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InN@SiO, Nanomaterials as New Blue Light Emitters
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In this article we report blue photoluminescence (=450 nm)
from InN@SiO, nanomaterials. The InN@SiO, nanomaterials
were prepared by a simple precipitation reaction followed by
a solid-state reaction. Various control experiments demon-
strate that the interface between the InN and SiO, seems to
play a crucial role in the origin of the blue emission from the
InN@SiO, nanomaterial. The InN@SiO, nanomaterial was

characterized by using analytical methods such as TEM,
XRD, Raman, XPS, and photoluminescence spectroscopy,
which confirmed the existence of InN on SiO, with a small
excess of nitrogen relative to indium.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

There is an enormous focus of research on nanomateri-
als, especially semiconductor nanomaterials, because of
their interesting physical and chemical properties..! Out of
all semiconductors, group 13 nitride semiconductor materi-
als are unique, as their optoelectronic properties can be ex-
ploited for the development of state-of-the-art electronic de-
vices such as LEDs, displays, etc.””) Among the group 13
nitrides, InN, though initially not having received much at-
tention like GaN, is currently attracting more interest due
to its excellent charge-carrier transport characteristics
which are superior relative to two other nitride components,
GaN and AIN.P! In addition, other properties like satura-
tion and steady-state drift velocities are higher for InN rela-
tive to its nitride counterparts.’]

InN-based thin film studies are well-documented in the
literature.™ The optical properties of InN have attracted
many scientists, as there exists a controversy over the loca-
tion of their bandgap. Some groups report that the bandgap
is in the NIR region,>71 whereas others report it in the
visible region close to 1.8 eV (689 nm).[®1 Here we focus
on the studies reporting photoluminescence (PL) of InN-
based materials in the visible region. Yodo et al. observed
luminescence at 1.84 ¢V (674 nm) for InN layers grown on
Si substrates by molecular beam epitaxy (MBE), which they
assigned to donor-to-acceptor emission.!’! The same group
reported band-edge emission close to 1.88 eV (659 nm)
from InN films made with the electron-cyclotron-reso-
nance-assisted MBE technique.l'” They also observed ad-
ditional PL near 2.08 eV (596 nm) and 2.16 eV (576 nm),
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which they assigned to donor-bound excitation from
o- and B-InN grains, respectively. InN epilayers grown by
magnetron sputtering display visible PL near 1.9eV
(652 nm).[®

Despite the large number of studies on InN-based thin
films, research on synthetic routes to InN-based nano-
materials is quite limited.[''!3] Nanoparticle-based InN
materials could be important for the cost-effective fabrica-
tion of large-area (flexible) light-emitting and display de-
vices. Moreover, solution-based synthetic routes to InN
would allow one to develop nanomaterials with different
shapes and sizes.'*! For example, Sardar et al. developed a
solvothermal route that produced nanowires and nanotubes
along with nanocrystals of InN which exhibit PL near
675 nm.l"3 Decomposition of the azide complex InNj-
[CH,CH,CH,NMe,), in trioctylphosphane oxide results in
the formation of 4.5-nm InN nanoparticles showing emis-
sion near 690 nm."">! This emission at 690 nm is attributed
to quantum confinement effects (assuming a bulk bandgap
of 0.7 e¢V). Broad PL centered at 2.2 ¢V (563 nm) was ob-
served from nanocrystalline InN by benzene thermal con-
version of indium sulfide along with NaNH, as the nitrogen
source.'® Although most of these studies report PL in the
red region, blue luminescence from InN-based materials are
quite scarce. To the best of our knowledge, there are only
two reports available.l'*!7 Blue emission is interesting over
other primary colors, as the optical data storage capacity
increases roughly fourfold relative to that of the corre-
sponding red counterpart.l'81 Zhang et al. fabricated InN
nanowire arrays that exhibit a broad, blue-green PL in the
range 300-650 nm.['* Deconvolution of the broad peak re-
sults in two peaks; the major peak is centered at 478 nm.
This blue PL was attributed to the existence of defects such
as indium or nitrogen vacancies (Vy, or Vy) or to the pres-
ence of both. Recently, Liu and co-workers synthesized In-
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O-N nanospheres, which display room-temperature catho-
doluminescence (CL) centered at 454 nm.l'”] This blue CL,
which is redshifted relative to the blue PL from In,O;, is
ascribed to nitrogen incorporation into indium oxide to
form In-O-N moieties.

