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Polycrystalline tungsten nitride thin films were grown by low pressure
metallo-organic chemical vapor deposition (MOCVD) using (‘BuN), W(NH'Bu),

as the single-source precursor. Deposition of uniform thin films on glass

and silicon substrates was carried out at temperatures 723923 K in a cold-wall
reactor, while the precursor was vaporized at 333-363 K. The growth

rates were 2—10 nm/min depending on the condition employed. Bulk elemental
composition of the thin films, studied by wavelength dispersive spectroscopy
(WDS), is best described as WN, (x = 0.7-1.8). The N/W ratio decreased with
increasing temperature of deposition. X-ray diffraction (XRD) studies

showed that the films have cubic structures with the lattice parameter

a = 0.414-0.418 nm. The lattice parameter decreased with decreasing N/W

ratio. Stoichiometric WN thin films showed an average lattice parameter a of
0.4154 nm. X-ray photoelectron spectroscopy (XPS) showed that binding energies
of the Wag72, Wagsp, and Ny, electrons were 33.0, 35.0, and 397.3 eV, respectively.
Elemental distribution within the films, studied by secondary ion mass spectroscopy
(SIMS) and Auger spectroscopy depth profilings, was uniform. The SIMS

depth profiling also indicated that C and O concentrations were low in the film.
Volatile products trapped at 77 K were analyzed by gas chromatography—mass
spectroscopy (GC—-MS) and nuclear magnetic resonance (NMR). Isobutylene,
acetonitrile, hydrogen cyanide, and ammonia were detected in the condensable

mixtures. Possible reaction pathways were proposed to speculate the origin of

these molecules.

I. INTRODUCTION

Tungsten nitride is a potentially useful material for
diffusion barriers and gate electrodes in many modern
electronic devices.! Traditionally, tungsten nitride is
prepared using techniques that employ energized parti-
cles, i.e., ion implantation, sputtering, ion-beam-assisted
deposition, plasma jet spray, and plasma enhanced
chemical vapor deposition.>” Alternatively, chemical ni-
tridation of tungsten metal and reduction of WClg, WFj,
and WO; by NHj at high temperatures are employed.®!
Unlike many other transition metal nitrides, thin films
of tungsten nitride are rarely grown by chemical vapor
deposition (CVD).!*!! We and others showed that
organoimido complexes of transition metals can be
employed as single-source precursors to grow metal
nitride thin films by metallo-organic chemical vapor
deposition (MOCVD).'2!* Here, we report the first
example of growing tungsten nitride thin films by low
pressure MOCVD employing (‘BuN), W(NH'Bu),, 1, an
organoimido complex of tungsten, as the single-source
precursor.'*
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Il. EXPERIMENTAL

The precursor, (‘BuN),W(NH'Bu),, was prepared
according to a published procedure and stored in a dry
and oxygen-free environment before further use.> A
mixture of deuterium-labeled precursors, (‘BuN),W-
(NH'Bu),-,(ND'Bu), (x = 0—2), was prepared employ-
ing 'BuNH,_,D, (x = 0-2) in the synthesis. The ratio
of  (‘BuN),W(ND'Bu),: (‘BuN),W(ND'Bu)(NH'Bu):
(‘BuN),W(NH'Bu), was 19:44:37, estimated using
their mass spectra. Si and glass substrates, cut into
squares 1 cm X 1 cm, were cleaned using standard pro-
cedures to remove contaminants on the surfaces.

The MOCVD experiments were carried out using a
homemade cold-wall reactor. The reactor was heated in-
ternally by a 650 W quartz-halogen lamp and evacuated
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by a diffusion pumping system. A U-trap was installed
between the reactor and the pumping system was used to
collect gas phase products at 77 K. For each experiment,
a base pressure of 1.33 X 1073 Pa was obtained before
the substrates were loaded under an Ar atmosphere.
The reactor was evacuated again while it was heated
to a temperature 50 K above the desired temperature of
deposition. After the completion of this procedure, the
reactor was allowed to cool to the desired temperature
of deposition, and the precursor was vaporized into the
reactor at 333-363 K. Argon or hydrogen flowing at
10 sccm was used to assist the transport of the precursor
into the reactor. Deposition experiments were performed
at temperatures 723-923 K for 3 h while the pressures
were maintained at ca. 30 Pa. After the flow of 1 was
stopped, the films were annealed for 30 min at the same
temperature.

