July 1999 acceptd 18 Augus 1999

Theoretich computatios were carried out to determire the structue and molecula parametes of
the BNSI molecule The mog stabk isome is found to have aBNS linear geometry Thermal
functiors as derived from the theoretich computel molecula parametes were useal in the
evaluatian of the thermodynant properties of BNS from high-temperatie Knudsen effusion mass
spectrometd equilibrium data From the reactiors analyzel by the second-lav ard third-law
methodsthe enthally of formation A;H$, and of atomization A,H3, in kd mol %, for BNSi, were

obtainel as 398+16 and 1078+17, respectively © 199 American Institute of Physics.

[S0021-960609)30942-9

I. INTRODUCTION

The gred impulse motivated by researb on new mate-
rials for electront devices has lead to a large numbe of
studies to develp and betteg characterie thee new
materialst—3 Especialy thin films containirg silicon, boron,
ard nitrogen find a variety of applications for instance as
low dielectrc constah materias for the reduction of the
parasitc capacitane in orde to improve the overal perfor-
mane of large scak integratel circuits (LSI).*° Furthermore
the incorporatia of silicon atorns in boran nitride films pro-
duces an improvemet in the properties ard stability of the
films.® It has also been found tha amorphos Si—N-B films
obtainel by plasma-enhancke chemicd vapa deposition
(CVD) presengodd insulation characteristis and conformal
step coveragé. Finally, this ternay materid has also been
usal as a goad chemical/mechani¢apolish by Neureither
etal.’

Apart from providing insight into the natue of bonding
of thes speciesequilibrium vaporization studies contribute
to the understandig of the formation of thin solid films con-
taining thes elements.

No experimenthdata or theoretich studies on the BNSi
molecuk hawe bee reportal in literature In the presen in-
vestigation we repot the first experimenth dat base on
equilibrium measuremest employirg Knudsen cel mass
spectromelyr and the first theoretich computatio of the
BNSi molecule This work is in continuation of our mass
spectrometd equilibrium investigatios of smal semicon-
ducta nitride clusters>®

Our computa values for the enthaly of atomization,
A HJ, ard appearanepotentia are compare with our cor-
respondig experimenth values Preliminay experimental
resuls have bea reportel elsewheré?

aCurrert addressMateriak Chemisty Division, Indira Gandt Cente for
Atomic ResearchKalpakkan 603 102 Tami Nady India.
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IIl. THEORETICAL INVESTIGATIONS

Ab initio calculatiors were carried out utilizing the
GAUSSIAN 98 progran packagé! in orde to obtan the mo-
lecula parametes of the BNSI grourd state The resuls have
bee usal to calculae the therma functions for BNS needed
in the evaluatian of the mas spectrometd equilibrium data
to obtan its thermodynantd properties.

The calculatiors were performel at five levels of theory:
(i) the densiy functiond (DF) metha using the Becke three-
paramete exchang functiond with the Lee, Yang and Parr
correlation functiond (B3LYP), (ii) the Hartree—Fodk ap-
proat (HF), (iii) the second-ordeMgller—Plesse perturba-
tion theoy (MP2), (iv) the coupled-cluste methal (CCD),
ard (v) the coupla cluste singles and doubles excitations
approab including the effed of connectd triples excitations
[CCSOT)]. They were applied using a triple-zet polarized
and diffuse bass set 6-3114+G*, as well as correlatel con-
sistert polarized valen@ double-zetacc-pVDZ, ard triple-
zeta bass sets cc-PVTZ.

