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ABSTRACT: Here, we report that the postsynthesis nitridation of tungsten oxide nanowires can result in single crystal nitride
nanowires when the initial diameters of the nanowires are less than 10 nm. For nanowires with diameters greater than 10 nm, the
nitridation of nanowires resulted in polycrystalline but highly oriented tungsten nitride domains in nanowires. Partially nitrided
nanowires show an epitaxial relationship between the nitride nuclei and the oxide nanowire, being oriented with respect to the axial
direction of the nanowires. The stress resulting from the strain due to lattice mismatch between oxide and nitride phases seems to
control the critical size of the nitride nuclei within oxide nanowires. The photoluminescence data show that the resulting bandgap
of the tungsten nitride nanowires was downshifted to 2.95 eV from 3.54 eV for tungsten oxide nanowires.

Introduction

In solar energy conversion and photocatalysis applications,
highly crystalline materials with appropriate bandgap energies
in the visible region are highly desirable. Recently, materials
based on titania,1 tungsten oxide,2 gallium phosphide,3 and
gallium antimonide4 containing a few percent of nitrogen have
gained lot of attention, due to the modification of the bandgap
energies, which are useful for many optoelectronic and photo-
voltaic applications. In particular, nitrogen incorporation into
metal oxide films (e.g., tungsten oxide and titania) has been
studied to obtain oxy-nitride alloys for increased visible light
absorption. Over the past decade, thermal nitridation of metal
oxide thin films such as tantalum oxide, silicon oxide, and
powders such as indium oxide and gallium oxide, in the presence
of ammonia, have been widely studied.5,6 However, fundamental
understanding of the process of nitrogen incorporation into metal
oxides in general has not been fully explored.

The nanowire morphology presents an interesting window
into the nitridation process in metal oxides, due to the high
surface-to-volume ratio. Typically, it is easier to control the
synthesis of oxide nanowires.7-9 As a result, postsynthesis phase
transformation processes if possible could serve as another
method for obtaining the compound nanowires of interest. In
all of these cases, the crystallinity of the resulting nanowires is
of prime interest. Therefore, it is important to understand the
factors that control nucleation and the overall crystallinity within
nanowires during phase transformation.

There are only a few studies reported on the postprocess phase
transformation of nanowires. In one study, a complete phase
transformation from hexagonal phase GaN nanowires to cubic
phase could be achieved by focused ion beam (FIB) irradiation
using Ga+.10 Also, the synthesis of superlattice structures such
as CdS/Ag2S using partial cation exchange reactions and
complete transformation from CdSe to Ag2Se nanocrystals using
cation exchange reactions have been reported.11,12 In these
studies, it has been reported that the anion exchange reactions

were not possible under these experimental conditions. In
another study, the dissolution of copper indium selenide (CIS)
nanowires through cadmium sulfide layer deposition resulted
in porous tubular structures with walls containing CdS and
CIS.13 In-situ experiments involving temperature cycling of CIS
nanowires showed that they can undergo phase transformation
without undergoing nucleation.14 Finally, there was an attempt
to transform micrometer-scale zinc oxide (ZnO) rods in to zinc
sulfide by reacting with hydrogen sulfide. However, the results
showed that the reaction was limited probably due to reactant
diffusion to a shell with a thickness of about 15 nm.15 So, it is
of tremendous interest to investigate gas-solid reactions using
nanowires with diameters of less than the reaction length scales
to study how phase transformations take place within one-
dimensional systems and also to obtain nanowires with different
compositions. In the present manuscript, the gas phase reaction
induced phase transformations of metal oxide nanowires are
studied as a function of nanowire diameter and reaction
temperature using tungsten oxide and nitridation reaction as a
model system.

Experimental Section

Tungsten oxide nanowire arrays were synthesized in a hot-wire-
assisted chemical vapor deposition (HW-CVD) reactor setup. A detailed
description of the reactor setup and the synthesis procedure has been
reported elsewhere.7 Tungsten oxide nanowire arrays were synthesized
on various substrates including quartz, fluorinated tin oxide (FTO), and
tungsten substrates. The filament temperatures were kept around 1950
K, and the substrate temperatures were varied in the range of 773 to
823 K. The nitridation experiments were performed using a vacuum
chamber equipped with a silicon carbide (SiC) susceptor that was heated
radiatively from below by a tungsten coil heater at 2200 K. The
substrate temperatures were measured using a c-type thermocouple.
The vacuum chamber was pumped down to 20 mTorr base pressure,
and 50 sccm ammonia (NH3) was used for all the nitridation
experiments performed unless stated.

