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Abstract: MOCVD growth of tungsten nitride (WNx) and tungsten carbonitride (WNxCy) thin films has been
reported from the complexes Cl4(CH3CN)W(NR) (1: R ) Ph; 2: R ) iPr; 3: R ) C3H5). To evaluate the
role of the imido substituent in film growth, gas-phase homogeneous decomposition of precursor molecules
was investigated using density functional theory (DFT) calculations. Computational results and NMR kinetics
of acetonitrile exchange by 2 in solution verified that dissociation of the acetonitrile ligand should be facile
for 1-3 in the temperature range used for film growth (>450 °C). A computational search for transition
states for cleavage of W-Cl bonds in the presence of H2 carrier gas was consistent with a σ-bond metathesis
pathway. Natural bonding orbital (NBO) analysis and bond energy calculations indicated that 1 has a stronger
N-C(imido) bond and a slightly weaker W-N bond than 2 and 3, suggesting a greater role for W-N bond
cleavage in depositions from 1. These results are consistent with mass spectrometric fragmentation patterns
from 1-3 and low nitrogen content in films deposited from 1 as compared to those from 2 and 3.

Introduction

Although Al-based metalization schemes have historically
been used in integrated circuits (ICs), the more recent use of
copper is motivated by its higher electrical conductivity and
increased resistance to electromigration. The high diffusivity
of copper in silicon (DCu ∼ 2 × 10-5 cm2/s at 500°C)1,2 coupled
with its low solubility, however, leads to extensive redistribution
of Cu and its accumulation at extended defects, which degrades
device performance and process yields. To overcome the
problem of copper contamination, thin films acting as diffusion
barriers are used.3,4 Besides having good resistance to diffusion,
barrier films should be structurally and thermally stable, exhibit
good adhesion to both copper and dielectric layers, be nonre-
active with copper, have low resistivity, and be resistant to
thermal and mechanical stresses. Tungsten nitride (WNx)5-11

and tungsten carbonitride (WNxCy)12-14 are promising candidates
for barrier materials based on these criteria. Recently, we
reported metal-organic chemical vapor deposition (MOCVD)
growth of WNx and WNxCy thin films using a series of related
single source precursors: the phenylimido complex Cl4(CH3-
CN)W(NPh) (1),15 the isopropylimido complex Cl4(CH3CN)W-
(NiPr) (2),16 and the allylimido complex Cl4(CH3CN)W(NC3H5)
(3).17 Analyses of mass spectra of1-3 obtained via positive
ion electron-impact (EI) and negative ion electron-capture
chemical ionization (NCI) provided insight into probable
precursor decomposition pathways while the activation energies
for film growth were correlated to estimated N-C bond
dissociation energies within the imido ligand. Properties of the
deposited films were discussed in the context of probable
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decomposition pathways postulated from the mass spectra. On
the basis that no ions containing the acetonitrile ligand were
detected by mass spectrometry in either mode, we proposed that
facile dissociation of the acetonitrile ligand (CH3CN) was the
first step in the deposition. The pathway for loss of chloride
from the precursor was still unclear, although some information
could be obtained from observation of HCl (but not Cl2 or alkyl/
aryl chlorides) in the reactor effluent by RGA (residual gas
analyzer). Loss of chloride must be efficient, as Cl was not
present in the films to the limit of detection by AES (Auger
electron spectroscopy).

