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ABSTRACT: Tungsten nitrido complexes of the type WN-
(NR2)3 [NR2 = combinations of NMe2, NEt2, N

iPr2, N
nPr2,

NiBu2, piperidine, and azepane] were synthesized as precursors
for aerosol-assisted chemical vapor deposition of WNxCy thin
films. The effects of the amido substituents on precursor
volatility and decomposition were evaluated experimentally
and computationally. Films deposited using WN(NMe2)-
(NiPr2)2 as a single-source precursor were assessed as diffusion
barrier materials for Cu metallized integrated circuits in terms of growth rate, surface roughness, composition, and density. In
diffusion barrier tests, Cu (∼100 nm)/WNxCy (∼5 nm)/Si samples prepared from WN(NMe2)(N

iPr2)2 were annealed for 30
min at 500 °C and successfully blocked Cu penetration according to four-point probe, X-ray diffraction, scanning electron
microscopy etch-pit test, and high-resolution transmission electron microscopy measurements.

■ INTRODUCTION

The manufacture of integrated circuits requires deposition of
diffusion barrier material to prevent the migration of Cu and its
incorporation into Si and penetration into high-porosity low-κ
dielectrics. Cu diffusion can increase contact resistances,
produce contact layer embrittlement, promote delamination
from low-κ materials, and generate energy levels within the
band gap of Si that act as recombination centers.1 Currently, a
physical vapor deposited Ta/TaN bilayer structure is used,2 but
with the miniaturization of feature sizes, physical vapor
deposition (PVD) has been projected to become inadequate
due to conformality issues deriving from the highly directional
nature of deposition. Chemical vapor deposition (CVD) and
atomic layer deposition (ALD) are candidates to succeed PVD
technologies. Among materials considered for diffusion barrier
applications are transition metal nitrides and carbonitrides,3−6

and more recently self-forming barriers (e.g., MnSixOy).
7−10

WNxCy has been discussed as a possible candidate given its low
resistivity, thermal and mechanical stability, resistance to
recrystallization, ease of processing, and adhesion to and
compatibility with current integrated circuit (IC) materials.6,11

We have been using the CVD of WNxCy as a platform to
examine mechanism-based design of single-source precur-
sors12,13 featuring tungsten complexes with nitrogen-coordi-
nated ligands such as imido, guanidinate, amidinate, amido, and
hydrazido moieties.12,14 One focus of this work has been
lowering the deposition temperature (<350 °C)15−21 to
decrease damage to adjoining thermally sensitive dielectric

layers22 or contact level structures.23,24 Identification of
cleavage of the N−C bond as the rate-determining step in
deposition of WNxCy from the imido complexes Cl4(CH3CN)-
WNR (R = Ph, iPr, allyl)25 suggested a precursor design
strategy in which the N−C bond was replaced by a weaker N−
N bond. The result was a lowering of the deposition
temperatures from the 400−500 °C range obtained with
imido complexes26−28 to the 250−300 °C range observed for
the analogous hydrazido complexes.29 Elimination of that bond
by moving to a terminal nitrido ligand instead of imido or
hydazido ligands was the next step in the evolving precursor
design.30,31

We then reported the synthesis of the nitrido complex
WN(NMe2)3 (1) and the resulting CVD of WNx nano-
spheres30 and WNxCy thin films31 from 1 at temperatures as
low as 75 and 125 °C, respectively. We have also investigated
the CVD of WNxCy thin films from WN(NEt2)3 (2) at
temperatures as low as 100 °C and demonstrated their viability
as Cu diffusion barriers at 5.5 nm thickness when annealed for
30 min at 500 °C.32 We now report the syntheses of additional
complexes of the type WN(NR2)3, the results of prescreening
these complexes as possible CVD precursors, and growth of
WNxCy thin films at temperatures as low as 100 °C from
WN(NMe2)(N

iPr2)2 (3).
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■ RESULTS AND DISCUSSION
Precursor Design and Synthesis. Complexes 1−4

(Figure 1) were prepared as previously reported.30,31 Since

volatility of the complexes is important for application in CVD
and ALD, the vapor-phase transport of these complexes was
tested by sublimation. In these studies, 3 and 4 were found to
be more volatile than 1 and 2, despite their higher molecular
weights. The increase in volatility in going from homoleptic
ligand sets to heteroleptic ones has been previously noted and
ascribed to perturbation of crystal packing forces by lowered
symmetry.12,33,34 It has also been postulated that steric bulk
around the metal center contributes to volatility by hindering
intermolecular interactions. The higher volatility of 3 and 4 led
us to synthesize additional complexes containing heteroleptic
sets of ligands, in which the lowered symmetry is
complemented by varying degrees of steric bulk in the
dialkylamide ligands.
The isobutyl derivative 5 was synthesized by refluxing 1 with

excess diisobutylamine in pentane for 12 h (Scheme 1).

Reaction of 1 with excess piperidine or azepane under the same
reaction conditions resulted in replacement of all three NMe2
ligands to afford 6 or 7. This is most likely due to the smaller
cone angles of cyclic secondary amines such as piperidine and
azepane when compared to diisopropylamine and diisobutyl-
amine.35

Compounds 8−13 were synthesized from 1 in a one-pot
strategy which takes advantage of the steric demand of the
NiPr2 ligand to limit the extent of substitution in the presence
of excess diisopropylamine (Scheme 2). In refluxing pentane,

only a single substitution to generate complex 4 is possible. At
the higher temperature of refluxing diisopropylamine, a second
substitution affords 3 as the intermediate. Subsequent addition
of a different amine to either 3 or 4 results in formation of 8−
13.
Attempts to synthesize the unsymmetrical complex 14 by

controlling the stoichiometry of less sterically hindered amines
were unsuccessful. Reflux of 4 with 1/3 equiv of diethylamine
in pentane resulted in the formation of a mixture of 14 and 15
(Scheme 3). Efforts to separate 14 and 15 through extraction,
crystallization, or sublimation did not provide a pure sample of
either product.

The alternative unsymmetrical target complex 16, which
contains the more sterically demanding diisobutylamide ligand
in place of the diethylamido ligand of 14 could be prepared by a
one-pot synthesis strategy (Scheme 4) that affords 16 in 50%

yield. Further substitutions of the dimethylamido ligand in 16
could be obtained by reaction with excess diethylamine,
piperidine, and azepane in refluxing pentane to obtain 17, 18,
and 19, respectively.