Among the four possibé connectivities for the molecule
with boran—nitrogen—silicon stoichiometry three acyclic
structures BNSi, BSiN, SiBN, ard a cyclic onge respec-
tively, were consideredln orde to compae the stability of
the various isomers the relative energis were compute at
the CCSOT)/cc-pVTZ levd of theoy but with the opti-
mized geomety obtainel at the MP2/cc-pVTZ level. Thisis
justified becaus for the BNS calculatiors there were no
large differences betwea the optimized geomety at the
MP2 and CCSIO(T) levd of theol (see Table I). From the
calculatiors the mog stabk configuratian is found to hawe a
linear geomety with nitrogen located betwe@& boron and
silicon. This resut is also in agreemenwith experimental
ard theoretich resuls for the similar molecules Si,N (Refs.
12, 13) ard B,N (Refs 14-16), which too haw linear struc-
tures as the mog stabk geometry with nitrogen in the cen-
ter.

The cyclic structue is optimized to linear with the BNSi

© 1999 American Institute of Physics
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TABLE I. The optimized molecula parametes and the energy of the 13" grourd stae of linear BNSi at

differert levels of theory.

Method Bask set Totd energy [N I'N-S v,© Vo V3
B3LYP 6-311+G* —369.06 9090 1.372 1.589 1554 851 121
cc-pvDZ —369.0® 0056 1.383 1.603 1533 835 112
cc-pVTZ —369.077 4413 1.368 1.587 1565 855 97
HF 6-311+G* —368.09 1334 1.364 1.559 1654 931 176
cc-pvDZ —368.0® 7503 1.372 1.572 1636 916 153
cc-pvVTZ —368.046 2175 1.359 1.558 1667 934 152
MP2 6-311+G* —368.337292 1.384 1.596 1529 831 78
cc-pvDZ —368.284106 1.399 1.614 1502 803 103
cc-pvVTZ —368.37 3679 1.382 1.595 1543 831 92
CCD 6-311+G* —368.329697 1.382 1.580 1570 872 121
cc-pvDZ —368.3D4632 1.395 1.597 1540 849 118
cc-pvVTZ —368.48B8319 1.378 1.578 1582 875 115
CCsOT) 6-311+G* —368.34 2712 1.388 1.592 1530 838 94
cc-pvDZ —368.33 3236 1.402 1.612 1493 809 95
cc-pvVTZ —368.43 0062 1.385 1.591 1540 840 89

#The computel totd enery in hartree.
The bord lengtts are in A.

‘v, is the B—N stretching v, the Si—N stretching and v; the bendirg vibrationd mode in cm™.

structure the SiBN and BSIN geometris are linear, and are
181 and 458 kJ mol™?, respectively highe in energy than
the mod stabk BNSi isomer.

A 137 staeis calculat@ as the electront grourd state
for BNSI.

The vibrationd frequencis for the three vibrationd nor-
md modes of B-NSi stretching v;, Si—-NB stretching v,
and B—N-Si bendirg vibrations v, inthe X 13 * stae were
calculatel at all levels of theoly usel and are listed in Table
I. The compute energy and the molecula parametesfor the
grourd stae of BNSi optimizel at differert levels of theory
are alo given in Table I.

At the highes levd of theory, CCSIOT)/cc-pVTZ the
geometrich parametes of BNSi, shav a boran—nitrogen
bord distane equa to 1.38% A ard asilicon—nitrogen bond
distan@ equa to 1.591 A. The B—N internuclea distane is
very close to tha of 1.4 A in H,BNH,,'" which has a
doubk bord character and slightly longe than the triple
bord of 1.33%5 A (Ref 18) of the BN molecule derived from
the rotationa constam of its grourd state The Si—N internu-
clea distane is very close to tha of the doubk bord of
1.5% A in H,SiNH,*° calculatel at the HF/6-31G** level
of theory.

From Table I, it is noted tha ther is no pronounced
trend of the internuclea distancs with the leve of ab initio
treatment For the vibrationd frequenciesthere is a slight

TABLE 1. The Gibbs energy functions (G$—H)/T (GER), in JK!
mol~%, and the hea contert functions HY—H (HCF,) in kdmol %, for the
BNSi molecule.

