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ABSTRACT: Large-scale cubic InN nanocrystals were
synthesized by a combined solution- and vapor-phase
method under silica confinement. Nearly monodisperse
cubic InN nanocrystals with uniform spherical shape were
dispersed stably in various organic solvents after removal
of the silica shells. The average size of InN nanocrystals is
5.7 ± 0.6 nm. Powder X-ray diffraction results indicate that
the InN nanocrystals are of high crystallinity with a cubic
phase. X-ray photoelectron spectroscopy and energy-
dispersive spectroscopy confirm that the nanocrystals are
composed of In and N elements. The InN nanocrystals
exhibit infrared photoluminescence at room temperature,
with a peak energy of ∼0.62 eV, which is smaller than that
of high-quality wurtzite InN (∼0.65−0.7 eV) and is in
agreement with theoretical calculations. The small
emission peak energy of InN nanocrystals, as compared
to other low-cost solution or vapor methods, reveals the
superior crystalline quality of our samples, with low or
negligible defect density. This work will significantly
promote InN-based applications in IR optoelectronic
device and biology.

Narrow band gap semiconductor nanocrystals are emerging
as an important class of nanomaterials for fundamental

research, optoelectronics, and biomedical applications.1−3

Efficient multiple exciton generation induced by spatial
confinement in narrow band gap semiconductor nanocrystals
leads to substantial improvements in the performance of
optoelectronic devices, such as solar cells and low-threshold
lasers.4,5 Increasing efforts are being devoted to synthesize
narrow band gap II−VI, III−V, and IV−VI semiconductor
nanocrystals, such as HgTe and CdxHg1−xTe, InP and InAs,
PbS, PbSe, and PbTe.6−12 InN nanocrystals received
considerable attention after the discovery of its narrow band
gap of about 0.7 eV,13,14 as opposed to the previously accepted
∼1.9 eV.15 Consequently, InN has possible applications in high-
efficiency solar cells, light-emitting diodes, laser diodes,
etc.16−18 In addition, InN is considered as a promising
candidate for biological and in vivo medical applications, due
to its nontoxicity and its infrared emission in the optically
transparent region of water and blood.19

Historically, polycrystalline InN was synthesized by radio
frequency sputtering,20 which results in high free electron

concentration, significant oxygen contamination, and an
absorption edge at about 1.9 eV.21−24 Recently, high-quality
crystalline InN has been grown by molecular beam epitaxy
(MBE).25,26 The typically observed band gap of high-quality
wurtzite-InN grown by MBE is around 0.65−0.7 eV.18,27

However, the quality of InN samples grown using low-cost
solution or other vapor methods has still remained poor,
characterized by significantly high energy emission peaks
(∼1.7−2.45 eV),28−32 or even no luminescence, due to the
presence of extremely large densities of dislocations, defects,
and/or impurities.33 Therefore, there still exists a huge
challenge to synthesize high-quality InN nanocrystals using
low-cost solution or vapor methods.
The low-cost synthesis of monodisperse InN nanocrystals

with uniform size and shape is required to exploit its
applications in optoelectronic devices and biology. So far, the
synthesis of InN nanocrystals using solution-phase routes,
including solvothermal,28−30,33,34 hydrothermal,31 and thermal
decomposition of single35,36 and two precursors,32,37,38 has
resulted in nonuniform size and morphology distribution of
nanocrystals. For synthesis of InN nanocrystals with uniform
distribution, it is important to have a very fast nucleation and
relatively slow growth process, which requires the growth unit
concentration to reach high supersaturation level. However,
such a condition is very difficult to achieve for nitride
nanocrystals, due to their strong covalent bonding and lack of
suitable precursors. Although during the past few decades,
various methods and precursors have been studied, the effective
reaction with a control over group III elements and nitrogen in
the solution has still remained difficult. The quality of nitride
nanocrystals is, therefore, dramatically lower than that of II−VI
semiconductor nanocrystals. Other feasible approaches for
synthesis of nitride nanocrystals are vapor-phase methods,39