Structural Effects on Precursor Volatility. The effect of
substituent choice on the volatility and thermal stability of
complexes 5−19 was assessed by sublimation. Complex 5
contains NR2 groups that have a cone angle (138° for NiBu2)
nearly identical to that of the NR2 groups of 3 (137° for
NiPr2)

35 but are of higher molecular weight. Precursor 5 was
found to be less volatile than 3 (Table 1), suggesting that, as
expected, the lower molecular weight of the isopropyl derivative
3 dominates volatility when the steric profiles are similar.
Reduced symmetry about the metal center also has the
expected effect on precursor volatility.12,33,34 Homoleptic
complexes 6 and 7 have volatilities (as measured by the
sublimation temperature) that are similar to that of 2, whereas
heteroleptic complexes 8−13 were similar to 3, 4, and the
previously reported complexes 15 and 20 (Figure 2).31 The
highest volatilities were found for the unsymmetrical complexes
16−19, which all sublimed at temperatures below 50 °C at
150−200 mTorr (Table 1).

Figure 1. Structures of complexes 1−4.

Scheme 1. Synthesis of 5−7

Scheme 2. Synthesis of 8−13

Scheme 3. Synthesis of 14 and 15

Scheme 4. Synthesis of 16−19
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Thermogravimetric analysis (TGA) of 3 (Figure S-3) is
consistent with sublimation of the compound at approximately
230 °C at atmospheric pressure. This result confirms that
complex 3 is sufficiently stable to survive the reduced pressure
sublimation described in Table 1. In contrast, some of the
precursors, such as 4, could not be sublimed at atmospheric
pressure because their decomposition temperatures were too
low. See Figure S-3 in the Supporting Information for the TGA
of 4, for which decomposition is competitive with atmospheric
pressure sublimation.
Thermolysis of Neat 3. Thermolysis of 3 was performed to

identify the volatile byproducts of its decomposition and
provide information on possible reaction pathways for
deposition of WNxCy. To obtain samples of the pyrolysis
products, complex 3 was heated to ∼260 °C under 1 atm of
argon and the condensate was collected at −78 °C. A brown-
black residue was left after thermolysis. GC−EI MS of the
condensate confirmed the presence of the pyrolysis product
diisopropylamine. Also detected in the mass spectra were imine
21, isopropylamine, and acetone. The isopropylamine and
acetone are the products of hydrolysis of 21 by adventitious
water introduced into the sample during trapping and handling
(Scheme 5).
Computational Study of the Gas-Phase Decomposi-

tion of 3. A computational study was carried out to explore
possible mechanistic pathways leading to loss of diisopropyl-
amine, a thermolysis product of 3 (Scheme 5). For the lowest
energy gas-phase pathway that was located (Figure 3), the first
step is unimolecular β-proton abstraction by the adjacent
amide, which occurs via a relatively high energy transition state
(ΔG⧧ = 40.2 kcal/mol; ΔH⧧ = 39.2 kcal/mol). Formation of
INT1 is followed by the coordination of another molecule of 3
to generate the bimetallic INT2 in a slightly exothermic step.

Although the transition state linking INT1 to INT2 could not
be located computationally, addition of 3 to the coordinatively
unsaturated INT1 likely has a very low barrier. Likewise, the
transition state from INT2 to INT3 was not located, but loss of
diisopropylamine from the sterically crowded INT2 is also
likely to have a moderately low barrier. Attempts to locate
pathways in which two molecules of 3 reacted directly in the
gas phase were unsuccessful. The inability to locate a
bimolecular pathway is in contrast to computational results
on the less sterically hindered dimethylamido complex 1,31 for
which bimolecular gas-phase reaction was preferred over the
unimolecular pathway. In a related pathway involving the
decomposition of WN(NEt2)3 (Figure S-1, Supporting
Information), the energy barrier for formation of the
bimolecular transition state (TS2) and the energy barrier for
the subsequent step involving elimination of amine (INT2) are
isoenergetic (ΔΔG = 0.3 kcal/mol).

WNxCy Film Growth. An Arrhenius plot of the film growth
kinetics for depositions using 3 (Figure 4) dissolved in pyridine
(aerosol-assisted chemical vapor deposition, AACVD) showed
three growth regimes: a kinetically limited regime at low
temperatures with an apparent activation energy of 0.330 ±
0.016 eV, a mass transfer limited regime, and a parasitic
reaction regime at high temperatures. As shown in Figure 4, this
behavior is different from that observed in depositions using 1
and 2 where only two growth regimes exist: mass transfer
limited and parasitic reaction. Apparently, the low-temperature
surface deposition reactions for 1 and 2 are faster than the mass
transfer rates. Conversely, the observation of a low-temperature
kinetic limitation using 3 indicates the rate-limiting reaction
step is slower than the mass transfer rate in the lower
temperature range. The greater steric bulk of 3 (vs 1 and 2) and
the computational evidence for bimolecular decomposition
steps are consistent with a greater kinetic limitation for film
growth from 3 at low temperatures. This kinetic barrier,
however, is still small for typical CVD conditions where
apparent activation energies are normally above 0.5 eV.36 It has
previously been argued that the lowest energy pathway for film
deposition is most likely the result of intermolecular
interactions between surface-bound species or a surface−gas
species interaction.30,31

In the mass transfer limited regime, there is a noticeable
difference in growth rate among the precursors, with the
average growth rate increasing as 1 < 3 < 2. In general, growth
rate temperature dependence under mass transfer limited
conditions follows a power law, Tn, where n is typically 1.7−1.8
for a vertical down flow design.25 Depositions using 1, 2, and 3
exhibit values of 1.3, 2.1, and 2.0 for n, respectively. A value of
2.1 has been previously reported for a different precursor in the
same reactor.37

At higher deposition temperatures (>400 °C), the growth
rates from 1, 2, and 3 decrease with increasing temperature.

Table 1. Sublimation Conditions and Compound Recovery
for 1−13 and 15−20

compd pressure (mTorr) T (°C) recovery (%) ref

1 150−250 90−105 55 30
2 150−250 75−80 55 31
3 350−450 65−70 40 31
4 350−450 65−70 35 31
5 150−250 80−85 40 this work
6 150−250 70−80 45 this work
7 150−250 75−85 40 this work
8 150−250 60−70 45 this work
9 150−250 70−80 35 this work
10 150−250 65−70 55 this work
11 150−250 55−65 40 this work
12 150−250 60−65 35 this work
13 200−300 50−55 35 this work
15 250−350 62−68 30 31
16 150−250 45−55 55 this work
17 150−250 40−50 60 this work
18 150−250 42−50 50 this work
19 150−250 42−50 45 this work
20 250−350 58−68 30 31

Figure 2. Structure of complex 20.

Scheme 5. Thermolysis of 3
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This trend is associated commonly with parasitic reactions
resulting in wall deposition upstream of the heated susceptor,
premature gas-phase reactions, and/or desorption of surface-
bound species. The apparent activation energies for this regime
are −0.386 ± 0.008, −0.385 ± 0.009, and −0.200 ± 0.020 eV
for 1, 2, and 3, respectively. Since parasitic reactions decrease
the reactant concentration available for deposition and thus the
deposition rate, the reported deposition activation energies are
negative. It is noted that the mass transfer to parasitic reaction
controlled transition temperatures are similar for each
precursor, suggesting a similar parasitic reaction. Steric control
of the parasitic high-temperature process is consistent with the
observed trend where the apparent activation energies for 1 and
2 are nearly identical, while that of 3 is significantly higher. The

A values for methyl and ethyl are 1.74 and 1.75, respectively,
while the value for isopropyl is 2.15,38 indicating a much larger
steric profile for the isopropyl substituents in 3 than for the
methyl and ethyl substituents in 1 and 2.