The films were analyzed by scanning electron mi-
croscopy (SEM), wavelength dispersive spectroscopy
(WDS), x-ray diffraction (XRD), Auger clectron spec-
troscopy (AES), x-ray photoelectron spectroscopy (XPS),
and secondary ion mass spectroscopy (SIMS). Gas-phase
products collected in the experiments were analyzed by
gas chromatography—mass spectroscopy (GC—MS) and
nuclear magnetic resonance (NMR).

lll. RESULTS AND DISCUSSION
A. General deposition and film characteristics

(‘BuN), W(NH'Bu),, a solid compound at room tem-
perature, has sufficient volatility when sublimed between
333 and 363 K under vacuum. The deposition exper-
iments were conducted in a homemade low pressure
cold-wall reactor. Ar or H, flowing at 10 sccm was used
as the carrier gas to assist transportation of the precursor.
This resulted in a total pressure (P) of ca. 30 Pa during
the experiments. Uniform gray and metallic shining
thin films were grown on Si(100), Si(111), and glass
substrates between 723 and 923 K. The films on glass
substrates showed good adhesion, but some films on sili-
con substrates did not adhere well (Scotch tape test). This
problem was probably due to a large mismatch of lattice
parameter between the Si substrates and the thin films.
(asi = 0.543 nm, awp gm = 0.414-0.418 nm. See be-
low for awi, am determined by XRD.)

Examples of surface and cross-sectional scanning
electron micrographs of a typical thin film are shown in
Fig. 1. Growth rates, estimated from the cross section
of the thin films, were 2-10 nm/min and increased
with increasing temperatures of deposition (7,) and
precursor vaporization (7). The grain sizes increased
with increasing temperature of deposition. At the same
temperature of deposition, the growth rate was lower
using H, than using Ar as the carrier gas.

B. XRD studies

The thin films were polycrystalline as shown by
XRD studies. Examples of the XRD patterns of thin
films are shown in Fig. 2. Major CuK, peaks at angles
26 equal to 37.14-37.71°, 43.36—43.64°, 63.03-63.42°,
and 75.56—76.13° were observed. These peaks are as-
signable to (111), (200), (220), and (311) reflections of
cubic structures with their lattice parameters, a, being
0.4137-0.4175 nm. The data are close to, but higher
than, the lattice parameter of 8~W;N, 0.4127 nm.'® The
(111), (200), (220), and (311) reflections of B—-W;N,
which has a face-centered cubic sublattice of W atoms
with N atoms in the octahedral sites, are at 37.73°,
43.85°, 63.73°, and 76.51°, respectively. The thin films
deposited at low temperatures showed broad reflection
peaks, probably due to small crystal sizes and distortion
of the face-centered cubic lattice structure by extra
N atoms (see below for elemental composition). Lattice
parameter, a, of the thin films versus the temperature
of the deposition is shown in Fig. 3, indicating that a
decreased with increasing temperature of deposition.

C. Composition of thin films

Bulk elemental composition of the films was ob-
tained by using WDS. In Fig. 4, N/W and C/W ratios
of the thin films, derived from the WDS studies, are
plotted against the temperature of deposition. Figure 4
indicates that with increasing temperature of deposition
from 773 to 923 K, the N/W ratio decreased from 1.8 to
0.7 while the C/W ratio, which is low, did not change
significantly. Dependence of the lattice parameter with
the N/W ratio is shown in Fig. 5, which indicates that
the lattice parameter decreased with decreasing N/W
ratio. The expansion of lattice parameter by increasing
the number of N atoms can be rationalized as follows:
B—W:N has a face-centered cubic sublattice of W atoms
with half of the octahedral sites occupied by N atoms.
For cubic WN observed in this study, the W atoms
are in a face-centered cubic sublattice also, but all
of the octahedral holes are occupied by the N atoms,
causing the lattice parameter to expand to an average of
0.4154 nm. When N/W ratios exceed 1, some N atoms
are forced to occupy sites other than the octahedral holes,
such as the tetrahedral holes. This distorts and expands
the W sublattice further to show broad XRD peaks.