including ammonolysis,40 dc-arc plasma,41 and reactive laser
ablation.42 Usually, ammonia is used for nitrogen source in the
vapor-phase growth process. The relatively high growth
temperature in vapor-phase methods helps overcome the
reaction difficulty encountered by solution methods. However,
unlike the solution-based methods (where the nucleation and
growth process could be separated by choosing appropriate
ligands and solvents), the vapor-phase methods usually result in
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nonuniform nanocrystal morphology due to poor control over
the nucleation process. Moreover, the vapor-phase methods
often encounter the aggregation problem due to the large
surface energy of nanocrystals. It is concluded that each of the
aforementioned methods for synthesis of monodisperse InN
nanocrystals faces significant challenges in achieving well-
defined size and shape. In this work, we have addressed these
critical issues by exploiting a new synthesis approach that
results in monodisperse InN nanocrystals with uniform size and
morphology and superior optical quality.
The approach to grow InN nanocrystals proposed in this

work combines solution- and vapor-phase methods under silica
shell confinement (SVSC), as schematically shown in Figure 1a.

In this method, the In2O3 nanocrystals with well-defined size
and morphology were first synthesized by a solution-based
method. In a typical reaction, indium-oleate (6 mmol), myristic
acid (MA, 18 mmol), and 35 mL of 1-octadecene (ODE) were
loaded in a 100 mL three-necked flask. The mixture was
degassed and heated to 290 °C under a nitrogen atmosphere.
When the temperature reached 290 °C, decyl alcohol (30
mmol) dissolved in 3 mL of ODE was quickly injected into the
above mixture. The reaction was kept for 30 min and then
stopped by removing the heater. Second, to overcome the
nonuniform and aggregation problems associated with gas-
phase growth, the In2O3 nanocrystals were coated by a silica
shell before nitridation; this is because silica is inert and can be
easily removed by HF acid. The obtained In2O3 nanocrystals
were dispersed in 450 mL of hexane and then poured into a
mixture of 45 mL of Triton X-100, 45 mL of hexanol, 3 mL of
TEOS, and 13.5 mL of distilled water. After that, 1.5 mL of
aqueous ammonia was added to catalyze the silica polymer-
ization reaction. After the microemulsions were stirred at room
temperature for 12 h, the nanocrystals were isolated by adding
acetone. The specimens were dried under 80 °C, after
removing the surfactant by centrifugation and washing using
ethanol. The obtained In2O3@SiO2 nanopowders were put into
a tube furnace. After being purged with NH3 gas for 20 min, the
furnace was heated to 500−700 °C and kept for 5 h under NH3
flow at 300 mL/min. Finally, large-scale InN@SiO2 nanocryst-
als with uniform size and morphology were obtained through
the SVSC route. After removal of the silica shell, InN

nanocrystals can be dispersed into distilled water and then
transferred to various nonpolar organic solvents by phase
transfer, as shown in Figure 1b,c (around 0.47 g). To the best
of our knowledge, this is the first report on the synthesis of
large-scale and nearly monodisperse InN nanocrystals through
the SVSC method. The SVSC method not only provides a
unique tool for the synthesis of III nitride nanocrystals but also
can be adopted for the growth of other functional nanocrystals
with strong covalent bonding.
Figure 2a,b shows transmission electron microscopy (TEM)

and high-resolution TEM (HRTEM) images of the InN

nanocrystals synthesized by the SVSC method at 550 °C,
respectively. From the TEM images, the nanocrystals with
nearly monodisperse spherical shape can be observed. Figure 2c
shows the diameter distribution of the synthesized InN
nanocrystals, revealing a fairly uniform size distribution of the
nanocrystals from 5.0 to 6.3 nm. The average diameter of the
nanocrystalls is calculated to be 5.7 ± 0.6 nm, after counting
around 200 nanocrystals. Figures 1a and 2b reveal the highly
crystalline nature of these InN nanocrystals. According to the
lattice fringes of the InN nanocrystals, the lattice spacing
between two planes is ∼0.28 nm, as shown in Figure 1a,
corresponding to the distance of two {111} planes (JCPDS No.
88-2365).
Figure 2d shows the X-ray diffraction (XRD) pattern of the