The morphology, nitrogen content, and the phase change of the
nanowires before and after nitridation were examined by scanning
electron microscopy (SEM, a FEI Nova 600 FEG SEM), transmission
electron microscopy (TEM, a FEI TECNAI F20 TEM with a Gatan
2002 GIF system), UV-vis spectrophotometer, and powder X-ray
diffraction (Bruker D8). Photoluminescence measurements were per-
formed using a frequency-tripled passively modelocked Ti:sapphire laser
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at 270 nm to excite the samples and a 0.3 m monochromator with an
open-electrode CCD to detect the luminescence from the samples.

Results and Discussion

The as-synthesized tungsten oxide nanowire arrays as shown
in Figure 1a are grown on both quartz and FTO substrates.
Figure 1b shows the nanowire array after it was subjected to
nitridation in the presence of NH3 gas at a temperature of 750
°C and a pressure of 250 mTorr for about 1 h. As seen from
SEM images in Figure 1a,b, there was little change in the
morphology and no break-up or sintering of the nanowires
during nitridation. As shown in Figure 1d,e, the optical images
show that the color of tungsten oxide (W18O49) nanowire films
changes from blue to dark green or dark black after complete
nitridation to tungsten nitride (W2N) phase. The X-ray diffrac-
tion (XRD) spectrum (Figure 2) of the as-synthesized nanowires
indicated monoclinic W18O49 phase nanowires with the growth
direction being [010]. After the nitridation process, W2N (200)
peak appeared with a high degree of intensity indicating the
possibility of the growth direction of the nitride nanowires being
[200].

The high resolution electron microscopy (HREM) image from
the as-synthesized W18O49 nanowire (Figure 3a) showed visible
planar defect features in parallel to the growth direction of the
as-synthesized nanowire. The lattice fringe distances, 0.38 and
0.28 nm, are consistent with d-spacings of (010) and (600) and

the fast Fourier transform (FFT) pattern was in conformity
to the [001] zone axis of monoclinic W18O49 phase (Figure 3b).
The growth direction of the nanowire was determined to be
[010] of W18O49. This is similar to that reported in other studies
in the literature.16 The streak lines in the FFT images (Figure
3b) and the visible planar defect structure parallel to the growth
direction in the HREM image are attributed to the oxygen
vacancies in the (600) plane similar to that reported earlier for
WO3 nanowires.17 Similar oxygen vacancy plane orderings were
also observed in iron oxide nanowires grown from iron foils.18

Figure 1. (a) SEM image showing the top-view of the as-synthesized W18O49 nanowire array on a quartz substrate; (b) SEM image showing the
top-view of the nitrided W2N nanowire array on a quartz substrate; (c) inset image in (b) shows the side-view under an angle of 20° of the nitrided
nanowire array; (d) optical image of the tungsten oxide (W18O49) film coated quartz substrate showing a bluish color; and (e) optical image of the
nitride (W2N) nanowire film showing blackish color.

Figure 2. XRD spectra of the as-synthesized W18O49 and the nitrided
nanowire array samples.

Figure 3. TEM images of the as-synthesized tungsten oxide and
partially nitrided nanowires: (a) HREM image of the WO2.722 phase
nanowires. (b) Indexed FFT pattern of the HREM image shown in (a)
indicating a [010] growth direction for the nanowire. The streak lines
are seen along the (600) plane. (c) HREM image of partially nitrided
WO2.722 phase nanowires. (d) Indexed FFT pattern of the HREM image
shown in (c) for the partially nitrided nanowires showing the disap-
pearance of streak lines and appearance of diffraction spots indicative
of the nitride phase.
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In order to understand the role of oxygen vacancies present
along the growth direction of the nanowire in the nitridation
process, partial nitridation of the tungsten oxide nanowires was
also performed. As shown in Figure 3c, the HREM image of
the partially nitrided nanowire showed that the planar defect
structure observed in the case of W18O49 phase nanowires
disappeared. The FFT pattern of the partially nitrided nanowire
was indexed as the diffraction pattern of monoclinic W18O49