The only other information on reaction pathways for this set
of single source precursors is that indirectly inferred from the
measured temperature dependence of the growth rate.15-17 The
deposition of compounds1 and 2 showed two growth rate
regimes. At low temperature (<550 and 600°C, respectively)
Arrhenius behavior was observed with estimated activation
energy of 1.41 and 0.84 eV, respectively. At higher temperature
the growth rate increased only slightly with temperature,
characteristic of mass transfer limited growth. Compound3
showed only one regime in the temperature range 450 to 650
°C with weak temperature dependence and activation energy
of only 0.15 eV, which is outside the normal range associated
with surface reaction controlled CVD. The different values of
the estimated activation energy in the low temperature regime
suggest that the imido ligand is involved in the rate limiting
step, which most probably is a surface reaction for compounds
1 and2. The regime of weak growth rate temperature depen-
dence is indicative of mass transfer limited growth. The
temperature at which this transition occurs, of course, is
dependent on the reactor design and operating conditions. At
even higher temperature (>800, 750, and 650°C for compounds
1, 2, and3) the growth rate decreased, and for compounds2
and3, black particle deposition was observed. Decreased growth
rate and particle deposition suggest parasitic gas-phase reactions
are important, possibly leading to homogeneous nucleation of
particles. It is noted that the film composition and measured
resistivity showed an even more complex behavior with
deposition temperature. The reaction pathways for these single
source precursors are very likely complex and involve both gas-
phase and surface reactions with their relative rates dependent
on the operating conditions. Although surface reactions are
expected to be important, particularly at low deposition tem-
perature, this paper focuses on the gas-phase reaction chemistry,
which is also expected to be important to deposition.

Computational chemistry is an alternative tool for investiga-
tion of the decomposition mechanism of metal-organic CVD
precursors. In this study, we present density functional theory
(DFT) calculations used to analyze bonding in the alkyl- and
arylimido complexes1-3. In addition, computational study of
the CH3CN cleavage step by means of statistical thermodynam-
ics is presented. Cleavage of the W-Cl bonds byσ-bond
metathesis with H2 has also been examined computationally,
and a pathway based on calculated transition state structures is
proposed. The computational results are compared to experi-
mental data from kinetics of acetonitrile exchange of2 as
determined by NMR and mass spectrometry of1-3.

Experimental Section

Computational Methods. All calculations were carried out using
the GAUSSIAN 03 program, along with B3LYP DFT method and split

basis sets (LanL2DZ for tungsten and 6-311G(d) for other elements).18-20

Full geometry optimization was carried out for all species. Transition
states (TS) were optimized using the Berny algorithm as implemented
in the GAUSSIAN 03 program. Harmonic vibration frequencies were
calculated for each structure and used as the basis for computing
enthalpy and Gibbs energy for thermochemical analysis.18 Atomic
charges and Wiberg indices were evaluated using natural bond orbital
(NBO) analysis. The GaussView, MolDen, and gOpenMol programs
were used for the visualization of the results.21,22

NMR Kinetics of Acetonitrile Exchange in 2. Compound2 was
prepared as previously described.23 The sample for the exchange study
was prepared in the drybox by dissolving complex2 and an equivalent
amount of acetonitrile in CDCl3. The1H NMR spectrum of this sample
at -20 °C displayed the signals for2 [δ (ppm) 7.14 (hp, 1H), 2.58 (s,
3H) 1.70 (d, 6H)] together with free acetonitrile (2.11 ppm) in a ratio
of 1:3. The exchange of2 with acetonitrile in the solution was monitored
by 1H NMR in the temperature range-54 to 34°C. The exchange
rate k (see Supporting Information) was determined by line shape
analysis in the temperature range-6 to 34°C. A plot of ln(k/T) vs 1/T
afforded the activation enthalpy (18.52( 0.14 kcal/mol) and entropy
(15.8 ( 0.5 cal/mol‚K) for the exchange of acetonitrile by2.

The NMR spectra were recorded on a Varian Inova at 500 MHz for
proton, equipped with a 5 mmindirect detection probe, withz-axis
gradients. The variable temperature spectra were recorded on automa-
tion. To achieve temperature stability, for each temperature step of 2
°C, a preacquisition delay of 1500 s was followed by shimming on the
lock level. The spectra were collected in 16 transients, with an
acquisition time of 5 s. No relaxation delay and no apodization were
used. The actual temperature was measured by running a standard of
methanol under the same conditions. The simulation of the spectra with
exchange was done using gNMR.24

Results and Discussion

Optimized Geometries.The optimized geometries for com-
plexes1-3, are, as expected, very similar (Figure 1, Table 1).
All three complexes exhibit octahedral coordination at the
tungsten center. Their N-W-Cl bond angles are greater than
the ideal 90°, as expected for an octahedral complex with a
single multiply bonded ligand.25 The W-N bond lengths and
the bond angles about the tungsten center are in reasonable
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Figure 1. Optimized geometries for complexes1-3.
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accord with experimental values obtained for related complexes
by X-ray diffraction17,26,27and standard literature values.28 Minor
differences in bond lengths and angles can be attributed, at least
in part, to crystal packing forces that are not present in gas-
phase calculations.