X-ray photoelectron spectra of a thin film are shown
in Fig. 6. In Fig. 6(a), a survey of the surface indicates
the existence of W, C, N, and O atoms. After sev-
eral minutes of sputtering by Ar™, the high resolution
spectrum of the W region [Fig. 6(b)] showed major
Wasrn and Wygsp, signals at 32.9 and 35.0 eV, respec-
tively. These values are comparable to those reported
for B—WzN, 33.0 (W4f7/2), and 35.0 (W4f5/2) CV.H The
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FIG. 1. (a) Surface SEM photographs of a thin film. Deposited on Si at T, = 873 K, T, = 333 K, Ar flow rate = 10 sccm, and P = 30 Pa.
(b) Cross-sectional SEM photographs of a thin film. Deposited on Si at 7, = 873 K, T, = 333 K, H, flow rate = 10 sccm, and P = 30 Pa.

surface oxide layers, not removed completely by Ar*
sputtering, showed a shoulder for W5, electrons at
37.5 eV, while the signal of W4z, electrons overlapped
with those of the tungsten nitride. The binding energy
of Oy, electrons was observed at 530.7 ¢V, close to
the value of WQj;, 530.3 eV.!” The binding energy of
N, electrons [Fig. 6(c)], 397.3 eV, is close to a value
reported for B—W,N, 397.0 eV.! After sputtering by
Ar", the binding energy of Cy; electrons was at 285.8 eV
with the peak width at half the peak height equal to
3 eV. This suggests that some C atoms were bound to N
and O atoms and some were adventitious carbon atoms
from air.

An Auger electron spectrum of a thin film, Fig. 7(a),
shows characteristic signals of W, C, N, and O atoms.
A depth profile of the sample, Fig. 7(b), indicates that
initially, the signals of W and C increased and the signals
of N and O decreased with increasing sputtering time.
After several minutes of Ar* sputtering, all the signals
leveled, indicating that the elemental distributions within
the film were uniform. However, true elemental dis-
tributions are difficult to estimate because preferential

removal of N atoms and incorporation of C atoms by
Ar* sputtering was reported for metal nitrides.'®

To understand the eclemental distributions and the
effect of different carrier gases, a SIMS depth profiling
was carried out for a specially prepared thin film, as
shown in Fig. 8. The film was deposited at 873 K, pass-
ing Ar initially for 10 min, then passing H, for 10 min.
At the surface, high C and O counts, probably due to
surface contaminants, were observed. After 400 s of
Cs* bombardment, uniform secondary ion counts were
reached. At 850 s, disturbances in the ion counts were
shown, indicating nonuniform elemental distributions at
this depth. This probably was caused by changing the
carrier gas from Ar to H, during the thin-film deposi-
tion. Between 850 and 2100 s, the ion counts leveled
again until the thin film-substrate interface was reached
apparently. Although C and O concentrations could not
be estimated quantitatively, their abundances are shown
qualitatively in Fig. 8. The C and O concentrations were
low in the film, determined by comparing their secondary
ion counts (2 X 10° for C, 1 X 10° for O) with those
generated at the surface (5 X 108 for C, 7 X 105 for
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FIG. 2. X-ray diffraction patterns of thin films deposited at (a) 773 K
and (b) 873 K on Si at T, = 333 K, Ar flow rate =10 sccm, and
P = 30 Pa.