WNxCy Film Composition. X-ray photoelectron spectros-
copy (XPS) was used to determine the elemental composition
and its atomic valence states in the films. W, N, C, and O are
the only elements evident in the deposits from 3 within the
detection limit of ∼1% (Figure 5). Similar composition data for
material grown from 1 and 2 were reported previously.31,32

In the XPS data for deposits from 3, the W 4f doublet peak is
consistent with contributions from three separate tungsten
compounds, whose nominal binding energy (BE) values39 are
depicted in the superimposed stick patterns. Although the WNx

and WC1−x peaks are separated by approximately 0.2 eV, they
are illustrated as a single WNxCy peak.
In the N XPS, the stick patterns are representative of

nominal BEs for WNx and CNx at 397.5 and 400.2 eV,
respectively, although they are labeled as “WNxCy” and “Free
N” for ease of illustration. At the deposition temperature of 100
°C the primary N 1s peak contained an asymmetric tail at
higher BEs that could be fitted with a peak at a BE of 400.1 eV,
which is consistent with nitrogen in the form CNx. This
suggests that 3 may not fully decompose at 100 °C. At all other
deposition temperatures, the only peak present was one located
at 397.9 ± 0.2 eV, which is indicative of partially oxidized WNx.
Typical BEs for C 1s peaks from WC1−x reside around 283.5

eV, those for amorphous C reside between 284.5 and 285.0 eV
depending on its nature, and that for CNx lies at approximately
286.0 eV (Figure 5). In the material deposited from 3 at 100
°C, small amounts of CNx (∼11%) could be detected. Spectra
from materials deposited at all other deposition temperatures

Figure 3. Calculated reaction surface (ΔG and ΔH, kcal mol−1) for gas-phase decomposition of WN(NMe2)(N
iPr2)2 (3).

Figure 4. Growth kinetics comparing ln(G), where G is the growth
rate, versus the inverse temperature for films deposited from 1−3. The
illustrated error bars are representative of thickness measurements
near the center of the substrate for multiple samples and measure-
ments.
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revealed only peaks corresponding to amorphous C (labeled as
“Free C”) and carbidic C (i.e., Cx-W). The average amorphous
C content at depositions below 300 °C was 23 ± 1%, whereas
from 300 to 450 °C it was 29 ± 1%, and above 450 °C it
increased to 43 ± 1% at 650 °C.
Adventitious nonstoichiometric tungsten oxide (WOx, where

2.0 < x < 3.0) is also detected in the XPS spectrum. Although
the subpeaks corresponding to WNxCy are relatively constant
for all deposition temperatures at 32.3 ± 0.1 and 34.3 ± 0.1 eV
for W 4f7/2 and W 4f5/2, respectively, the WOx peaks shift from
35.8 ± 0.2 and 37.6 ± 0.2 eV (below 250 °C) to 35.0 ± 0.1 and
36.7 ± 0.2 eV (at and above 250 °C) for W 4f7/2 and W 4f5/2
peaks, respectively. This suggests that higher temperature
growth results in adventitious WOx that is less fully oxidized.
Observation of WOx in the W XPS region of films grown

using 3 as a precursor can be corroborated with the O 1s peak
(Figure 5). The stick patterns represent WOx and free O, or
more specifically adsorbed O2 from the atmosphere, at 530.5
and 531.6 eV, respectively. At low deposition temperatures, the
O 1s peak is an average of the two defined values, but as the
deposition temperature increases, there is a slight shift in peak
position toward predominantly WOx. The average WOx and
free O peak positions are fairly constant throughout the full
range of deposition temperatures with average values of 530.7
± 0.1 and 531.9 ± 0.2 eV, respectively.
Figure 6 illustrates the percentage of nitridic N (i.e., Nx-W),

oxidic O (i.e., Ox-W), and carbidic C (i.e., Cx-W), and is
representative of the respective percentage occupancy of the
subpeak under the primary elemental peak. Therefore, not only
does the W 4f peak become less saturated with O signal with
increasing deposition temperature, but the available signal is of
a lower oxidation state. The elemental composition of the
material deposited from 3 is plotted in Figure 7 as a function of
the deposition temperature in the range from 100 to 650 °C
and compared to compositions measured also by XPS for films

deposited from precursors 1 and 2. The dominant feature of
this comparison is the similarity of composition variation with
deposition temperature between the three precursors. This is
not surprising given the similar molecular structure and
apparent common rate-determining decomposition reaction.
Another feature is that the W concentration is relatively
constant in the middle temperature range but decreases
significantly at both low and high temperature. This pattern
is consistent with a trade-off for O and C incorporation at lower
and higher deposition temperatures, respectively. At the low-
temperature limit, 3 may undergo incomplete decomposition
and adventitious O incorporation is competitive. At the high-
temperature limit, premature and aggressive precursor decom-
position become more significant, as does C incorporation from
ligand and solvent decomposition. The N concentration using 3
is relatively constant (ranging from 6% at 100 °C to 14% at 400
°C).
Interestingly, depositions using 3 resulted in the lowest N

incorporation, whereas depositions with 1 provided the most.
Additionally, depositions using 1 and 3 provided almost
entirely nitridic N (i.e., Nx-W), except for the two lowest
deposition temperatures where there was a presence of CNx at
approximately 14% and 17%, respectively. This is unlike
depositions with 2 that resulted in a minimum CNx presence of
approximately 16%, with an average of 18 ± 3% below 400 °C
and 35 ± 2% above 400 °C.

Figure 5. Evolution of the W 4f, N 1s, C 1s, and O 1s peaks with the
deposition temperature using 3. Relevant and nominal material BEs39

are superimposed onto the plots by a stick pattern.