InN nanocrytals, which indicates the crystalline characteristics
and phase of the InN@SiO2 grown at 550 °C. All the peaks can
be indexed to cubic InN (JCPDS No. 88-2365), except the
broad peak at 2θ = 22.5°, which corresponds to the amorphous
silica. No impurity peak of In2O3 was observed in the XRD
pattern, meaning that all In2O3 nanocrystals had been
converted to InN. We further investigated the effects of
nitridation temperature on InN nanocrystals. Nitridation
experiments were performed at 500, 550, 600, 650, and 700
°C. The color of synthesized InN nanocrystals gradually
changes from red brown to dark as the nitridation temperature
increases. The XRD results (see Supporting Information (SI)
Figure S4) show that impurity peaks of In2O3 were observed
for the sample with nitridation temperature of 500 °C, which
means that In2O3@SiO2 had not been converted completely to

Figure 1. (a) Schematic of the SVSC method for InN nanocrystals.
(b) The upper layer is hexane, and the bottom layer is distilled water.
The left bottle contains InN nanocrystals in hexane, and the right one
contains InN nanocrystals in water. (c) Large-scale InN@SiO2
nanopowders (0.47 g) synthesized by the SVSC method.

Figure 2. (a) Low-resolution TEM and (b) HRTEM images of the
InN nanocrystals. (c) Size distribution of the InN nanocrystals. (d)
XRD spectrum of the InN@SiO2 nanocrystals obtained at 550 °C.
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InN@SiO2. On the other hand, when the temperature was
increased to 700 °C, the impurity peaks of indium appeared,
indicating that indium was dissociated from the crystal. The
indium metal from the high-temperature samples could even be
seen by naked eyes. For nitridation temperatures of 550, 600,
and 650 °C, no impurity peaks were found. For the In2O3
powders without silica shell, In2O3 was completely converted to
InN at 500 °C. The nitridation temperature for In2O3 with
silica shell is slightly higher than that of In2O3 without silica
shell, which mainly stems from the fact that the silica shell
hinders nitrogen atom diffusion. After normalizing the
strongest peak (31°) at 550, 600, and 650 °C, respectively,
the full widths at half-maxima (fwhm) of the peaks show similar
values (see SI Figure S5), indicating that the temperature has a
minor influence on the average particle size. Furthermore, the
size of InN nanocrystals can also be controlled by the size of
In2O3 nanocrystals. X-ray photoelectron spectroscopy (XPS)
and energy-dispersive spectroscopy (EDS) confirmed that the
nanocrystals were composed of elements In and N (see SI
Figure S7 and S8).
Based on the above experimental results, encapsulation of

In2O3 nanocrystals with the silica shells is indispensable for
obtaining uniform shape and narrow size distribution of InN
nanocrystals. If the In2O3 nanocrystals without silica shell were
used as precursors, InN nanocrystals would aggregate and
become coarse. Unlike the situation under silica shell
confinement, the InN nanocrystals obtained by the In2O3
nanocrystals without silica shell exhibited hexagonal phase
(see SI Figure S6), which suggests that the silica shell plays a
key role in the formation of the cubic InN nanocrystals.
Usually, the hexagonal phase is more stable than the cubic
phase for group III nitrides. Therefore, nitridation of the In2O3
nanocrystals without silica shell preferentially forms hexagonal
phase, as these atoms can be rearranged without any
confinement. For nitridation of the In2O3@SiO2 nanocrystals,
there could exist an energy barrier to suppress atomic
rearrangement due to the silica shell confinement. The energy
barrier of phase change from cubic In2O3 to cubic InN could be
lower than that of cubic In2O3 to hexagonal InN. Therefore, the
formation of cubic InN nanocrystals should be attributed to the
silica shell confinement, which suggests that the phase of InN
nanocrystal can be controlled by adjusting the silica shell.
Photoluminescence (PL) properties of InN@SiO2 nano-