[001] zone axis plus part of the diffraction pattern of cubic W2N
[110] zone axis (Figure 3d). It is interesting to note that the
FFT pattern of the partially nitrided nanowire showed diffraction
spots rather than streak lines observed in W18O49 phase
nanowires. As shown in the FFT pattern (Figure 3d), the
transformation of W18O49 to W2N followed the orientation
relationship: [110]W2N // [001]W18O49 and (002)W2N // (010)-
W18O49. The observed orientation relationship between the
nitride and the oxide phase and the disappearance of streak lines
indicate possible preferential nitrogen substitution along the
vacancy planes. As shown in Figure 3d, there is a lattice
mismatch between W2N and W18O49 phases which can influence
the resulting nuclei size. At room temperature, the estimated
lattice strain is 9.5% between (010)W18O49 and (002)W2N planes
in comparison to 5% between (600)W18O49 and (110)W2N
planes in the other direction. As shown in Figure 3b with streak
lines, W18O49 nanowires contain vacancy planes parallel to
longitudinal axis. There are a couple of ways by which such
vacancy planes could possibly influence the nucleation of W2N
crystal to be in epitaxy with (010)W18O49 planes: (i) possible
to accommodate the lattice mismatch; and (ii) nitrogen dissolu-
tion within oxide nanowires through nitrogenation of oxygen
vacancy planes.

The HREM analysis of nanowires with different diameters
showed that thinner nanowires (diameters less than approxi-
mately 10 nm) showed single crystal to single crystal transfor-
mation and thicker nanowires (diameters above 10 nm) exhibited
highly oriented but polycrystalline transformation. Several
nanowires in the size range between 15 to 70 nm were studied
using selected area diffraction (SAD) and HREM. The HREM
characterization of a 33 nm size nanowire is shown in Figure
4. The central images in Figure 4 correspond to the bright field
(BF) image of the W2N phase nanowire and the corresponding
SAD pattern. The SAD pattern indicates that the grains in the

nanowire are highly oriented with respect to the (200) direction
as evident from the intensity. However, there are other orienta-
tions seen in the (1j1j1j), (111), and (002) directions. Dark field
(DF) images corresponding to the major spots in Figure 4 show
that the majority of the crystals are oriented with the (200)
direction which is similar to the observation from the XRD
spectra of the W2N nanowire array. The BF image and the
corresponding SAD pattern of the thicker nanowire (d ) 33
nm) clearly show the presence of grains in different orientations
indicative of a single crystalline to polycrystalline transforma-
tion. However, the HREM image of a thinner diameter (∼6 nm)
nanowire and the corresponding FFT pattern show that of a
single crystalline to single crystalline transformation. The
corresponding FFT pattern is indicative of a FCC phase, W2N
in [110] zone axis (Figure 5). The FFT patterns collected from
different portions of the same nanowire indicate that they all
resulted from the same crystal and that the wire is a single crystal
throughout its length. The results suggest that there is a diameter
limit for nanowires to achieve single crystal to single crystal
phase transformation (probably around 10 nm). Such a diameter
limit is probably due to the resulting domain or nuclei size due
to the nucleation process during the phase transformation process
from oxide to nitride.

Stress induced nucleation has been observed before in
epitaxial thin film deposition. In the case of heteroepitaxial thin
film deposition, the mismatch induced strain plays a significant
role in determining the size and shape of islands during the
strain relaxation process. For example, in the case of heteroepi-
taxial film deposition of Ge on Si, the epitaxial nucleation of
dislocation free, 100 nm size nanocrystals are formed to relax
the strain and to reduce the total free energy of the system.19

Similar phenomena are observed in the growth of InP quantum
dots on Ga0.51In0.49P which have a lattice mismatch of 3.7%. In
this case, an average island size of about 4.5 nm is observed at
growth temperatures of about 520 °C, and an increase in the
island size was observed with an increase in the growth
temperature.20 In both the Ge and InP cases, the nanocrystal
nucleation is driven to reduce the strain energy.