The geometry optimizations of complexes1-3 revealed
additional local minima associated with rotation of the imido
substitutent. As an example, two local mimina were found for
the phenylimido complex: in one, the phenyl ring is coplanar
with a trans pair of chlorines, while in the other, the plane of
the phenyl ring bisects the Cl-W-Cl angle. The energy
difference between these two conformations was only 0.077
kcal/mol. The lack of an electronic barrier for rotation of a planar
ligand is characteristic of octahedraltrans-ML4L′L′′ complexes,
in which the 4-fold local symmetry renders the dxz and dyz

orbitals degenerate in the ML4L′ fragment.
In preparation for assessment of the chemistry of1-3

following loss of the labile acetonitrile ligand, their coordina-
tively unsaturated derivatives Cl4W(NPh) (1a), Cl4W(NiPr) (2a),
and Cl4W(NC3H5) (3a) were also subjected to computational
geometry optimization (Figure 2, Table 2). Due to the lowered
electron density around the metal upon loss of the CH3CN
ligand, the W-Cl and W-N bond lengths in1a-3aare shorter
than in the coordinatively saturated1-3. Increased N-W-Cl
bond angles are a result of distortion toward a square pyramidal
geometry with the strong trans influence imido ligand in the
apical position.

Note that in all six complexes (1-3 and 1a-3a), the
N(imido)-C bond lengths follow the trend expected on the basis
of the hybridization at carbon. For the phenyl compounds1
and1a, the ipso carbon is sp2 hybridized, leading to a prediction

that the N(imido)-C(sp2) bond length will be shorter than the
N(imido)-C(sp3) bond lengths in the isopropyl- and allylimido
complexes2-3 and2a-3a. Experimental N(imido)-C bond
lengths obtained by X-ray crystallographic structure determi-
nation follow the same trend. A search of the Cambridge
Structural Database29 yielded a mean N(imido)-C(sp2) bond
length of 1.40 Å for 29 tungsten phenylimido complexes. A
similar analysis for alkylimido complexes afforded a mean
N(imido)-C (sp3) bond length of 1.46 Å for 14 tungstentert-
butylimido complexes, while the less sterically hindered eth-
ylimido complexes averaged an N-C bond length of 1.43 Å (6
structures).

Dissociation of Acetonitrile from 1, 2, and 3.We previously
postulated initial dissociation of the CH3CN ligand from1-3
during film growth on the basis of the strong trans influence of
imido ligands,25,30which has been correlated to trans effects in
the dissociative reactions of imido complexes.31 This decom-
position mechanism for1-3 had been previously discussed in
the context of their mass spectra, in which the highestm/zvalues
in both positive and negative modes correspond to ions from
which CH3CN has been lost.15-17 Calculations of the frequencies
for the W-N(nitrile) stretching mode shown in Figure 3 yielded
values of 190 cm-1 for 1, 194 cm-1 for 2, and 191 cm-1 for 3.
The frequency of 190 cm-1 is equivalent to the vibrational
temperature (Θv) of 274 K, supporting the hypothesis that
acetonitrile dissociation from1-3 would be kinetically facile
at the typical film deposition temperature in the range 450 to
750 °C.

