InN nanostructures

InN Nanocrystals, Nanowires, and Nanotubes
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Indium nitride has attracted increasing attention in the last
few years because of its properties of potential value in op-
toelectronic devices and other technologies.! There have
been several efforts to prepare InN nanostructures, but the
results reported are not altogether complete and satisfacto-
ry. Nanocrystals of InN have been produced by the reaction
of InCl; and Li;N at 250°C, but the material obtained was a
mixture of the cubic and hexagonal phases.”! The reaction
of In,S; and NaNH, yielded hexagonal nanocrystals with di-
ameters in the range of 10-30 nm, with an absorption band
centered around 1.9 eV.P! Indium halide CVD on a Si(100)
substrate in the presence of NH; has been used to produce
flowerlike hexagonal crystals, but the size of the crystals is
in the micrometer regime.” In the decomposition of azido
precursors, a solution-liquid-solid (SLS) process gave rise
to ~20 nm diameter InN fibers which are polycrystalline.”
Decomposition of another azido precursor yielded InN
whiskers of 10-200 nm diameter by the vapor-liquid-solid
(VLS) process, but the optical properties of the whiskers
have not been reported.”! InN nanowires have been grown
on a gold-coated silicon substrate by the thermal evapora-
tion of pure In metal in the presence of NH;. The nanowires
had a diameter in the 40-80 nm range, with a broad emis-
sion peak at 1.85 eV.[" By employing a VLS route, in which
a mixture of In,O; and In metal was reacted with NH; at
~700°C, nanowires with diameters in the 10-100 nm range
were obtained, but the optical spectra are not reported.
CVD with a mixture of In,O; and In along with NH; on a
Si/SiO, substrate coated with Au (20 nm thick), gave nano-
wires of 15-30 nm diameter with an absorption band at
~1.85 eV.'l We notice that some of the procedures used to
produce the InN nanostructures employ relatively high tem-
peratures, which can give rise to defects or cause decompo-
sition. Where low-temperature reactions have been em-
ployed, the optical properties reported are not in tune with
the present understanding of the material. While most of
the papers on InN nanostructures report the 1.9 eV absorp-
tion band as being characteristic of the material, it is now
believed that the band characteristic of InN is in the near-
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IR region.!'>'?l Because of the importance of InN as an elec-
tronic material, we considered it important to carry out a
systematic investigation of the nanostructures produced at
relatively low temperatures, with specific interest in the op-
tical properties. In this communication, we report a study of
the nanocrystals, nanowires, and nanotubes of InN prepared
by new chemical routes. We also demonstrate that a band
around 0.7 eV in the near-infrared region is truly character-
istic of InN.

A typical TEM image of the InN nanocrystals obtained
by the solvothermal reaction of tris(N-nitroso-phenylhy-
droxylaminato)indium, [In(C,HsN,O,);], and 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) in toluene at 265°C is shown
in Figure 1a. The image reveals nanocrystals with an aver-

Figure 1. a) TEM image of InN nanocrystals prepared by the reaction
of [In(C¢HsN,0,);5] and HMDS; b) HREM image of one such nanocrys-
tal; c) nanocrystals prepared by the reaction of InCl; and HMDS.

age diameter ~15nm. The nanocrystals are single-crystal-
line in nature, as evidenced from the high resolution elec-
tron microscope (HREM) image (Figure 1b). The lattice
fringes correspond to the (101) plane of hexagonal InN with
d=2.70 A. The reaction of InCl; with HMDS at 300°C also
gave nanocrystals (diameter 10-15nm; Figure 1c). The
XRD pattern of the nanocrystals (Figure 2a) shows charac-
teristic reflections of the wurtzite structure (a=3.56 A, c=
5.70 A, JCPDS no.: 02-1450). The average particle size ob-
tained from the Scherrer formula was ~12 nm. The Raman
spectra of the nanocrystals gave the characteristic bands due
to the A,(LO), E,, and A,(TO) modes.*'" In Figure 3a we
show the optical absorption spectrum of the InN nanocrys-
tals, which reveals a broad featureless absorption centered
around 950 nm and a well-defined absorption band at
~1575 nm (0.79 eV). The observation of the latter band in
the near-infrared region is significant.

Reaction of indium acetate with HMDS in the absence
of a solvent at 300°C yielded interesting nanostructures con-
sisting of both nanowires and nanotubes with yields of 40
and 60 %, respectively. The XRD pattern of these nano-
structures was characteristic of wurtzite InN (Figure 2b).
The SEM image in Figure 4a shows the presence of a large
number of nanowires and nanotubes. The nanowires have
diameters in the 50-100 nm range with lengths extending up
to 1 um, as seen in the low-resolution TEM images in Fig-
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Figure 2. Powder XRD patterns: a) InN nanocrystals obtained from
the reaction of [In(C4HsN,0,);] and HMDS; b) a mixture of nanotubes
and nanowires; c) InN nanowires obtained by NSP (grazing angle).
Asterisks indicate peaks due to the Si(100) substrate.