Figure 6. Influence of the precursor on the percentage of Nx-W, Ox-W,
and Cx-W, according to XPS peak deconvolution.
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Figure 7 further shows that C incorporation is nearly
identical for all films grown from 1−3, with integration of C
becoming prominent above 450 °C. This is most likely the
result of solvent and/or ligand decomposition. It has been
documented that pyridine undergoes surface-catalyzed decom-
position at similar temperatures.40−43

Figure 6 shows, however, that although qualitatively similar
to depositions using 1 and 2, the extent of change in
amorphous C incorporation with increasing temperature into
the films was less dramatic when using 3. This result is
consistent with C incorporation by ligand degradation in a
surface reaction, which would be hindered by the additional
steric bulk of 3.
Oxygen is incorporated into the films by two means: during

film growth from adventitious O2 and H2O or postgrowth
exposure to air. Due to the relatively low density and
amorphous nature of the films, significant in-diffusion of
oxygen is likely. Additionally, at these low growth temperatures,
the sticking probability of gas is high, so any background O
source can be integrated into the film.44 The average
percentage of WOx below 250 °C is 51 ± 4% and increases
steadily to almost 90% at 650 °C. It should be noted that
although more of the incorporated O is Ox-W (Figure 6), there
is less overall O content in the film (Figure 7). The decrease in
postgrowth O is likely from film densification and C stuffing in
the film, both of which would prevent O in-diffusion.
Deconvolution of the O 1s peaks shows that depositions

from 2 and 3 experience nearly identical ratios of free O and

Ox-W, whereas films deposited from 1 experienced less Ox-W.
This is the result of a density difference between the films (see
Supporting Information), where films from 1 proved to be less
dense.

WNxCy Film Microstructure. Control of the film micro-
structure is important in diffusion barrier applications. An
amorphous barrier is preferable to a polycrystalline barrier due
to the low-energy diffusion pathways that grain boundaries
afford.45 According to grazing incidence X-ray diffraction
(GIXD) measurements (Figure 8), films deposited from 2

and 3 developed crystallinity at 350 and 400 °C, respectively
(Figure 8b), whereas films grown from 1 were entirely
amorphous for all deposition temperatures. Films deposited
below 350 and 400 °C for films grown from 2 and 3,
respectively, were entirely amorphous (Figure S-3). The
primary β-WNxCy (i.e., face-centered-cubic structure) reflec-
tions are expected to result from a solid solution of β-WN0.5
and β-WC0.6, which have proximal reflections, and for that
reason are illustrated as a single reflection. The stick pattern
exists at 2θ = 37.42°, 43.12°, 65.52°, and 75.22° for the β-
WNxCy (111), β-WNxCy (200), β-WNxCy (220), and β-WNxCy
(311) crystallographic planes, respectively. These powder
reflections do, in fact, coincide with both β-WN0.5 and β-
WC0.6 solutions. Similarly, the primary WO3 stick pattern is an
amalgamation of reflections for three common WO3 phases:
monoclinic, tetragonal, and cubic. There are, however, no
apparent reflections for any phase of WO3, which should
improve the barrier properties (increased structural disorder).
The peak locations of materials grown using 2 and 3 are

highlighted in Table 2. In both cases there is slight preferential
texturing for the β-WNxCy (111) plane, according to the peak
prominence. Therefore, its position was used to estimate the
lattice parameter, and its full width at half-maximum (fwhm)
was used to estimate the lower limit of the grain size, via
Scherrer’s equation. The slight discrepancy in peak locations
(from the standard) is expected to be from compositional
variations in the film, and not lattice strain, due to the highly

Figure 7. Elemental composition for films deposited from 1−3 at
various deposition temperatures, according to XPS. Note the
differences in the concentration scale.

Figure 8. (a) GIXD patterns taken for films deposited using
compounds 2 and 3. (b) Typical crystallographic planes for relevant
materials with respect to their preferred structures and according to
their relative intensities.46

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b03691
Chem. Mater. 2015, 27, 8326−8336

8331

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03691/suppl_file/cm5b03691_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03691/suppl_file/cm5b03691_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b03691


disordered nature of the film as evident in the nanocrystalline
domain sizes described in the next section.
Recall that the XPS data indicate that W is bound to C, N,

and O. From that analysis it is expected that those components
belong to a fully integrated WNxCyOz matrix, separate
interspersed matrixes such as WNx, WCx, and WOx, or any
permutation in between (e.g., WNxCy and WOx; WNxOy and
WCx; WNx and WCxOy). The crystallographic data obtained
using GIXD (Figure 8) suggest that WNx, WCx, or the solid
solution WNxCy phases exist and adopt a face-centered-cubic
structure. Unfortunately, it cannot be stated with confidence
that a separate and distinct WOx phase exists. The data are
consistent with formation of a crystalline β-WNxCy core phase
surrounded by WNxCyOz solid solution, which forms upon air
exposure. Therefore, the lattice parameter of that crystalline
phase should lie around the values of β-WNx or β-WCx. The
lattice constants for β-WC0.6 and β-WN0.5 are 4.236 and 4.126
Å, respectively. The lattice parameters for crystalline films
grown with 2 and 3 decrease with increasing deposition
temperature and have maximum values of 4.229 and 4.215 Å
and minimum values of 4.135 and 4.162 Å, respectively. It is
expected that β-WNxCy would produce lattice parameter values
between the end points of the solid solution tie line.
The trend seen in Figure 9 is consistent with the valence-

state information obtained through XPS. It has been shown that
lattice constants can increase with deposition temperature as a
result of greater incorporation of C into the lattice.15 Films
deposited from 2 and 3 do in fact contain greater C levels at
higher deposition temperatures; however, it is important to
note that the percentage of Cx-W decreases with increasing
temperature. Consequently, a decrease in the lattice constant
with respect to the β-WC0.6 lattice constant is seen for films
grown from both 2 and 3. This is especially true for films grown
with 2, where amorphous C becomes more fully integrated.
Average N values remain relatively constant, which pulls the

lattice parameter closer to the standard β-WN0.5 value. Films
deposited with 2, however, initially crystallize with a larger
lattice constant than those from 3, a difference that can be
attributed to CNx, the incidental N species. Below 400 °C in
films grown from 2, 75% of the N signal is nitridic (i.e., Nx-W),
which can yield a comparatively greater lattice parameter due to
the preoccupation of N in the film. Films grown with 3 at 400
°C do not contain CNx species, so the lattice constant favors
4.126 Å. For films grown from 2, a sharp descent toward the β-

WN0.5 standard peak position for the film grown at 450 °C is
due to increasing amorphous C and CNx concentrations, where
N exists nearly equally in its two environments. This produces
interstitial vacancies that contract the lattice. Conversely, films
grown from 3 do not produce such an exaggerated decrease in
lattice parameter due to greater concentrations of nitridic and
carbidic N and C, respectively.
It should be noted that although there was no indication of a

crystalline WOx phase, O could influence the estimated lattice
parameters. It is assumed, however, that O exists exclusively in
the amorphous WNxCy matrix that envelops the β-WNxCy
nanodomains, given its likely atmospheric origin, and therefore,
any influence it has on the lattice parameters has been
discounted.
On average, material grown with 2 is similar in estimated

grain size to that grown with 3. The estimated minimum grain
sizes are 16.3 and 17.8 Å, respectively, and the maximum
estimated grain sizes are 28.8 and 27.8 Å, respectively (Figure
9). The grain sizes obtained from both precursors increase with
deposition temperatures up to 550 °C. This is likely a result of
increased surface and bulk mobility with increasing deposition
temperature, which promotes grain growth. At 650 °C, the
grain size decreases slightly to 25.0 and 26.0 Å for films
deposited from 2 and 3, respectively. Despite the enhanced
mobility of surface species at this temperature, it is likely that
the increasing amounts of adventitious C begin to interfere with
the crystallization process at high temperatures.47,48 This effect
is greater for films grown with 2 where there is more
adventitious C present.