Here we report blue photoluminescence from an
InN@SiO, nanomaterial, from which electroluminescence
has recently been reported.['”] This material was prepared
by following a synthetic strategy recently developed by us to
grow semiconductor nanocrystals on silica nanoparticles®!
and is part of a larger effort to produce nanomaterials that
show blue photo- and electroluminescence in polymer-
based light-emitting diodes.l'*2?l In fact, this work stimu-
lated us to try other nitrides than GaN. Various control
experiments show that the origin of the blue emission from
this nanomaterial is most likely from the interface of InN
and SiO,. Complete characterization of the material was
performed by using transmission electron microscopy
(TEM), X-ray diffraction (XRD), photoluminescence (PL)
measurements, X-ray photoelectron spectroscopy (XPS),
and Raman spectroscopy.

Results and Discussion

The InN@SiO, nanomaterials were prepared by a simple
precipitation followed by a solid-state reaction. The yellow-
ish-white precursor hybrid nanomaterial, In,O;@SiO,, was
nitridated with ammonia, which resulted in the formation
of a black material. The black color indicates the formation
of InN. To understand the structure of the black material,
TEM analysis was performed. The TEM image shown in
Figure 1 (bottom) shows the formation of small nanostruc-

Figure 1. TEM images of as-made SiO, beads (top) and the
InN@SiO, nanomaterial (bottom).
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tures of InN that are attached to the surface of the silica
particles, clearly not a core-shell structure. The TEM of the
as-made SiO, beads is also presented in Figure 1 (top),
clearly showing smooth surface before the surface modifica-
tion. In order to confirm the formation of the InN we car-
ried out an XRD analysis. Figure 2 shows the XRD pattern
collected from the InN@SiO, nanomaterial. The peak as-
signments are indicated above the corresponding reflec-
tions. The observed pattern corresponds well to that re-
ported for crystalline InN.['® The broad diffraction peak at
20° (20) corresponds to the amorphous silica phase. Apply-
ing the Scherrer equation®! to the line broadening of the
InN peaks gives crystallite sizes in the range 5 to 10 nm,
which is consistent with the features seen in Figure 1. Ad-
ditionally, the formation of InN was confirmed by Raman
spectroscopic analysis. Figure 3 displays the room-tempera-
ture Raman spectrum for InN@SiO, nanomaterial. The
peak at a wavenumber of about 590 cm™! is assigned to the
A, [longitudinal optical (LO)] phonon peak of InN.[8-24]
The characteristic Raman Si—O-Si bending vibration ap-
pearing at 430 cm™! is not clearly seen in the spectrum, as
it is overshadowed by the strong Raman band from InN.?*]
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Figure 2. XRD pattern of the InN@SiO, nanomaterial.
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Figure 3. Raman spectrum of the InN@SiO, nanomaterial mea-
sured at room temperature.

Optical Properties of InN@SiO,

The PL spectrum collected from InN@SiO, nanomate-
rial displays a blue emission centered at 450 nm as a result
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of excitation in the UV region. This blue emission was eas-
ily seen by the naked eye. Figure 4A (left) shows the emis-
sion spectrum along with the excitation spectrum in the in-
set. The material has a strong absorption in the UV with a
shoulder close to 275 nm and an onset at = 300 nm. The
emission peak is strongly blueshifted relative to the
bandgap emission (600-700 nm) reported for InN nano-
materials. As quantum confinement effects are not expected
in this case because of the irregular shapes of the nanomat-
erials, we performed various control experiments to under-
stand the origin of the blue emission. First, to verify
whether the emission was coming from the indium nitride,
InN material alone was prepared by using similar pro-
cedure. No emission was observed from this sample. Sec-
ond, the silica particles alone were heated in NH; under
identical conditions. Only a very weak emission was ob-
served from the SiO, after nitridation (Figure 4B). This
weak emission could have come from carbon-related impu-
rities present in silica, which has been observed earlier.[?6-281
Thirdly, to confirm whether the emission is coming from
the In,O; that is present in a very small amount (In,O5 has
broad emission in the blue region due to oxygen deficienc-
ies),?’! and to understand the need for the nitridation, the
precursor nanoparticles, i.e. In,O;@SiO, material was
heated at 700 °C under an argon atmosphere. The absence
of any characteristic emission from this sample (Figure 4C)
indicates the importance of the presence of InN@SiO, in
bringing about the blue emission. In order to confirm this,
another control sample was made by mixing the In,Os,
made by a similar procedure, and silica particles together
followed by nitridation under the same conditions used for
the preparation of InN@SiO,. The resulting mixture dis-
plays only a very weak emission (Figure 4D), which high-
lights the importance of the InN growing on the surface of
a SiO, nanostructure for the blue emission.
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Figure 4. Emission spectrum of (A) the InN@SiO, nanomaterial,
(B) bare silica particles after nitridation, (C) In,O3;@SiO, heat
treated in argon, and (D) In,O3 and SiO, mixed prior to nitrid-
ation. The inset shows the excitation spectrum collected from
InN@SiO, nanomaterial. Spectra B, C, and D are multiplied by
three for clarity.