Assuming that CH3CN dissociation occurs via a simple
stretching mode, statistical thermodynamics was used to estimate
values of∆Hf° and∆Sf° of complexes1-3, 1a-3a, and CH3-
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Table 1. Calculated Bond Lengths (Å) and Bond Angles (deg) for
Complexes 1-3

1 2 3

calcd calcd calcd expb

W-Cla 2.380 2.377 2.375 2.333
W-N1 1.738 1.715 1.716 1.687 (9)
W-N2 2.262 2.347 2.342 2.308 (8)
C-N1 1.363 1.428 1.425 1.508 (17)
Cl-W-N1a 95.9 98.1 98.1 97.4
W-N1-C 180.0 179.6 177.7 167 (2)

a Average value for the four equivalent chlorides.b Experimental values
from the X-ray crystal structure of3.17

Figure 2. Optimized geometries of complexes1a-3a.

Table 2. Calculated Bond Lengths (Å) and Bond Angles (deg) for
Complexes 1a-3a

1a 2a 3a

W-Cla 2.344 2.346 2.345
W-N1 1.716 1.702 1.703
C-N1 1.372 1.440 1.436
Cl-W-N1a 102.5 102.6 102.7
W-N1-C 180.0 179.0 178.3

a Average value for the four equivalent chlorides.

Figure 3. Assumed vibrational mode leading to CH3CN dissociation from
1.

Chemical Vapor Deposition of Tungsten Nitride A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 42, 2006 13783



CN, allowing ∆H° and ∆G° for the cleavage reaction to be
calculated. A plot of ∆G° vs temperature and∆H° for
dissociation of acetonitrile from1-3 are shown in Figure 4
and Table 3, respectively. Here,∆∆H° (1a) + ∆∆H° (CH3-
CN) - ∆∆H° (1) can be regarded as approximately equal to
the activation energy for CH3CN ligand cleavage from1 because
the transition state for this endothermic reaction should be
product-like in character. Note that at temperatures within the
film growth range,∆G° is negative, indicating that acetonitrile
loss is thermodynamically favorable. These calculations are
consistent with experimental data that implies dissociation of

CH3CN as the first step in film growth from1-3 at temperature
above 450°C.

To obtain experimental values for the activation energy of
CH3CN dissociation from complex2, 1H NMR kinetics were
used to study the exchange of the acetonitrile ligand with free
CH3CN in CDCl3 solution. Upon lowering the temperature to
-20 °C, both bound and free acetonitrile could be detected in
the1H NMR spectra. As the temperature was raised, the bound
and free acetonitrile signals coalesced. The exchange ratek was
determined by line shape analysis in the temperature range-6
to 34°C. A plot of ln(k/T) vs 1/T (see Supporting Information)
yielded an activation energy of 18.52( 0.14 kcal/mol and an
entropy of activation of 15.8( 0.5 cal/mol‚K for the exchange
of acetonitrile. Since the first-order kinetics of the process are
consistent with a dissociative mechanism for the exchange
process, those values correspond to∆Hq and ∆Sq for loss of
CH3CN from isopropylimido complex2. Given that the
experimental values were obtained in solution while the
calculated values are for a gas-phase process, the agreement
between them is reasonable.

Cleavage of W-Cl Bonds in 1-3. According to the RGA
(residual gas analyzer) data obtained from the reactor effluent
during deposition of films from imido complexes1 and 2 in
the presence of H2 carrier gas,15,32 HCl was the only detected
chlorine-containing decomposition product. Interestingly, sub-
optimal films can also be grown under N2 carrier gas but RGA
of the reactor effluent from growths in N2 shows the presence
of H2 along with the HCl.32 Apparently, H2 generated by
cracking of solvent or precursor fragments undergoes reaction
even when no H2 is added to the system. Given the high
oxidation state of the tungsten centers in1 and2, it is noteworthy
that the reductive elimination product Cl2 was not observed. In
addition, chlorine was not present in the deposited WNx films
within the detection limits of AES (Auger electron spectros-
copy), suggesting that removal of chlorine from the intermedi-
ates as HCl is an efficient process. Thus, the mechanistic

Figure 4. Calculated standard Gibbs energy change (∆G°) vs temperature
for CH3CN dissociation from complexes1-3.

Table 3. Calculated Reaction Enthalpies for CH3CN Dissociation
from Complexes 1-3

compound BDE (kcal/mol)a

1 10.4
2 10.2
3 11.0

a For compoundX, calculated as∆Hf°(Xa) + ∆Hf°(CH3CN)- ∆Hf°(X).