O) and in the substrate (1 X 10° for both C and O).
Employing H, as the carrier gas did not affect the
elemental distributions within the film, but decreased the
growth rate, if the disturbance of the ion counts at 850 s
was caused by changing the carrier gas. This is consis-
tent with the growth rates obtained by cross-sectional
SEM studies.

Our results shown here are in contrast with a study
reported before employing 1 as the precursor to solids.'?

2
Hs 10 scem —O—

Ar 10 scecm

—o—

Element/W
)

1

TK)

FIG. 3. Effect of temperature of deposition on lattice parameter.
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FIG. 4. Effect of temperature of deposition on N/W and C/W ratios.
T, = 363 K.

The solids generated by thermolysis of 1 in NH;/N,
atmospheres at 873-1473 K were mixtures of a low
percentage of tungsten nitride and a high percentage of
tungsten metal (>75 mol %). Decomposition of tung-
sten nitride into tungsten metal at high temperatures
(>1073 K) has been observed.?’ The lower temperatures
used in our study ensured that the tungsten nitride thin
films did not decompose thermally.

D. Possible reaction pathways

Volatile products condensed at 77 K were analyzed
by GC-MS and NMR. The major constituents identi-
fied were isobutylene, Me,C = CH,, and acetonitrile,
MeCN, when Ar was used as the carrier gas. In addition
to isobutylene and acetonitrile, low concentrations of
tertbutylamine, '‘BuNH,, ammonia, NH;, and hydrogen
cyanide, HCN, were also detected when H, was

0.420
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FIG. 5. Dependence of lattice parameter with N/W ratio.
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used as the carrier gas. Detection of noncondensable
gases, such as hydrogen, nitrogen, and methane, was
attempted by installing a pressure gauge between the
U-trap and the pump. In the deposition experiments
conducted without passing any carrier gas, a pressure
increase was observed by this gauge, indicating that the
evolution of hydrogen, nitrogen, or methane is possible.
When a mixture of deuterium-labeled precursors,
(‘BuN), W(ND'Bu),_,(NH'Bu), (x = 0-2), was em-
ployed, evolution of Me,C = CH;, CH;CN, and
CH;DCN was observed. NDH, was difficult to detect
because its molecular weight is the same as water’s,
which always exists in small quantity in our analytical
procedures.

Based on these observations, we speculate that the
tertbutylamido and tertbutylimido ligands of 1 dissoci-
ated into the volatile hydrocarbons by several different
routes, as shown in Egs. (1)—(3) below.

As suggested in Egs. (1) and (2), the tertbutyl
groups may decompose through y—hydrogen activation
processes. The processes can be called B-hydrogen
eliminations if the W-N fragments are part of the
surface. Isobutylene is the major organic product here.
In Eq. (3), the tertbutyl groups decompose through
B—methyl eliminations, probably on the surface, to
generate acetonitrile.”! Further stripping of the methyl
group from acetonitrile, followed by combining a surface

hydrogen atom, could result in the formation of hydrogen
cyanide. Reaction of the —NH, and =NH groups
shown in Egs. (1) and (2) with H atoms on the surface
could account for the generation of NHj;, N;, and Ho,
while the reaction steps involved in Eq. (3) could result
in the formation of CH,. When the deuterium-labeled
precursors were employed, —ND, and =ND groups
were formed, according to Egs. (1) and (2). Then, the
D atoms might exchange, probably on the surface, with
the H atoms of MeCN to form CH,DCN.

Addition of excess H, into the reaction could ham-
per the decomposition of —NH, and =NH into H,.
Alternatively, excess H, could generate hydrogen atoms
which occupied many active sites on the surface so that
the adsorption of 1 was blocked. Both suggestions can
rationalize why the growth rates decreased when H; was
employed as the catrier gas.