crystals in the form of powders (not in solutions) were
investigated using micro-PL spectroscopy at room temperature.
The sample was excited using a semiconductor laser (λ ≈ 635
nm) through a 100× objective, and the PL emission was
analyzed by a high-resolution spectrometer and an extended-
range InGaAs detector with a lock-in amplifier. As illustrated in
Figure 3, the InN@SiO2 nanocrystals exhibit emission at room
temperature. The fluctuation of PL signal at ∼1900 nm could
be due to water absorption and might not originate from the
sample. The PL spectrum is characterized by the presence of
three distinct emission peaks. The dominant emission peak is
located at ∼0.62 eV (∼2.0 μm), which originates from the InN
band edge emission. It has been known that the optical band
gap of cubic InN is slightly smaller than that of wurtzite InN,
which is in the range of ∼0.65−0.7 eV.18,27 Theoretically, the
fundamental band gap of cubic InN is ∼0.58 eV,43 which is red-
shifted to ∼0.53 eV at 300 K, according to the Varshni’s
equation.18 The observed ∼90 meV blue-shift of the PL peak,
i.e., the expected bulk value for cubic InN (∼0.53 eV) at room
temperature, to the present value (∼0.62 eV) can be attributed

to quantum confinement effect. Additionally, the presence of
defects and impurities may also lead to such a blue-shift, which
has been commonly observed in n-type degenerate InN thin
films and nanowires grown by MBE or metal−organic vapor-
phase epitaxy.44,45 The emission peak at ∼0.75 eV (∼1.65 μm)
is likely related to the Mahan exciton emission44 in the near-
surface region of InN nanocrystals, where an electron
accumulation layer may be present, as commonly observed
on the surfaces of InN.44−46 This results in a Fermi level that is
positioned deep in the conduction band, thereby leading to a
significant blue-shift in the PL spectrum, compared to the
bandgap. Additionally, we have observed an emission peak at
∼0.564 eV (∼2.2 μm), which may be related to either an
electron−phonon interaction47 or an acceptor-band transi-
tion.48 To our best knowledge, this is the first observation of
strong IR emission (∼0.62 eV) from InN nanocrystals prepared
by any solution synthesis method. Other research groups, using
similar solution- or vapor-phase methods, reported that the
emission peaks were at ∼1.84,29 1.9,31 1.7,30 2.2,28 and 2.45
eV,32 or even that there was no luminescence,33 due to the
presence of defects, dislocations, and/or oxygen contamination.
In summary, we have demonstrated the synthesis of large-

scale InN nanocrystals with uniform spherical shape using a
combined solution- and vapor-phase method under silica
confinement. Nearly monodisperse InN nanocrystals were
dispersed stably in various organic solvents after removal of the
silica shells. The average size of InN nanocrystals is measured
to be 5.7 ± 0.6 nm. The XRD results indicate that the In2O3@
SiO2 did not convert to InN@SiO2 completely at 500 °C, and
indium metal separated out at 700 °C. For 550, 600, and 650
°C, the InN nanocrystals exhibited high crystalline quality with
cubic phase. Furthermore, XPS and EDS confirmed that the
nanocrystals were composed of elements In and N. The InN@
SiO2 nanocrystals exhibited infrared PL at room temperature.
The first successful synthesis of cubic InN nanocrystals with
uniform morphology and size, together with IR emission at
0.62 eV, will greatly promote their applications in IR
optoelectronic devices and biological imaging. Additionally,
the SVSC method not only provides a road for synthesis of
group III nitride nanocrystals, but also can be extended to
prepare other functional nanocrystals with strong covalent
bonding.

Figure 3. Photoluminescence spectrum of InN@SiO2 nanocrystals at
room temperature.
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