Diffusion Barrier Testing. The tests of films grown from 1
and 2 as Cu diffusion barriers have been presented else-
where.31,32 The integrity of the film grown from 3 as a diffusion
barrier is discussed here. Thin WNxCy films (∼5 nm thickness)
grown from 3 at 150 °C were evaluated by depositing
approximately 100 nm of Cu onto a WNxCy film and annealing
the Cu/WNxCy/Si stack at 500 °C for 30 min under N2.
An etch-pit test was performed to evaluate Cu diffusion

through the barrier. The etch-pit test has greater sensitivity to
Cu diffusion than either four-point probe (4PP) or XRD
measurements (Figure S-2). Figure 10 displays scanning
electron microscopy (SEM) plane-view images of etched
films on the postannealed Cu/WNxCy/Si stacks (Figure
10a,b), the as-deposited Cu/WNxCy/Si stacks (Figure 10c),

Table 2. Peak Locations (2θ, deg) and fwhm Obtained by
GIXD for WNxCy Grown with 2 and 3

crystallographic planes

growth T (°C) fwhm (111) (111) (200) (220) (311)

Standard
a a 37.42 43.12 65.52 75.22

2
350 5.13 36.77 43.42 a a
450 3.12 37.34 43.46 63.17 a
550 2.91 37.38 43.45 63.06 75.58
650 3.35 37.63 43.45 63.21 75.70

3
400 4.71 37.01 43.83 a a
450 3.84 36.89 43.34 62.68 a
550 3.02 37.26 43.45 62.91 75.95
650 3.23 37.38 43.45 62.81 a

aNot available.

Figure 9. Illustration of the deposition temperature dependence of the
crystal grain size (left vertical axis) and crystal lattice parameter (right
vertical axis). The standard crystal lattice constants for β-WN0.5 (4.126
Å) and β-WC0.6 (4.236 Å) are imposed on the plot for reference.
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and a failed barrier for comparison (Figure 10d). In the event of
even small-scale Cu diffusion to the surface, micrometer-sized
inverted pyramidal features (appearing as bright rectangles in
Figure 10d) would be visible on the surfaces. The lack of
inverted pyramidal features in parts a (lower magnification) and
b (higher magnification) of Figure 10 is evidence for successful
barrier performance by films deposited from 3.
An additional test for barrier evaluation was to examine the

interfaces with high-resolution transmission electron micros-
copy (HRTEM). Figure 11 is a cross-sectional HRTEM image
depicting the well-defined interfaces present in a postannealed
Cu/WNxCy/Si sample. The single-crystal lattice structures of
the Si substrate and the polycrystalline Cu film are clearly
visible. The amorphous nature of the native silicon oxide
(SiO2) and WNxCy films is also evident.

■ CONCLUSION

By manipulation of reaction conditions, several compounds of
the type WN(NR2)3 were synthesized. Reduced symmetry and
increased steric bulk were associated with improved volatility,
an important property for use of the compounds in
conventional CVD or ALD. The TGA of 3 was characteristic
of sublimation. We have successfully deposited WNxCy thin
films at temperatures as low as 100 °C by using AACVD from
pyridine solutions of 3 (0.051 M). The effect of the ligand
structure on the film properties has been ascertained. It was
determined that 2 and 3 offer more desirable film properties for
diffusion barrier applications in terms of growth rate, surface
roughness, composition, and density. The integrity of thin films
deposited from 3 was evaluated for inhibition of Cu diffusion
by 4PP, XRD, SEM etch-pit test, and HRTEM measurements.
Cu (∼100 nm)/WNxCy (∼5 nm)/Si stacks successfully passed
annealing at 500 °C for 30 min in N2. Therefore, 3 was
identified as a viable single-source precursor for deposition of
WNxCy for Cu diffusion barrier applications.

■ EXPERIMENTAL SECTION
General Procedures. Unless otherwise specified, all manipulations

were performed under an inert atmosphere (N2, Ar) using standard
Schlenk and glovebox techniques. Toluene was purified using an
MBraun MB-SP solvent purification system and stored over activated
3 Å molecular sieves prior to use. Benzene-d6 was purchased from
Cambridge Isotope Laboratories, Inc. and stored over activated 3 Å
molecular sieves (15%, w/v) for several days in an inert atmosphere
glovebox prior to use. Anhydrous tert-butyl alcohol, pentane, and
redistilled diisopropylamine were purchased from Sigma-Aldrich and
used as received. Hexamethyldisiloxane and pyridine were purchased
from Sigma-Aldrich or Alfa Aesar and stored over activated 3 Å
molecular sieves (15%, w/v) for several days in an inert atmosphere
glovebox prior to use. Compounds 1−4 and 19−20 were prepared as
previously described.30,31 All other chemicals were purchased and used
as received. 1H and 13C NMR spectra were obtained using Gemini,
Mercury, or VXR 300 MHz spectrometers (Varian shims/probes,
Oxford magnets) using the residual protons of the deuterated solvents
as reference peaks. Mass spectra were obtained with a Thermo
Scientific Trace GC DSQ mass spectrometer using the direct inlet
probe chemical ionization (DIP-CI) mode of operation or an Agilent
6200 ESI-TOF mass spectrometer using the direct analysis in real time
time-of-flight (DART-TOF) mode of operation.

General Synthesis Procedure A. In a 100 mL Schlenk flask, 0.25
g (0.76 mmol) of 1 and 60 mL of pentane were combined to create a
white slurry. To the slurry was added the amine in excess to give an
orange-red suspension. A reflux condenser was attached, and the
mixture was brought to a gentle reflux under argon. After 12 h, the
resulting amber-brown solution was returned to room temperature,
and the solvent was removed under vacuum. The product was
extracted by stirring with hexamethyldisiloxane (30 mL) for 15 min
and filtered through Celite. The filter pad was washed with additional
hexamethyldisiloxane (2 × 5 mL). The solvent was removed from the
filtrate to give a crude solid. Sublimation of the crude product gave
pure product.

WN(NMe2)(N
iBu2)2 (5). Compound 5 was synthesized by general

synthesis procedure A. The crude product was purified by sublimation
at 150−250 mTorr and 80−85 °C to afford an orange-white solid.
Yield: 60%. 1H NMR (C6D6, 300 MHz): δ 0.95 [dd, J = 6.3 Hz, 24H,
−N(CHaHbCH(CH3)c(CH3)d)]; 1.98 [sp, J = 7 Hz, 4H, −N-
(CHaHbCH(CH3)c(CH3)d)]; 3.40 [s, 6H, −N(CH3)2]; 3.49 [d, J =
6 Hz, 4H, −N(CHaHbCH(CH3)c(CH3)d)]; 3.55 [d, J = 6.6 Hz, 4H,
−N(CHaHbCH(CH3)c(CH3)d)].