In the present study, a nucleation and growth model is
developed based on the strain induced nucleation of nitride phase
within the oxide nanowire. The thermodynamic based nucleation
model was applied for the calculation of the domain size of the

Figure 4. The central portion showing the bright field (BF) image of a thicker (33 nm size) tungsten nitride (W2N) nanowire with corresponding
SAD pattern. Dark field (DF) images on either side of the bright field (BF) image resulting from (1j1j1j), (1j11), (002), and (200) diffraction.
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nucleating tungsten nitride phase within the oxide nanowire.
The critical domain size determination from the classical
nucleation theory in the present nucleation case needs the
additional term of strain energy contribution along with the
volume free energy term. The calculation of the strain energy
change is primarily based on the lattice mismatch between the
nucleating nitride phase with the oxide nanowire along the
growth direction. Hence, the total free energy change during
nuclei formation can be expressed as

where ∆G is the total volume free energy during spherical nuclei
formation, V is the total volume of the spherical shaped nuclei,
∆Gs is the total free energy change resulting from the strain,
∆Gv is total volume free energy change, γ is the surface energy,
and A is interfacial surface area of the spherical nuclei.

Hence, in the present case the critical nuclei radius (R*) is
given by21

where γ is the surface energy, Ω is the molar volume, ∆Gv is
the volume free energy term, and ∆Gs is the strain energy
contribution. In the present case, the strain energy based on the
mismatch between the tungsten nitride phase with tungsten oxide
is computed using

where Y is the young’s modulus of the tungsten nitride (W2N)
phase, V is the Poisson’s ratio of the tungsten nitride (W2N)
phase, and ε is the lattice mismatch between the W2N (200)//
W18O49 (010).

The data on the Young’s modulus, Poisson’s ratio, and
thermal expansion coefficient for tungsten nitride (W2N) phase
is not readily available. So, the data for tantalum nitride from
refs 22 and 23 are used for tungsten nitride to estimate the size
of critical nuclei and how it behaves as a function of the
nitridation temperature. The total volume free energy estimated
using the data for tantalum nitride is on the same order of
magnitude but lower than the strain energy. The temperature
dependent thermodynamic data for pure tungsten nitride is not

readily available. So, the temperature dependence of nuclei size
is obtained by using only the strain energy calculated from
the lattice mismatch between the nucleating tungsten nitride
phase and the tungsten oxide at different temperatures. The
nuclei size is estimated as a function of different nitridation
temperatures using eq 2 and accounting for thermal expansion
differences. As shown in Figure 6, the estimated critical nuclei
size is on the order of a few nanometers and showed an increase
in size with an increase in the nitridation temperature. Because
of the lack of data on the surface energy of the transition metal
oxides, calculations are performed for a range of surface energy
values in and around the transition metal carbides. On the basis
of the different estimates for a range of thermal expansion
coefficients and young’s modulus, the estimated critical nucleus
size is around 3-5 nm for a lattice mismatch of 9.5% at room
temperature. At the nitridation temperature of 1023 K, the
estimated strain is only about 6.7% and the corresponding nuclei
size is about 6 nm using the surface energy value of tungsten
carbide. Because of the differences in thermal expansion
coefficient values, the strain will decrease from 9.5% at room
temperatures. Irrespective of the actual parametric data, the
estimated nuclei size is between 3 and 5 nm. Simple sensitivity

Figure 5. (a) HREM image of tungsten nitride nanowire with a diameter equal to 6 nm showing FFT patterns from different regions of the nanowire.
(lower right) Indexed FFT pattern indicative of single crystalline FCC W2N phase.