The above control experiments clearly point to the im-
portance of both InN and silica in bringing about the blue
emission from InN@SiO, nanomaterial. Moreover, the near
absence of any characteristic emission from the hybrid mix-
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ture (i.e. In,O5 and silica separately made and mixed to-
gether) after nitridation substantiates the importance of
growing the In,O3 on the silica template (In,O;@SiO»).
This observation points to the fact that the interface be-
tween the InN and silica seems to play an important role
in bringing about the blue emission. One possibility could
be the formation of a different material such as In,Si,O; at
the interface. Although In,Si,O; has characteristic lumines-
cence, the luminescence mostly falls in the ultraviolet re-
gion.’% Moreover, if the source of luminescence were
In,Si,05, the precursor In,O;@SiO, would have exhibited
the emission after being heated, but it only shows a weak
emission (see above). The second possibility is the forma-
tion of an In-O-N complex as observed by Liu et al. in
their In-O-N nanospheres.!” The third possibility, which is
closely related to second, is the widening of the optical
bandgap of InN with the incorporation of oxygen.*!! This
is reported for the polycrystalline InN where the bandgap
was increased from 1.55¢eV to 2.27 eV as the oxygen con-
centration was increased from 1% to 6%. We tentatively
rule out these options, as we did not observe any bandgap
emission in InN alone, made under identical conditions. To
get more insight, XPS analysis was performed on the
InN@SiO, as well on the precursor nanomaterials. The re-
sults indicate that for the precursor In,O;@SiO,, the ex-
pected ratios of 1:1.5 and 1:2 were observed for In/O and
Si/O, respectively. However, InNN@SiO, an In/N ratio of
0.66 and a Si/O ratio of 1.98 were found. These results point
towards the fact that the material is richer in N than strictly
needed for InN. This indicates the formation of some sort
of nitrogen-induced defects or formation of different phases
such as oxynitrides particularly at the interface between
InN and silica, which is the cause of the blue emission.

In principle the size of the InN, whether on the SiO,
bead or separate, could matter for the blue emission, but
the irregularity of the InN in the InNN@SiO, hybrid material
suggests that this is not the reason. Another possibility for
the stronger blue emission of the InNN@SiO, hybrid mate-
rial is an energy transfer step from the excited InN to the
SiO, followed by emission from a defect. For two reasons
we believe this is not the case. The first is that shape of
spectrum C and D and peak positions in Figure 4 are dif-
ferent from A. The second is that the mixture of InN and
Si0, should have given a significantly higher emission than
the other two controls (emissions B and C in Figure 4).

Conclusions

We have demonstrated the synthesis of a hybrid
InN@SiO,, which exhibits a blue emission when excited in
the ultraviolet region. The structural characterization of the
nanomaterials indicates formation of crystalline InN nano-
material over the amorphous silica particles. Various con-
trol experiments support that the interface between the InN
and silica plays an important role in the origin of the blue
emission.
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Experimental Section

Chemicals: Tetraethyl orthosilicate, aqueous ammonium hydroxide
(28-30%), indium nitrate (99.98%), urea, potassium bromide, and
ethanol (99.9%) were used as received from Aldrich. The anhy-
drous ammonia gas (99.999%) used for the nitridation was pur-
chased from Praxair. Milli-Q water with a resistance greater than
18 MQ was used in all our experiments.