13C NMR (C6D6, 300 MHz): δ 20.4
[−N(CHaHbCH(CH3)c(CH3)d)]; 20.7 [−N(CHaHbCH(CH3)c-
(CH3)d)]; 27.1 [−N(CHaHbCH(CH3)c(CH3)d)]; 52.4 [−N(CH3)2];
66.5 [−N(CHaHbCH(CH3)c(CH3)d)]. DIP-CI-MS: calcd for [M +
H]+ 497.2970; found 497.2950.

Figure 10. (a) Plane-view image of the etch-pit test for the
postannealed Cu/WNxCy/Si stack at lower magnification, (b) plane-
view image of the etch-pit test for the postannealed Cu/WNxCy/Si
stack at higher magnification, (c) plane-view image of the etch-pit test
for the as-deposited Cu/WNxCy/Si stack, and (d) image of a failed
postannealed Cu/WNxCy/Si stack for comparison purposes.

Figure 11. HRTEM image clearly showing smooth and distinct
boundaries for a postannealed Cu/WNxCy/Si sample grown from 3.
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WN(N(CH2)5)3 (6). Compound 6 was synthesized by general
synthesis procedure A. The crude product was purified by sublimation
at 150−250 mTorr and 70−80 °C to afford an orange solid. Yield:
60%. 1H NMR (C6D6, 300 MHz): δ 1.39 [m, 6H, −NCH2CH2CH2];
1.47 [m, 12H, −NCH2CH2CH2]; 3.80 [t, J = 6 Hz, 12H,
−NCH2CH2CH2].

13C NMR (C6D6, 300 MHz): δ 25.2 [−N(CH2-
CH2CH2)]; 29.7 [−N(CH2CH2CH2)]; 60.7 [−N(CH2CH2CH2)].
DIP-CI-MS: calcd for [M + H]+ 449.2931; found 449.2934.
WN(N(CH2)6)3 (7). Compound 7 was synthesized by general

synthesis procedure A. The crude product was purified by sublimation
at 150−250 mTorr and 75−85 °C to afford an orange solid. Yield:
55%. 1H NMR (C6D6, 300 MHz): δ 1.51 [br m, 6H, −NCH2-
CH2CH2]; 1.75 [br m, 12H, −NCH2CH2CH2]; 3.80 [t, J = 6 Hz, 12H,
−NCH2CH2CH2].

13C NMR (C6D6, 300 MHz): δ 26.8 [−N(CH2-
CH2CH2)]; 33.6 [−N(CH2CH2CH2)]; 61.3 [−N(CH2CH2CH2)].
DIP-CI-MS: calcd for [M + H]+ 493.2525; found 493.2513.
General Synthesis Procedure B. In a 200 mL Schlenk flask, 0.50

g (1.5 mmol) of 1 and 80 mL of pentane were combined to form a
white slurry. To the slurry was added 6.0 mL of diisopropylamine (4.3
g, 43 mmol) to give an orange-red suspension. A reflux condenser was
attached, and the mixture was brought to a gentle reflux under Ar.
After 12 h, the solvent was removed from the amber-brown solution
under vacuum at room temperature. The residue was extracted by
stirring with hexamethyldisiloxane (50 mL) for 15 min and filtered
through Celite. The filter pad was washed with additional
hexamethyldisiloxane (2 × 5 mL). The solvent was removed from
the resulting brown filtrate under vacuum to give crude 4. This was
dissolved in pentane (60 mL), and amine was added in excess. A reflux
condenser was attached, and the mixture was brought to a gentle reflux
under Ar. After 12 h, the solvent was removed from the dark brown
solution under vacuum at room temperature. Sublimation of the crude
residue afforded pure product.
WN(N(CH2)5)2(N

iPr2) (8). Compound 8 was synthesized by general
synthesis procedure B. The crude product was purified by sublimation
at 15−250 mTorr and 60−70 °C to afford an orange-white solid.
Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 1.30 [br m, 8H,
−NCH2CH2CH2]; 1.40 [d, J = 3 Hz, 12H, −N(CH(CH3)2)2]; 1.47
[br m, 4H, −NCH2CH2CH2]; 3.44 [m, 2H, −N(CH(CH3)2)2]; 3.80
[t, J = 6 Hz, 12H, −NCH2CH2CH2].

13C NMR (C6D6, 300 MHz): δ
25.2 [−N(CH(CH3)2)2]; 26.4 [−NCH2CH2CH2]; 29.7 [−NCH2-
CH2CH2]; 51.0 [−N(CH(CH3)2)2]; 60.7 [−NCH2CH2CH2]. MS
(DART-TOF): calcd for [M + H]+ 467.2368; found 467.2346.
WN(N(CH2)6)2(N

iPr2) (9). Compound 9 was synthesized by general
synthesis procedure B. The crude product was purified by sublimation
at 15−250 mTorr and 70−80 °C to afford an orange-white solid.
Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 1.36 [dd, J = 24, 6 Hz,
12H, −N(CH(CH3)2)2]; 1.52 [br m, 8H, −NCH2CH2CH2]; 1.78 [br
m, 4H, −NCH2CH2CH2]; 3.47 [m, J = 6 Hz, 2H, −N(CH(CH3)2)2];
3.81 [t, J = 6 Hz, 12H, −NCH2CH2CH2].

13C NMR (C6D6, 300
MHz): δ 26.4 [−N(CH(CH3)2)2]; 26.8 [−NCH2CH2CH2]; 33.5
[−NCH2CH2CH2]; 50.9 [−N(CH(CH3)2)2]; 61.6 [−NCH2-
CH2CH2]. MS (DART-TOF): calcd for [M + H]+ 495.2681; found
495.2694.
WN(NnPr2)2(N

iPr2) (10). Compound 10 was synthesized by general
synthesis procedure B. The crude product was purified by sublimation
at 150−250 mTorr and 65−75 °C to afford an orange-white solid.
Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 0.87 [t, J = 7 Hz, 12H,
−N(CH2CH2CH3)]; 1.36 [d, J = 6 Hz, 12H, −N(CH(CH3)2)2]; 1.64
[sp, J = 7 Hz, 8H, −N(CH2CH2CH3)2]; 3.42 [sp, 2H, −N(CH-
(CH3)2)2]; 3.56−3.68 [m, 8H, −N(CH2CH2CH3)2].