Temperatue (K)

298.15 1400 1600 1800 2000 2000
—GER 211.8 286.2 293.4 299.9 305.7 3111
HCFR, 12.83 75.06 87.17 99.36 111.6 123.9

1

difference in the values from the HF calculatiors ard the
correlatel calculations At the HF/cc-pVTZ levd the values
for the v, ard v, stretchig modes are abou 10% higher
than those obtainel at the CCSDO(T)/cc-pVTZ level The vy
bendirg frequeny at the HF/cc-pVTZ levd is abou 70%
highe than that calculatel at the CCSIO(T)/cc-pVTZ level.

In the evaluation of the therma functiors of BNS we
used our computel values obtainel at the highes levd of
theory, CCSIO(T)/cc-pVTZ Tabke Il lists the therma func-
tions calculatel for BNSi. In orde to suppot our choice for
the molecula parametes of BNSi, we calculatel the bond
distance and the vibrationd frequencis for the AINC mol-
ecule isoelectront with BNSI, at the sane levd of theory,
CCSOT)/cc-pVTZ The resuls are reportal in Table 11l
The agreemen betwe@ the experimenth values and our
computel parametesis very good.

lll. MASS SPECTROMETRIC MEASUREMENTS

All equilibrium measuremestwere dore with aNuclide
Corporation mas spectrometerThe techniqe and the ex-
perimenté procedue have bee describe elsewhere?

TABLE Ill. Comparisa betwea our calculatiors and the experimental
molecula parametes of the AINC molecule.

b

Method I ai-n® I'noc 2 vy V3
CCSOT)/cc-pVTZ 1.868 1.188 2065 553 103
MWS® 1.849 1.171
LEFS 2069 549 100

@The bord lengtrs are in A.

By, is the C-N stretching v, the Al-N stretching and v the bending
vibrationd mode in cm ™1,

‘MWS is for millimeter-wawe spectrum see Ref. 31.

9LFES is for lase fluorescene excitation spectrasee Ref. 32.

Copyright ©2001. All Rights Reserved.
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TABLE IV. Measurd ion currentsin A, over Si;N,+Si systen in BN, ard third-law values in kJ mol ™2, of
the A, Hg for reactio (1) and reaction (2).

lon intensities

9327

AHJ A HS

T (K) Sit Siy Si,N*2 B* BNSi™®  reactiom (1)  reactio (2)

Series 1

1834 3.1E-10 8.0E—12 8.4E—12 5.4E-14 9.9E—-13 —72.9 653.7
1798 2.0E-10 5.0E—12 55E-12 3.5E-14 4.9E—-13 —67.2 652.7
1834 28E-10 7.0E—12 94E-12 6.22—-14 9.3E-13 —66.6 654.7
1856 3.6E—10 9.6E—12 1.2—-11 6.3a—-14 1.56—-12 —-74.7 654.4
1874 4.7E-10 1.3E-11 1.5e—-11 8.0E—14 2.0E—-12 —76.9 655.6
1897 6.0E—10 1.8e—-11 2.7TE-11 1.3E-13 2.TE—12 —69.5 658.0
1868 5.3-10 14E-11 1.9E-11 1.1IE—-13 2.2E—12 —-71.3 652.2