Preparation of Monodisperse Silica Nanoparticles: The silica nano-
particles with an average size of 50 nm were synthesized by using
a literature procedure.’? Briefly, tetraethyl orthosilicate (3.8 mL)
was added to a mixture containing ethanol (114 mL) and ammo-
nium hydroxide (5.7 mL, 28-30%) with vigorous stirring. The stir-
ring was continued overnight, which resulted in the formation of
silica nanoparticles with average size of 50 nm. These silica par-
ticles were used as prepared, i.e. without isolation.

Preparation of the In,O;@SiO, Nanomaterial: This was prepared
by adapting a procedure reported for Gd,O5:Eu@SiO,.1*3! Briefly,
urea (0.6 g) dissolved in water (3 mL) was added to a flask contain-
ing 50-nm silica nanoparticles (15 mL). To this mixture, an aqueous
solution of In(NO3);-xH»O (1 mL, 0.2 M, x = 5, as provided by the
supplier) was added dropwise. The resulting mixture was vigorously
stirred at 85 °C for 3 h. The excess urea was removed by centrifuga-
tion and redispersion of the precipitate in water which was repeated
three times. The resulting white product was dried in vacuo before
being heated to 600 °C for 9 h.

Preparation of the InN@SiO, Nanomaterial: The In,0;@SiO,
nanomaterial (approximately 100 mg) was taken in a quartz cruci-
ble and placed in an electric furnace (Lindberg HTF553222A with
a CC58114PA controller). The furnace was heated to 700 °C at a
rate of 5 °C per minute under an NH; atmosphere. The sample was
kept at the final temperature for 2 h before it was cooled down to
room temperature under an NH; atmosphere. The ammonia flow
was maintained at 100 SCCM (cubic centimeter per minute at
STP). The formation of InN was indicated by a color change of
the sample from colorless to grayish black.

Photoluminescence Measurements: PL. measurements were carried
out by using an Edinburgh Instruments FLS 920 instrument with
a 450 W Xe arc lamp and a red-sensitive Peltier element-cooled
Hamamatsu R928 PMT. The measurement was done by using a
solid sample holder. A KBr pellet was prepared by mixing the sam-
ple and the KBr in a weight ratio of 1:10 and placing the mixture
in a solid sample holder. All spectra were recorded with 1 nm reso-
lution and were corrected for the instrument response. The filters
used were 320 nm and 435 nm for the collection of the emission
and the excitation spectra, respectively.

X-Ray Powder Diffraction (XRD) Measurements: The XRD pattern
of the InN@SiO, nanomaterial was collected by using a Rigaku
Miniflex X-ray diffractometer with a Cr K, (30 kV, 15 mA) radia-
tion source. The nanoparticle samples were gently crushed to break
down big lumps, and a thick paste was made with ethanol. This
thick paste was evenly spread onto a clean quartz slide, and the
ethanol was evaporated at 85 °C. The powder diffraction patterns
were collected over the 26 range 20 to 140° with a scan speed and
sampling width of 1°min~! and 0.02°, respectively.

Raman Spectroscopy: Raman spectra were collected by exciting the
sample with 632.8 nm from a He-Ne Laser by Melles Griot.
Roughly 20 mg of the solid sample was placed on a clean glass slide
and spread evenly with a spatula. The spectrum is an average of 3
scans with a 30-s collection time for each scan.

Transmission Electron Microscopic Measurements: A Hitachi in-
strument with a H-7000 tungsten filament up to 125 kV was used
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to collect the TEM images. TEM specimens were prepared by
dipping a copper grid (600 mesh) coated with an amorphous
carbon film into the ethanol dispersion of the InN@SiO, nano-
material and drying at room temperature.

X-Ray Photoelectron Spectroscopy: X-ray photoelectron spectra
were collected by using a Leybold Max200 spectrometer equipped
with a monochromatic Al-K, X-ray source (1486.6 ¢V). The pass
energy for the survey and narrow scans were 192 and 48 eV, respec-
tively. Photoelectrons were collected at 90° from the surface. All
binding energies (BE) were recorded relative to the Cls peak (BE:
285.0 V).
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