Figure 5. Calculated transition states (center) and products (right) forσ-bond metathesis of1a-3a with hydrogen. Energy values are in kcal/mol.
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pathways from imido complexes1-3 to HCl are of interest
and have been investigated computationally.

Conversion of the chloride ligands to HCl under film
deposition conditions suggests involvement of the H2 carrier
gas in cleavage of the W-Cl bonds. The most common
pathways for reaction of H2 with organometallic complexes

include the following: (1) oxidative addition, (2) coordination
of H2 followed by transfer of an acidic proton, and (3)σ-bond
metathesis. Oxidative addition is precluded by the d0 electron
count of 1-3 and 1a-3a, and as expected, local minima
associated with formation of the dihydride could not be found.
Although precoordination of H2 as a σ-complex has been

Figure 6. Calculated transition states and intermediates for possibleσ-bond metathesis (solid arrows) and reductive elimination (dotted arrows) steps on
reaction pathway of2a with H2. In compound designations: M) metathesis; R) reductive elimination; T) transition state; I) intermediate. (a) Reaction
with second chloride of2a. (b) Reaction with third chloride of2a. (c) Reaction of last chloride of2a. See Figure 5 for initial reaction of2a with H2 to yield
MI-1.
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reported to lie in a shallow well in prior DFT studies of electron
poor d0 species,33 we could not locate such a minimum for
approach of H2 to 1a-3a.

For d0 transition metal complexes, the preferred reaction
pathway with H2 is σ-bond metathesis, in which ligand exchange
occurs via a four-center transition state.33,34 Observation of
σ-bond metathesis is generally confined to those systems where
oxidative addition is not a viable pathway. Figure 5 shows the
transition states forσ-bond metathesis of1a-3a with H2 and
local minimum geometries for the metal hydride products
Cl3HW(NR) (1a′-3a′). Precedent for the existence of chloro
hydrido tungsten imido complexes can be found in the coor-
dinatively unsaturated reactive intermediate (tBu3SiN)2WHCl,
which was postulated on the basis of trapping products.35 Each
transition state depicted in Figure 5 exhibited the requisite single
negative force constant with the corresponding vibrational mode
leading to formation of the metal hydride and HCl. The reactions
are endothermic, with activation energy of approximately 37
kcal/ mol, which will be accessible in the reported growth
temperature range 450 to 750°C. To our knowledge,σ-bond
metathesis of a metal chloride with H2 to yield a metal hydride
and HCl has not been previously reported. However, under the
high temperature and H2 flux of the CVD reaction conditions,
this reaction appears to be a viable pathway to the experimen-
tally observed chloride-free films and HCl byproduct.

Given the lack of experimental precedent forσ-bond me-
tathesis between a metal chloride and H2, we carried out
calculations with additional basis functions to test the results.
The calculations summarized in Figure 5 were performed with
the 6-311G(d) basis set for non-tungsten atoms. A similar
calculation was carried out for the isopropylimido complex2a
using the 6-311G(d,p) basis set.∆Hq decreased to 33.1 kcal/
mol upon addition of diffuse p functions, but the computational
results were essentially unchanged.

Figure 6 depicts possibleσ-bond metathesis intermediates for
successive substitution of chlorides by hydrides and possible
pathways for reductive elimination of HCl from the hydride
complexes. As substitution can lead to either the trans (MI-
2A) or cis (MI-2B) isomer of H2Cl2W(NiPr), several reaction
manifolds were considered. The activation energy for the second
or third σ-bond metathesis was roughly equivalent to that for
the first σ-bond metathesis (around 38∼ 45 kcal/mol). All of
these values were significantly less than those for reductive
elimination of HCl from the corresponding intermediate.
Although the activation energy for the fourth chloride loss by
σ-bond metathesis (ca. 53 kcal/mol) was higher than the first
three, it was still competitive with the calculated activation
energy for reductive elimination of HCl (ca. 74 kcal/mol).