Average —71.3+3.8 654.5-1.9

Series 2

1898 26E-10 7.6E—-12 80E—-12 49%-14 10E-12 —75.3 657.2
1959 4.92-10 1.5e—-11 2.2E-11 1.0E—13 2.0E—12 —-71.3 664.7
2000 7.3-10 24-11 3.3E-11 2.1E-13 3.8E—12 =711 666.5
2061 1.8E—-09 7.6E—11 9.1E—-11 5.1E-13 1.2E—-11 —75.9 664.8
2015 7.2E-10 21E-11 2.5E-11 3.4E-13 4.52—-12 —70.8 668.1
2026 8.3E—-10 24-11 28E-11 43F-13 53E-12 —70.5 668.6
2052 9.2E-10 2.8E-11 2.7TE-11 8.2E—-13 6.6E—12 —66.5 675.4
2001 6.5£—-10 1.5e—-11 5.1E-13 4.2E—-12 665.1
2009 6.3—-10 1.8e—-11 1.2—-11 5.7E—-13 3.6E—12 —68.3 670.0
1975 4.4E—10 14E-11 9.7E—12 2.7TE—13 2.1E-12 —68.1 668.8
1947 3.5e—-10 8.9E—12 5.8—-12 1.7E—-13 1.56—-12 —-73.7 665.7
1931 3.1IE-10 6.9E—12 5.1E-12 1.56—-13 1.2E—-12 —71.6 664.4
1915 24-10 55-12 35E-12 1.22-13 8.0E—13 —70.0 666.0
1902 2.1E-10 4.86—-12 3.1E-12 9.8-14 7.1E-13 —-70.7 663.8
1894 1.8E—-10 4.0E—-12 2.56-12 7.0E—-14 5 7E—-13 —-73.1 664.8
1882 1.56-10 3.4E-12 2.2E-12 7.2E-14 45213 —-67.7 664.7
1870 1.2E-10 2.8E-12 1.6E—12 4.8E—-14 3.4E—-13 —=70.7 665.2
1846 8.1E—11 1.8E—-12 1.1IE-12 2414 1.9%E-13 -71.1 666.5

Average —71.0+25 666.0+ 3.2

don intensities hawe been correctel for smal contributiors of Si,C and SiC, (see tex®).

The BNSI molecuk had first been identified in connec-
tion with the investigatiom of the Sis clustef® but its evalu-
ation was obscuré by the presene of gaseos silicon
carbides’??

The sample a mixture of semiconducto grace silicon
powder ard SisN, of 99.9% purity, was evaporatd from a
boron nitride Knudsen cel with an orifice diamete of 1.0
mm, placel inside a graphie cel having a molybdenum lid.
The molybdenun lid, insteal of the graphie lid,® was used
to minimize the formation of silicon carbides SiC, and Si,C,
and the overlg of their isotopes with those of BNSi and
SibN, respectively The cel was heatel by radiation by a
tungste coil resisto and the temperaturewere measurd by
a calibratel opticd pyromete focusel onto a bladk body
hole at the bottom of the graphie cell. Appropriae window
ard prism correctiors were applied The energy of the ion-
izing electran was 125 eV, the emissia currert 10 mA, the
ion-acceleratig voltage was 4.5 kV, ard the electran multi-
plier was operatel at —3 kV.

The ions pertinent to the presem investigation namely
B*, S, Si,, Si,N", BNSi*, SiC; , ard Si,C" were iden-
tified by their mass to charge ratio, isotopc abundanceshut-
ter effect and ionization efficiengy curves The electran im-
pad energy scak was calibratal with B (8.2% eV) (Ref. 23)
and Si (8.149 eV).® The appearane potentid of 8.2
+0.5eV, was derived for BNSi* by the linear extrapolation

method This value is in good agreemenwith tha of 7.98
eV, calculatel at the CCSO(T)/cc-pVTZ levd of theory.

The pressue calibraticn constang were determine from
the known Si,(g) =2 Si(g) dissociatim reaction in the same
way as describe elsewheré. The resultirg values of k;, in
am A™1 K1, are for series 1ard 2: Si, 8.11 ard 23.6 Si,,
5.8 amd 17.0 B, 335 and 97.6 SN, 5.3 and 15.7, BNS;,
9.61 ard 28.0.

Table IV lists the measurd ion currens for the most
abundanisotopes of the specie pertinen to the presem in-
vestigation Eac of the ion intensities of Si,N* and BNSi*
has been correcte for smal contributiors due to Si,C and
SiC,, respectivelyFor BNSi™ the maximum correction from
SiC,, at m/e=53, was 2%, ard for Si,N* it was 10% from
Si,C, at m/e=70.