The ligands of 1 deserve some comments. Previous
attempted syntheses of metal nitrides from transition
metal dialkylamido complexes, M(NR,),, resulted
in the formation of metal carbonitrides instead.2*
B-hydrogen activation of the dialkylamido ligands,
shown below in Eq. (4), to form metal-carbon bonds
was proposed to be responsible for the carbonitride
formation.”> Metal nitrides were obtained only on the
occasion of using M(NR;), molecules with NH3.>%’
In contrast, each of the ligands of 1 has only one

H CH;
\ 111 é CH y~H activation \W—NH Me,C=CH (1)
—/W | 3 or surface B—H activation / 2+ Me 2
CH;
CH,
W—N—C—CH y-Hactivation WesNH + MeComCH @)
/ B | > or surface f-H activation / o e
CH;
H CH;
\W IlI C—CH
W N—C—CH,
/ |
CH,
—methy] activati \
and p I:{e(szrface)va = -—/W+MeCN (3)
ac
CH,
—W=N—C—CH,
/ l
CHj;
/NMGZ /NMe
M M\\ +Me,NH )
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FIG. 6. X-ray photoelectron spectra of a thin film deposited on Si at
T, =873 K, T, = 363 K, and H, flow rate = 10 sccm. (a) Survey
of the sample as-received, (b) W4y region, and (c) Ny, region.
1: as-received and 2: after sputtering.
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FIG. 7. (a) Auger electron spectrum (as-received) and (b) depth pro-
file of a sample deposited on Si at 7, = 873 K, T, = 333 K, and
H, flow rate = 10 sccm.

tertbutyl group connected to the N atom. This reduced
the possibility of forming metal-carbon bonds through
a pathway analogous to Eq. (4) by the elimination of
'BuNH,. Actually, 'BuNH, was not a major product in
this study. Qualitatively, the doubly bonded tungsten-
imido ligand linkage of 1 should be stronger than other
M-N single bonds. This would assist to preserve a
central “WN” unit through the reaction. A reaction
employing Ti(O'Pr), to prepare TiO, showed little C
incorporation.?® The Ti—O-Pr linkage of Ti(O'Pr), is
analogous to the W-N-—'Bu linkage of 1.

How W and N atoms arranged into the cubic lat-
tice is not clear. We speculate that at the initial stage
of the reaction, the precursor molecules decomposed
thermally to oligomerize into structures analogous to
that of W4N4(NPh;)s(OC,Hy),. As shown below, this
interesting molecule possesses a W4N, skeleton with
two u2-N and two w3-N atoms bridging the W atoms.?
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Further expansion of this skeleton three-dimensionally
by adding “WN” units will result in a cubic WN lattice.

BuQ /NPh2
(PhoN),W=N—W-—N

|/

N—WN=W(NPhy),
Ph,N  OBu

IV. SUMMARY

We have shown that uniform polycrystalline
tungsten nitride thin films can be grown successfully
from (‘BuN),W(NH'Bu),, a single-source precursor, on
glass and silicon substrates by low-pressure MOCVD
at 723-923 K. Bulk elemental composition of the
thin films, obtained by WDS, is WN, (x = 0.7-1.8).
The N/W ratio decreased with increasing temperature
of deposition. XRD studies showed that the films
have a cubic structure with the lattice parameter a =
0.414-0.418 nm, slightly larger than that of B8—W;N,
0.4126 nm. Clearly, the lattice parameter decreased with
decreasing N/W ratio. A stoichiometric WN thin film
has a lattice parameter a equal to 0.4154 nm. XPS
studies showed that the binding energies of the Wy,
Wassp, and Ny electrons were 33.0, 35.0, and 397.3 eV,
respectively, in good agreement with the known values.
Elemental distribution within the films is uniform, as
shown by SIMS and Auger depth profiling studies.

The SIMS depth profiling also indicated that C and
O concentrations were low in the film. Volatile products
trapped at 77 K were isobutylene, acetonitrile, hydrogen
cyanide, and ammonia, as shown by the analyses of
GC-MS and NMR. To speculate the origin of these
molecules, several C-H, C-~C, and C-N activation
pathways were proposed.
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