∆G ) -V(∆Gv + ∆Gs) + Aγ (1)

R* ) 2γΩ/(∆Gv + ∆Gs) (2)

∆Gs ) Y/(1 - ν)(ε2) (3)

Figure 6. The estimated nuclei size as a function of the nitridation
temperatures using various values for thermal expansion coefficient
and young’s modulus as listed in Table 1. A value of 0.3 for Poisson’s
ratio was used in the calculations. Dashed line indicates the nitridation
temperature used for obtaining the data shown in Figures 3-5.
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analysis as shown in different curves in Figure 6 by varying
the thermal expansion (from 3.6 × 10-6/K to 4.7 × 10-6/K)
and Young’s modulus values (1.5 × 1011 Pa to 2 × 1011 Pa)
suggest that the estimated nuclei size can range from 2.5 to 10
nm. The actual parameters used for curves shown in Figure 6
are tabulated in Table 1.

In order to understand the grain size dependence on the
nitridation temperature, a preliminary set of experiments were
conducted using mat-like nanowire thin films on quartz sub-
strates at different temperatures ranging from 550 to 850 °C.
The mat-like nanowire, thin films were prepared using the
dispersions containing nanowire powder from the films shown
in Figure 1. In mat-like morphology, the nanowires are randomly
oriented while lying on top of each other as a thin film.
Nitridation experiments were conducted using ammonia for 15
min duration. The XRD results in Figure 7 show comparison
of peaks obtained from nitridation experiments conducted at
different temperatures. The data shows a clear trend of decreas-
ing fwhm values and the estimated domain sizes increased
approximately from 4 to 14 nm in experiments conducted at
nitridation temperatures from 550 to 850 °C, respectively. Even
though the experimental results are consistent with the trend
predicted with the theoretical model, further experiments with
short nitridation time-scales are necessary to capture the initial
stages for estimating the nuclei sizes more accurately.

As indicated in Figure 6, the model suggests the estimated
nuclei sizes are less than 10 nm over a range of conditions.
Thus, the phase transformation process within nanowires is
dependent on nanowire size as shown schematically in Figure
8. In thinner nanowires with sizes below the nuclei diameter,
only one nucleation event may occur in the nanowire along the
cross-section. At the same time, multiple nucleation sites could
form along the longitudinal direction of the nanowire. As the
nucleation of W2N tends to have a preferred orientation parallel
to the growth direction of the nanowire, the nucleated grains in
this direction could easily be aligned with each other to become
a single crystal nanowire (Figure 8a). In thicker nanowires
(Figure 8b), there can be multiple nucleation events across the
cross-section of the nanowire which are primarily oriented with

respect to longitudinal axis and not necessarily in the radial
direction. Hence, it can be difficult for all these grains to attach
to each other to become one single crystal even when the
majority of the grains are oriented along the longitudinal
direction of the nanowire.

In order to verify the bandgap modulation through the
nitridation process, room temperature photoluminescence (PL)
measurements were performed (Figure 9). Since tungsten oxide
is an indirect bandgap semiconductor material, the light emission
intensity from the nanowires is not expected to be strong. In
the case of as-synthesized tungsten oxide nanowires, a PL
emission peak was observed at 350 nm (3.54 eV) consistent
with that observed for long tungsten oxide nanorod samples.23,24

While the relatively strong emission from tungsten oxide
nanowires relative to bulk tungsten oxide has been attributed
to quantum confinement, this is not likely the explanation due
to the small Bohr radius of excitons of oxide semiconductors
(for example, ZnO has a Bohr radius of 1.25 nm).25 Even though
the exact values of tungsten oxide were not found, the similarity
in the bandgap and the effective masses of zinc oxide with
tungsten oxide can be used to suggest that there is no quantum
confinement effect. It is possible that the emission is due to
impurity-bound exciton emission (as in GaSb) or is due to
surface state emission.26 In the case of tungsten nitride films,
an emission peak around 420 nm (2.95 eV) was observed
(Figure 9). These nanowires did not exhibit emission at 350
nm, which indicates that there was a phase transformation of
the nanowire to a nitride phase (which has a lower bandgap
than the oxide phase). Also, UV-vis spectroscopy was used to

Table 1. Tabular Column Showing Different Values of Young’s
Modulus, Thermal Expansion Coefficient, and Surface Energies for
the Estimation of the Critical Nuclei Size (Superscripts Indicate the

References for the Data)

Y (Pa) R (/K) RWO3
(/K)

Curve I 2 × 1011 3.6 × 10-6 (TaN)22 1.4 × 10-6

Curve II 2 × 1011 4.7 × 10-6 (TaN)23 1.4 × 10-6

Curve III 2 × 1011 8.33 × 10-6 avg nitrides
(VN, MoN, and TaN)

1.4 × 10-6

Curve IV 1.5 × 1011 8.33 × 10-6 avg nitrides
(VN, MoN, and TaN)

1.4 × 10-6

Figure 7. XRD spectra of the nitrided mat like nanowire films at
different nitridation temperatures (I-550 °C, II-700 °C, III-800 °C, and
IV-850 °C).