IV. RESULTS AND DISCUSSION

The Gibbs energy functions (G$—Hg)/T(GER), and
the hea contert functions HY—Hg3(HCF,), neede in the
evaluatian of the reaction enthalpis were taken from litera-
ture for B(g),%* Si(g),2° Si(cond),?® BN(s),?° Si,(g),?” and
Si,N(g).° Thos for BNSIi(g) were calculatel accordimy to
statisticd thermodynantd proceduresusing the rigid-rotator
harmonic-oscillato approximatior?®

Copyright ©2001. All Rights Reserved.
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TABLE V. Summay of the enthalpis of reaction in kJ mol™%, for the two series of experiments.

Second-law Third-law
AHg
Reaction AHZ AH AHJ selecte

Series 1

Si,N(g) + B(g) = BNSi(g) + Si(g) -71.3+3.8  —71.3:38
BN(s) + Si(cond)=BNSi(g) 654.5-1.9 654.5+1.9
Series 2

Si,N(g) + B(g) =BNSi(g) + Si(g) -81.3+184  -78.1+184 —71.0£25 —73.4x6.2
BN(s) + Si(cond)=BNSi(g) 561.5-19.4 622.6+19.4 666.0+ 3.2 651.5+ 6.6

&The errar terns are standad deviations.
For the determinatio of the enthaly of formation, ~ACKNOWLEDGMENTS

A¢Hg, and the atomizatim enthalpy A,Hg, of the BNSI
molecule the enthally changs for the reactions:

SibN(g) +B(g)=BNSi(g) + Si(9), 1)
BN(s) + Si(cond=BNSi(g), (2)

were evaluatel accordiry to the second-lav method based
on aleast-squareanalyss of InK vs. 1/T plots and accord-
ing to the third-law method using the relatin A HJ

= —RTInK,—TA[(G?—HQ)/T].

Reaction (1) is an all gas pha® pressue independent
reaction and reaction (2) is pressue dependentTable V lists
the resuls of the second-lav and third-law evaluations For
series 2 the selecte value of A Hg for ead reaction was
obtainel by giving the third-law value twice the weight of
the second-lav value wherea for series 1 only a third-law
analyss was usel becaus of too few dat points.

The necessar enthalpis of formation A{HJ, in kJ
mol ™%, usal to obtan the final values for the enthally of
formation ard atomizatim of BNSi were 560+5 2% 470.82
+0.102% 445.7+4.0% —247.99-1.55% for B(g), N(g),
Si(g), and BN(s), respectively The atomizati enthaly of
SibN(g), AgHS, in kI ma ™%, used was 1011.2+ 12.4°

From the selectel A,Hg values (see Table V) ard these
auxiliary literature datg the respectie A;H3 and A Hg val-
ues were derival for ead reaction By giving the same
weight to the reactiors (1) ard (2), we obtan for the
AHJ(BNSI,g), AfH3qg14BNSIi,g), A H3(BNSi,g), and
A H%%9g 14 BNSi,g), in kJ mol™!, the values 398.4* 186,
402.3+ 16, 1078.2£ 17, ard 1085.4+ 17, respectively Here
the overal uncertaintis were determineé as described
elsewheré? Our computel A,HS(BNSi,g) of 1017 kJ
mol~! is abou 6% smalle than the experimentavalue ob-
tained in the presem investigation.

It isinterestilg to compae the thermodynand stabilities
of similar molecules Atomization enthalpies A Hg, in kJ
mol %, of the molecules Si,B,%° Si,N,° B,N,° and BNSi are:
767+18, 1011+ 12, 1068+ 25, and 1078+ 17, respectively.
As can be seen the thermodynang stability increass from
Si,B to BNSI; in particular BNSi is more stabk than Si,N
ard B,N by 67 and 10 kJ mol™%, respectively.

Computatios were performel on a workstation (Power
Challenge Silicon Graphice with twelve R100® CPUS9 in
the Departmeh of Chemisty at Texas A&M University,
supportel by NSF Grart CHE-9528196.

The authos would like to thark Dr. A. Derecskei-
Kovacs ard Dr. M. Miller for valuabk contributions ard the
Robet A. Welch Foundatiom for financid suppot of this
work.
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