Bond Dissociation Energies for W-N(imido) and N(im-
ido)-C in Complexes 1-3. Growth of WNx from 1-3 requires
not only dissociation of the acetonitrile and chloride ligands
(vide supra) but also cleavage of the N-C bond in the imido
ligand. We have previously demonstrated that the apparent
growth kinetics and composition of WNx films grown from1-3
can be correlated with the bond dissociation energies of the

N(imido)-C bond in the precursor.17 In an effort to understand
the effects of bonding within the imido moiety on precursor
decomposition under film growth conditions, a computational
investigation was carried out.

As seen in Tables 1 and 2, bonding throughout the imido
moiety reflects the difference of1, which exhibits conjugation
between the phenyl group and the imido nitrogen, from2 and
3, which bear saturated carbons at the C-N1 linkage. In1,
donation of the p-type nitrogen lone pair into an empty metal
d orbital is attenuated by conjugation of the N p-orbital into
the phenyl ring (Figure 7). This effect weakens the W-N1
bonding of1 with respect to that in2 and 3, for which such
conjugation into the alkyl group is not possible. The result can
be seen in the longer W-N1 bond in1 (1.737 Å) in comparison
to those of2 and3 (1.724 Å). A related effect can be seen in
the N1-C bond lengths, where the N1-C(sp2) length in
phenylimido complex1 (1.380 Å) is, as expected, shorter than
the N1-C(sp3) distances in alkylimido complexes2 and3 (1.441
and 1.444 Å).

Additional information on bonding of the imido ligands of
1-3 was obtained using natural bonding orbital (NBO) analysis.
Figure 8 depicts the atomic charge of each atom calculated from
natural population analysis (NPA) and the Wiberg bond index
for bonds of interest. As expected, the calculated bond order of
the N-C(phenyl) bond of1 is higher than those of the
N-C(alkyl) bonds of2 and 3. The Wiberg bond indices for
the W-N1 bonds of1-3 also support the relative bond strengths
inferred from bond distances, with the longer W-N1 bond of
1 exhibiting a significantly lower bond index than those of2
and3.

To make a quantitative comparison of the N1-C bond
energies in1-3 and 1a-3a, the energetics of the reaction
depicted in Figure 9 were determined by using statistical
thermodynamics to obtain values for∆Hf° and ∆Gf° of
complexes1a-3a and their products of cleavage at the W-N
and C-N bonds, allowing∆H° and ∆G° for the reactions to
be calculated. Acetonitrile-free complexes1a-3awere used for
this calculation because the lability of the acetonitrile ligand
suggests its dissociation to be the first step of the decomposition
of 1-3 under film deposition conditions (vide supra). The
homolytic cleavage of the N(imido)-C bonds required for
calculating the bond dissociation energies resulted in open shell
products that were treated as doublets. In the cases of W-N1
cleavage, the products were treated as triplets. The basis set
superposition error was corrected, although it was less than 5%
compared to the overall∆H° value in each calculation. Table 4
summarizes the estimated bond dissociation enthalpy values.

(32) Bchir, O. J.; Green, K. M.; Hlad, M. S.; Anderson, T. J.; Brooks, B. C.;
McElwee-White, L.J. Cryst. Growth2004, 261, 280-288.

(33) Folga, E.; Ziegler, T.Can. J. Chem.1992, 70, 333-342.
(34) Cundari, T. R.; Stevens, W. J.; Sommerer, S. O.Chem. Phys.1993, 178,

235-243.
(35) Holmes, S. M.; Schafer, D. F.; Wolczanski, P. T.; Lobkovsky, E. B.J.

Am. Chem. Soc.2001, 123, 10571-10583.

