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Tungsten nitride (WN,) and tungsten carbonitrides (WN,C,)
are one of the promising barrier materials to prevent copper
migration into the adjacent oxide layer of integrated circuits
(ICs)." Hitherto, a series of single source precursors for the
growth of WN,C, thin films by metal-organic chemical vapor
deposition (MOCVD) has been reported: the imido precur-
sors”* such as CLy(CH;CN)W(N;Pr), Cly(CH;CN)W(NPh), Cl,
(CH3CN)W(NCsHs) and W(N:iPr)Cls[iPrNC(NMe,)NiPr] (gua-
nidinato),s’6 and the hydrazido precursors7’8 such as Cl4(CH3CN)
W(NNMe;) and Cl4(CH3;CN)W(N-pip). As well as their CVD
experiments, mechanistic approaches employing density func-
tional theory (DFT) calculations were accompanied to analyze
the effects of the decomposition pathways of the organometallic
complexes and the implications for the choice of carrier gas on
the constitutions of deposited films.” " In the present study, we
report the most probable decomposition pathway of the tungsten
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Scheme 1. Possible bis-imido intermediates in the precursor decom-
position under CVD conditions

imido guanidinate precursor, W(NiPr)Cl;[iPrNC(NMe,)NiPr],
to explain its CVD results.

The guanidinate and amidinate derivatives were synthesized
to produce WN,C, films of much higher nitrogen content with
possible bis-imido intermediates under CVD conditions,'” com-
pared to the single imido precursors.” The possible decom-
position pathway of the guanidinate and amidinate ligands to
generate a second imido ligand was illustrated as Scheme 1.

For a qualitative analysis of the tungsten guanidinate imido
precursor, W(NiPr)Cl;[iPrNC(NMe,)NiPr], its geometry was
computationally optimized as shown in Figure 1. The calculat-
ed bond lengths are overestimated as a whole compared to
their corresponding solid X-ray crystallographic data."”” The
W-N1 bond is apparently elongated too much for the single
bond. To obtain the bonding information of the guanidinate
ligand more precisely, the natural bonding orbital (NBO) analy-
sis was performed."” Table 1 summarizes the atomic charges
of atoms calculated from natural population analysis (NPA) and
the Wiberg bond indices (WBIs) for bonds. The small WBI of
the W-N1 bond reflects its coordination covalent characteristic.
The electron back donation from N1 to W builds the stable
octahedral geometry around the tungsten at the center as did
the acetonitrile in Cly(CH;CN)W(N;iPr).”* The C1-N2 bond is
apparently weaker than the C1-N1 bond according to their
WBIs. Although the W-N2 bond is inferior to the C1-N2 bond
in terms of WBI, the larger difference of atomic charges renders
the W-N2 bond stronger to compensate for its inferiority in
WBI.

W-N3 1.730 A

(1.702)
W-N1 2.317 A

(2.247)
W-N2 2.001 A
(1.961)
1.301 A
(1.290)
1.402 A
(1.390)

C1-N1

C1-N2

Figure 1. The optimized geometry (left) of the tungsten imido guanidinato precursor, W(N iPr)Clg[iPrNC(NMengiPr]. Hydrogens are omitted
for clarity. The calculated bond lengths are compared to their corresponding solid X-ray crystallographic data'” in parenthesis.
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Figure 2. Energetics for the most probable unimolecular decomposition pathway of the tungsten imido guanidinate precursor, W(NiPr)Cl;
[[PrNC(NMe;)NiPr], to generate a bis-imido intermediate. Electronic energy values (AH 29s) have the unit of kcal/mol.

Table 1. The atomic charges and WBIs from NBO analysis for the
tungsten guanidinate imido precursor and the intermediate, IM1 (see
Figure 2).

guanidinate — IM1
Bonds
Atomic charge WBI Atomic charge

W-N3 2.00 - 191 N3(-0.41—-0.52)
W-N1 W (123 —>145) 030—0.68 NI (-0.58—-0.74)
W-N2 0.82 —0.94 N2 (-0.59 —-0.64)
CI-N1 C1(0.69 —0.62) 1.57—1.06 NI (-0.58 —-0.74)
CI-N2 C1(0.69 —0.62) 1.09—0.95 N2 (-0.59 —-0.64)

The reaction pathway suggested in Scheme 1 was compu-
tationally constructed in Figure 2, and the optimized geometries
of all concerned species were presented in the Supporting Ma-
terial. The pathway has two transition states (TS1 and TS2),
one (v=99i cm_l) for the chlorine transfer to C1 and the other
(v =1252i cm") for the generation of bis-imido species and
C(NiPr)CI(NMe;). The WBI of the W-N1 bond of the intermedi-
ate (IM1) indicates the change of its bonding characteristic
from coordination covalent to nominal covalent after chlorine
migration, while the C1-N1 bond changes from double to single.
Then, the C1-N2 bond dissociates in TS2 and the W-N1 bond
restores to the back donated coordination covalent bond in the
other intermediate, IM2. The bond length of the W-N1 bond
changes in accordance; 2.317 A (guanidinate) — 2.074 A
(TS1) — 2.047 A (IM1) — 2.211 A (TS2) — 2.462 A (IM2).
Although the other transition state for the dissociation of the
coordination covalent W-N1 bond in IM2 may exist, the acti-
vation energy for this simple bond dissociation would not much
larger than the reaction energy. "7'¥ The activation energies for
TS1 and TS2 were calculated as 34.6 and 10.8 kcal/mol, res-
pectively. Considering the range of the activation energies (35 ~
45 kcal/mol) reported for -bond metathesis and transamination

exchange of imido precursors, '’ the decomposition pathway
suggested in Figure 2 would be viable under CVD conditions
(400 ~ 750 °C). The expected increase of N content in the
deposited films probably because of the bis-imido intermediate
was confirmed by CVD experiments.'

In summary, a computational study based on DFT calcula-
tions was successfully able to suggest the decomposition path-
way of the tungsten imido guanidinate precursor, W(NiPr)Cls
[(PrNC(NMe;)NiPr], to generate bis-imido intermediate. The
W-N1 bonding characteristic changes from coordination co-
valent to nominal covalent, and restores to coordination covalent
during the decomposition, as supported by NBO analysis. The
DFT calculations are very useful to investigate possible de-
composition pathways of metalorganic precursors to explain
corresponding experimental results.

Computational Details

All calculations were performed with GAUSSIAN 03, using
the B3LYP DFT method and split basis sets (LanL2DZ for
tungsten and 6-311G(d) for other elements).'*"® Full geometry
optimization was carried out for all species. The transition
states (TSs) were obtained using the Berny algorithm as im-
plemented in GAUSSIAN 03. Harmonic vibrational frequencies
were calculated for each structure, and used to compute en-
thalpy. GuassView was used for the visualization of the results.
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