13C NMR
(C6D6, 300 MHz): δ 12.1 [−N(CH(CH3)2)2]; 25.1 [−N(CH2-
CH2CH3)2]; 26.6 [−N(CH2CH2CH3)2]; 51.4 [−N(CH(CH3)2)2];
61.4 [−N(CH2CH2CH3)2]. MS (DART-TOF): calcd for [M + H]+

499.2994; found 499.2993.
General Synthesis Procedure C. In a 100 mL Schlenk flask, 0.50

g (1.5 mmol) of 1 and 10 mL of diisopropylamine (7.2 g, 71 mmol)
were combined to create an orange-red suspension. A reflux condenser
was attached, and the mixture was brought to a gentle reflux under Ar.
After 12 h, the solvent was removed from the dark brown solution
under vacuum at room temperature. The residue was extracted by

stirring with hexamethyldisiloxane (50 mL) for 15 min and filtered
through Celite. The filter pad was washed with additional
hexamethyldisiloxane (2 × 5 mL). The solvent was removed from
the resulting brown filtrate under vacuum to give crude 3, which was
slurried in excess amine. A reflux condenser was attached, and the
mixture was brought to a gentle reflux under Ar. After 6 h, the solvent
was removed from the dark brown solution under vacuum at room
temperature. Sublimation of the crude residue afforded pure product.

WN(N(CH2)5)(N
iPr2)2 (11). Compound 11 was synthesized by

general synthesis procedure C. The crude product was purified by
sublimation at 150−250 mTorr and 55−65 °C to afford an orange-
white solid. Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 1.30 [d, J = 6
Hz, 12H, −N(CH(CH3)a(CH3)b)]; 1.39 [d, J = 6 Hz, 12H,
−N(CH(CH3)a(CH3)b)]; 1.44−1.49 [m, 6H, −NCH2CH2CH2];
3.44 [m, J = 6 Hz, 4H, −N(CH(CH3)a(CH3)b)]; 3.80 [t, J = 6 Hz,
4H, −NCH2CH2CH2].

13C NMR (C6D6, 300 MHz): δ 25.2
[−N(CH(CH3)a(CH3)b)]; 25.9 [−N(CH(CH3)a(CH3)b)]; 26.6
[−NCH2CH2CH2]; 29.3 [−NCH2CH2CH2]; 51.2 [−N(CH(CH3)a-
(CH3)b)]; 61.6 [−NCH2CH2CH2]. MS (DART-TOF): calcd for [M
+ H]+ 483.2681; found 483.2663.

WN(N(CH2)6)(N
iPr2)2 (12). Compound 12 was synthesized by

general synthesis procedure C. The crude product was purified by
sublimation at 150−250 mTorr and 60−65 °C to afford an orange-
white solid. Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 1.31 [d, J = 6
Hz, 12H, −N(CH(CH3)a(CH3)b)]; 1.39 [d, J = 6 Hz, 12H,
−N(CH(CH3)a(CH3)b)]; 1.52 [br m, 6H, −NCH2CH2CH2]; 1.78
[br m, 6H, −NCH2CH2CH2]; 3.47 [sp, J = 6 Hz, 4H, −N(CH-
(CH3)a(CH3)b)]; 3.80 [t, J = 6 Hz, 4H, −NCH2CH2CH2].

13C NMR
(C6D6, 300 MHz): δ 25.3 [−NCH(CH3)a(CH3)b]; 26.4 [−NCH-
(CH3)a(CH3)b]; 26.8 [−NCH2CH2CH2]; 33.2 [−NCH2CH2CH2];
51.1 [−NCH(CH3)a(CH3)b]; 61.6 [−NCH2CH2CH2]. MS (DART-
TOF): calcd for [M + H]+ 497.2838; found 497.2861.

WN(NiPr2)2(N
nPr2) (13). Compound 13 was synthesized by general

synthesis procedure C. The crude product was purified by sublimation
at 200−300 mTorr and 50−55 °C to afford an orange-white solid.
Yield: 35%. 1H NMR (C6D6, 300 MHz): δ 0.85 [t, J = 6 Hz, 6H,
−N(CH2CH2CH3)2]; 0.87 [t, J = 6 Hz, 6H, −N(CH2CH2CH3)2];
1.30 [d, J = 6 Hz, 12H, −N(CH(CH3)2)2]; 1.37 [d, J = 6 Hz, 12H,
−N(CH(CH3)2)2]; 1.62 [sextet, J = 6 Hz, 4H, −N(CH2CH2CH3)2];
3.52 [sp, J = 6 Hz, 4H, −N(CH(CH3)2)2]; 3.60 [t, J = 6 Hz, 4H,
−N(CH2CH2CH3)2].

13C NMR (C6D6, 300 MHz): δ 12.11
[−N(CH2CH2CH3)2]; 12.25 [−N(CH2CH2CH3)2]; 25.21 [−N(CH2-
CH2CH3)2]; 25.26 [−N(CH2CH2CH3)2]; 26.43 [−N(CH(CH3)2)2];
26.73 [−N(CH(CH3)2)2]; 51.64 [−N(CH2CH2CH3)2]; 61.60 [−N-
(CH(CH3)2)2]. MS (DART-TOF): calcd for [M + H]+ 499.2994;
found 499.2996.

General Synthesis Procedure D. In a 200 mL Schlenk flask, 0.50
g (1.3 mmol) of 4 and 80 mL of pentane were combined to form a
white slurry. To the slurry was added 8.0 mL of diisobutylamine (5.9 g,
46 mmol) to give an orange-red suspension. A reflux condenser was
attached, and the mixture was brought to a gentle reflux under Ar.
After 12 h, the solvent was removed from the amber-brown solution
under vacuum at room temperature. The residue was extracted by
stirring with hexamethyldisiloxane (50 mL) for 15 min and filtered
through Celite. The filter pad was washed with additional
hexamethyldisiloxane (2 × 5 mL). The solvent was removed from
the resulting brown filtrate under vacuum to give the crude product.
This was dissolved in pentane (60 mL), and the amine was added in
excess. A reflux condenser was attached, and the mixture was brought
to a gentle reflux under Ar. After 3 h, the solvent was removed from
the dark brown solution under vacuum at room temperature.
Sublimation of the crude residue afforded pure product.

WN(NMe2)(N
iPr2)(N

iBu2) (16). Compound 16 was synthesized by
general synthesis procedure D. The crude product was purified by
sublimation at 150−250 mTorr and 45−55 °C to afford an orange-
white solid. Yield: 50%. 1H NMR (C6D6, 300 MHz): δ 0.91 [d, J = 6
Hz, 6H, −NCH2CH(CH3)a(CH3)b]; 0.99 [d, J = 6 Hz, 6H,
−NCH2CH(CH3)a(CH3)b]; 1.28 [d, J = 6 Hz, 12H, −N(CH(CH3)a-
(CH3)b)]; 1.36 [d, J = 6 Hz, 12H, −N(CH(CH3)a(CH3)b)]; 1.97 [sp,
J = 6 Hz, 2H, −NCH2CH(CH3)a(CH3)b]; 3.37 [s, 6H, −N(CH3)2];
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3.43−3.54 [m, J = 6 Hz, 12H, −N(CH(CH3)a(CH3)b), −NCH2CH-
(CH3)a(CH3)b];)].