Figure 8. Schematic showing the possible nucleation and growth
mechanism during the phase transformation processes in metal oxide
nanowires. (a) Nanowires with diameters greater than twice the critical
nuclei size undergo multiple nucleation along both longitudinal and
radial directions leading to nanowires with highly oriented grains. (b)
Nanowires with diameters less than twice the critical nuclei size go
through the epitaxial nucleation of tungsten nitride phase within the
oxide nanowire followed by growth to become single crystal nanowires
of tungsten nitride phase with (200) preferred orientation.

Figure 9. PL spectra of tungsten nitride (W2N) and tungsten oxide
(W18O49) phase nanowires showing a shift in energy from 3.54 eV (350
nm) to 2.95 eV (420 nm).
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estimate the bandgap values of the nanowire array films. For
pure tungsten nitride (W2N) nanowire array films, no light
transmission was obtained. Slight oxidation of the pure tungsten
nitride films was performed to obtain the absorption spectra.
The slightly oxidized tungsten nitride nanowire array films
indicated an indirect bandgap value at 2.5 eV (Figure 10a) and
a direct bandgap value of 2.95 eV (Figure 10b). On the basis
of the PL emission data, the bandgap value of the slightly
oxidized tungsten nitride (W2N) films obtained through trans-
mission measurements can be considered as that of pure tungsten
nitride (W2N) films. The inset images in Figure 10a,b show the
indirect and direct bandgap analysis for tungsten oxide (W18O49)
nanowire films. The results show that tungsten oxide nanowires
exhibit a value of 3.0 eV for indirect bandgap and 3.5 eV for
direct bandgap. Again, the direct bandgap value from UV-vis
data is consistent with that of PL peak observed in Figure 9.
Similar kinds of indirect and direct bandgap values were shown
to exist for titania (TiO2) films.27

Nevertheless, the concept of postsynthesis phase transforma-
tion described here can be used to obtain single crystal quality
nanowires arrays and nanowire powders for a variety of
compounds such as sulfides, phosphides, and carbides by starting
with oxide nanowires. Such strategy can easily be extended to
a variety of other metal oxide nanowire systems such as niobium
pentoxide (Nb2O5), iron oxide (Fe2O3), and MoO3 for making
their nitrides and other compounds.

Conclusions

This study showed that high-quality single-crystal transition
metal nitride nanowires (e.g., W2N) can be obtained through
simple postsynthesis nitridation of oxide nanowires. The phase
transformation process occurs through epitaxial nucleation and

growth. The results also show that there is a critical size
depending upon the nitridation temperature below which nitri-
dation leads to single crystal nitride nanowires and above which
leads to nanowires with highly oriented domains. Specifically,
the nitridation of oxide wires with diameters less than 10 nm at
a temperature of 750 °C led to single crystal tungsten nitride
nanowires. Photoluminescence showed lowering of the bandgap
from 3.54 eV for oxide nanowires to 2.95 eV for completely
nitrided nanowires.
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CG801198P

Figure 10. UV-vis absorbance plotted as a function of photon energy
or wavelength for both tungsten nitride nanowire array films with insets
showing the corresponding analysis for tungsten oxide nanowire array
films: (a) Absorbance versus energy using indirect bandgap assumption
for tungsten nitride (W2N) nanowire array films with inset showing
corresponding data and analysis for tungsten oxide nanowire arrays;
(b) absorbance versus energy using direct bandgap assumption for
tungsten nitride nanowire arrays with inset showing the corresponding
data and analysis for tungsten oxide nanowire array films.
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