Figure 7. Conjugation of N lone pair to metal d and through the phenyl
ring as observed in the HOMO-18. Contours are drawn at( 0.015 au.
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Although the calculated N1-C bond lengths were not
significantly different for isopropylimido complex2a and
allylimido complex3a (Table 2), the trends in calculated N1-C
bond dissociation enthalpies (BDE) for1a-3a do differ as a
result of the relative stabilities of the organic radicals formed
upon homolysis. Note that the metal-containing fragment
(Cl4WN) is the same for all three N1-C cleavages. These
differences in BDE for1a-3aparallel the trend in the reported
N-C bond dissociation energies for the corresponding amines
R-NH2 (R ) Ph, iPr, allyl).36,37 For both the amines and1a-
3a, the N-Ph BDE is ca. 20 kcal/mol higher than that of N-
iPr. TheN-allyl bond is weaker than the isopropyl, although
the calculated2a-3a comparison affords a larger difference
than found in the amines (15.7 vs 10.7 kcal/mol). The relation-
ship between the estimated N-C BDE for1a-3aand apparent
activation energies for deposition of WNx films deposited from

these precursors17 suggests that computational estimation of
bond dissociation energies could be of value in screening CVD
precursors.

Note that the preceding discussion implicitly assumes that
C-N bond cleavage occurs from the tetrachloride complexes
Cl4W(NR) (1a-3a). Also in Table 4 are the corresponding
calculated bond dissociation energies for the hydride complexes
Cl3HW(NR) (1a′-3a′), the products of the firstσ-bond meta-
thesis reactions of1a-3a with H2. Conversion to the hydride
complex strengthens the W-N bond while weakening the N-C
bond in each complex. Since these changes would facilitate
C-N cleavage, it is certainly possible that dissociation of the
imido substituent occurs after some or all of the chlorides are
exchanged for hydride.

The computational results can be qualitatively correlated to
the nitrogen content of films grown from1a-3a (Figure 10).
Note that that the concentration values shown in this figure are
derived from AES measurements using elemental standards, and
thus only the relative trends are meaningful. The relatively low
W-N bond strength of phenylimido complex1a with respect
to alkylimido complexes2a and 3a suggests that the phen-
ylimido ligand is more likely to dissociate from the metal intact.
This loss of the PhN moiety would result in lower nitrogen
content in films from1a as seen in Figure 10.

(36) Benson, S. W.Thermochemical Kinetics, 2nd ed.; Wiley-Interscience: New
York, 1976.

(37) Luo, Y.-R.; Holmes, J. L.J. Phys. Chem.1994, 98, 303-312.

Figure 8. Atomic charges (underlined) from NPA and Wiberg indices for1-3. Hydrogens are omitted for clarity.

Figure 9. Geometries of the products of W-N1 and N1-C bond
dissociation from2a.

Table 4. Calculated Bond Dissociation Enthalpy for the N1-C
and W-N1 Bonds in 1a-3a and 1a′-3a′

compound BDE (N1−C) (kcal/mol) BDE (W−N1) (kcal/mol)

1a 121.3 80.0
2a 98.4 88.2
3a 82.7 86.4
1a′ 107.5 85.6
2a′ 90.2 94.5
3a′ 70.4 93.1

Figure 10. Comparison of nitrogen content in the films grown from1a-
3a (AES). Data are taken from ref 17.
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Conclusions

In this study, we used experimental kinetics, DFT calculations
and statistical thermodynamics to evaluate reaction pathways
for growth of WNx films from the phenylimido complex
Cl4(CH3CN)W(NPh) (1), the isopropylimido complex Cl4(CH3-
CN)W(NiPr) (2), and the allylimido complex Cl4(CH3CN)W-
(NC3H5) (3). The computational results and experimentally
determined activation parameters are consistent with facile
dissociation of the acetonitrile ligand (CH3CN) from 1-3 in
the temperature range used for CVD. Computational study of
reaction of the coordinatively unsaturated complexes1a-3a
with H2 located possible transition states for chloride loss via
σ-bond metathesis with hydrogen to yield HCl, the experimen-
tally observed chlorine-containing product in the reactor effluent.
Finally, through qualitative and quantitative theoretical analyses

for N(imido)-C and W-N(imido) bonds, nitrogen content in
the films grown from 1-3 is linked to calculated bond
dissociation energies. Further computational and experimental
studies are underway.
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