13C NMR (C6D6, 300 MHz): δ 20.1 [−NCH2CH-
(CH3)a(CH3)b]; 20.8 [−NCH2CH(CH3)a(CH3)b]; 25.8 [−N(CH-
(CH3)a(CH3)b)]; 26.7 [−N(CH(CH3)a(CH3)b)]; 27.2 [−NCH2CH-
(CH3)a(CH3)b]; 51.0 [−N(CH3)2]; 51.9 [−N(CH(CH3)a(CH3)b)];
66.2 [−NCH2CH(CH3)a(CH3)b]. DIP-CI-MS: calcd for [M + H]+

471.2681; found 471.2690
WN(NEt2)(N

iPr2)(N
iBu2) (17). Compound 17 was synthesized by

general synthesis procedure D. The crude product was purified by
sublimation at 150−250 mTorr and 40−50 °C to afford an orange-
white solid. Yield: 45%. 1H NMR (C6D6, 300 MHz): δ 0.94 [d, J = 6
Hz, 6H, −NCH2CH(CH3)a(CH3)b]; 0.95 [d, J = 6 Hz, 6H,
−NCH2CH(CH3)a(CH3)b]; 1.15 [t, J = 6 Hz, 3H, −N-
(CH2CH3)a(CH2CH3)b]; 1.17 [t, J = 6 Hz, 3H, −N-
(CH2CH3)a(CH2CH3)b]; 1.31 [d, J = 6 Hz, 6H, −N(CH(CH3)a-
(CH3)b)]; 1.36 [d, J = 6 Hz, 6H, −N(CH(CH3)a(CH3)b)]; 1.97 [sp, J
= 6 Hz, 2H, −NCH2CH(CH3)a(CH3)b]; 3.37−3.67 [m, 10H,
−NCH2CH3, −N(CH(CH3)a(CH3)b), −NCH2CH(CH3)a(CH3)b].
13C NMR (C6D6, 300 MHz): δ 16.5 [−N(CH2(CH3)a)-
(CH2(CH3)b)]; 16.8 [−N(CH2(CH3)a)(CH2(CH3)b)]; 20.1
[−NCH2CH(CH3)a(CH3)b]; 20.4 [−NCH2CH(CH3)a(CH3)b]; 25.8
[−N(CH(CH3)a(CH3)b)]; 26.3 [−N(CH(CH3)a(CH3)b)]; 27.1
[−NCH2CH(CH3)a(CH3)b]; 50.6 [−N(CH2(CH3)a)(CH2(CH3)b)];
52.0 [−N(CH(CH3)a(CH3)b)]; 66.2 [−NCH2CH(CH3)a(CH3)b].
DIP-CI-MS: calcd for [M + H]+ 499.2994; found 499.2998.
WN(N(CH2)5)(N

iPr2)(N
iBu2) (18). Compound 18 was synthesized by

general synthesis procedure D. The crude product was purified by
sublimation at 150−250 mTorr and 42−50 °C to afford an orange-
white solid. Yield: 45%. 1H NMR (C6D6, 300 MHz): δ 1.00 [d, J = 6
Hz, 12H, −NCH2CH(CH3)2]; 1.29−1.46 [m, 18H, −N(CH(CH3)a-
(CH3)b), −NCH2CH2CH2]; 1.98 [sp, J = 6 Hz, 2H, −NCH2CH-
(CH3)2]; 3.44 [m, J = 6 Hz, 2H, −N(CH(CH3)a(CH3)b)]; 3.62 [br m,
4H, −NCH2CH(CH3)a(CH3)b]; 3.80 [t, J = 6 Hz, 4H, −NCH2-
CH2CH2].

13C NMR (C6D6, 300 MHz): δ 20.4 [−NCH2CH(CH3)a-
(CH3)b]; 20.8 [−NCH2CH(CH3)a(CH3)b]; 25.0 [−N(CH(CH3)a-
(CH3)b)]; 25.2 [−N(CH(CH3)a(CH3)b)]; 27.2 [−NCH2CH(CH3)a-
(CH3)b]; 27.4 [−NCH2CH2CH2]; 33.5 [−NCH2CH2CH2]; 51.1
[−N(CH(CH3)a(CH3)b)]; 60.7 [−NCH2CH2CH2]; 66.5
[−NCH2CH(CH3)a(CH3)b]. MS (DART-TOF): calcd for [M +
H]+ 511.2995; found 511.2995.
WN(N(CH2)6)(N

iPr2)(N
iBu2) (19). Compound 19 was synthesized by

general synthesis procedure D. The crude product was purified by
sublimation at 150−250 mTorr and 42−50 °C to afford an orange-
white solid. Yield: 45%. 1H NMR (C6D6, 300 MHz): δ 0.89 [d, J = 6
Hz, 6H, −NCH2CH(CH3)a(CH3)b]; 0.98 [d, J = 6 Hz, 6H,
−NCH2CH(CH3)a(CH3)b]; 1.30−1.38 [d, J = 6 Hz, 12H, −N(CH-
(CH3)a(CH3)b)]; 1.52 [br m, 6H, −NCH2CH2CH2]; 1.78 [br m, 6H,
−NCH2CH2CH2]; 1.99 [sp, J = 6 Hz, 2H, −NCH2CH(CH3)a-
(CH3)b]; 3.47 [m, 2H, −N(CH(CH3)a(CH3)b)]; 3.60 [br m, 4H,
−NCH2CH(CH3)a(CH3)b]; 3.81 [t, J = 6 Hz, 4H, −NCH2CH2CH2].
13C NMR (C6D6, 300 MHz): δ 20.3 [−NCH2CH(CH3)a(CH3)b];
20.8 [−NCH2CH(CH3)a(CH3)b]; 26.4 [−N(CH(CH3)a(CH3)b)];
26.8 [−N(CH(CH3)a(CH3)b)]; 26.9 [−NCH2CH2CH2]; 27.3
[−NCH2CH(CH3)a(CH3)b]; 33.5 [−NCH2CH2CH2]; 51.1 [−N(CH-
(CH3)a(CH3)b)]; 61.6 [−NCH2CH2CH2]; 66.4 [−NCH2CH(CH3)a-
(CH3)b]. DIP-CI-MS: calcd for [M + H]+ 523.3126; found 523.3127.
WNxCy Deposition. Pure solid 1, 2, and 3 were separately

dissolved in pyridine at a concentration of 0.051 M and independently
deposited according to methods reported elsewhere.31,32

Diffusion Barrier Testing. The procedure for diffusion barrier
testing has been published elsewhere.32
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