ure 4b. We have also found the presence of a few Y-junction
nanowires (Figure 4c¢). The nanowires are single-crystalline
with Bragg spots corresponding to the (100), (101), and
(002) planes in the selected-area electron diffraction
(SAED) pattern (see inset of Figure 4c). HREM images of
the nanowires gave interplanar spacings of ~2.7 A, which
corresponds to the (101) plane of the wurtzite structure,
with the growth direction of the nanowires being parallel to
the (101) plane. Figure 4d and e shows TEM images of the
InN nanotubes. They show an interlayer spacing of 3.08 A
corresponding to the (100) planes as shown in the HREM
image in Figure 4 f. This spacing is distinctly lower than the
interlayer spacing of 3.4 A in carbon nanotubes. The inset in
Figure 4f shows the SAED pattern of the InN nanotube
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Figure 3. Electronic absorption spectra: a) InN nanocrystals; b) a mix-
ture of InN nanowires and nanotubes (prepared by the reaction of
indium acetate with HMDS); c) InN nanowires (prepared on a Si
(100) substrate).
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Figure 4. a) SEM image of a mixture of InN nanowires and nano-
tubes; b,c) TEM images of nanowires, d,e) TEM images of nanotubes;
f) HREM image of a wall of the nanotube. The insets in (c) and (f)
show the associated electron diffraction patterns.
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with Bragg spots corresponding to the (100) planes. Optical
absorption spectra of the nanowires and nanotubes gave a
sharp band around 1475 nm (~0.8 eV; Figure 3b). Interest-
ingly, no distinct absorption features were found in the 600-
1000 nm region.

We have also prepared single-crystalline InN nanowires
by the reaction of indium acetylacetonate and NH; on
Si(100) substrates covered with catalytic gold particles by
employing the nebulized spray pyrolysis (NSP) technique.!™*
An SEM image (Figure 5a) reveals the high yield of nano-

Figure 5. a) SEM image of the InN nanowires obtained by NSP;

b,c) TEM and HREM images of the nanowires. The inset in (b) shows
the SAED pattern and the inset in (c) shows the HREM image at the
tip of the nanowire.

wires that are obtained. The grazing incidence XRD pattern
of the nanowires (Figure 2¢) is characteristic of the hexago-
nal structure, and the Raman spectrum is also characteristic
of the wurtzite structure. TEM images (Figure 5b) show the
nanowires to have diameters in the range of 10-40 nm, with
lengths up to a few micrometers. The nanowires are single-
crystalline, as proved by the SAED pattern (inset in Fig-
ure 5b), with spots corresponding to the (100), (002), and
(101) planes. The HREM images in Figure 5¢ show lattice
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fringes with a spacing of ~270 A corresponding to the
(101) planes of the wurtzite structure. The growth of the
nanowires is in the (101) direction. The HREM image of
the tip of a nanowire shown as an inset in Figure Sc, does
not contain any catalyst particle. The optical absorption
spectrum of the InN nanowires (Figure 3¢) shows a broad
band in the ~900-1200 nm region, and a sharp feature
around 1575 nm (0.79 eV).

The prepared InN nanocrystals, nanotubes, and nano-
wires all show a characteristic sharp band in the near-IR
region (0.7-0.8 eV). This is significant since the nanocrystals
and nanotubes were prepared at a low temperature (260-
300°C), well below the decomposition temperature of InN
(~500°C).[ The nanowires prepared at ~585°C also show
the 0.8eV band. We, therefore, propose that the 0.7 eV
band is not due to an impurity, such as through the inclusion
of metallic In.'” Wu et al.'*¥ have pointed out that the in-
trinsic bandgap in the 0.7-0.8 eV range is characteristic of
InN rather than the commonly reported 1.9 eV. The varia-
tion of the bandgap between 0.7 and 1.7 eV is reported to
arise as a result of the dependence on the electron concen-
tration.['""** Theoretical calculations show that the intrinsic
bandgap of InN is ~0.65eV.'”l The 1.9 eV band has been
considered to arise from oxygen incorporation.'®! The ab-
sorption spectra reported in the present study clearly show
that the band in the 0.7-0.8 eV region is exhibited by all the
nanostructures of InN. Because of the absence of a clear
band centered around 1.9 eV in the samples prepared by us
at low temperatures, we have reason to believe that the
1.9 eV band may not be intrinsic, unlike the 0.7 eV band.
Room-temperature PL emission spectra of all the InN nano-
structures presented herein gave a band centered at around
675 nm (Figure 6), but we could not record the low-energy
band in the near-infrared region. The 675 nm PL band aris-
ing from defects is known to be characteristic of InN.[”!
The infrared spectra of the nanostructures showed a band
around 450 cm ™! due to In—N stretching mode.!

In conclusion, InN nanocrystals, nanowires, and nano-
tubes have been successfully prepared by employing new
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Figure 6. Photoluminescence spectra: a) InN nanocrystals; b) a mix-
ture of InN nanowires and nanotubes; c) InN nanowires.
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chemical routes. The nanostructures have been character-
ized by X-ray diffraction, electron microscopy, and various
spectroscopic methods. It has been shown that the near-in-
frared band around 0.7 eV is characteristic of these materi-
als.

Experimental Section

Indium cupferron ([In(C¢H;sN,0,);]) was prepared by the reac-
tion of anhydrous InCl; (99.999 %, Aldrich) and the ammonium
salt of N-nitroso-N-phenylhydroxylamine (C¢HsN(NO)ONH,, 97 %,
Aldrich) in a 1:3 molar ratio in deionized water at 0°C. An in-
stant precipitation was observed. The white precipitate was
washed thoroughly with cold deionized water and then dried at
room temperature. The white powder obtained was recrystallized
from methanol and characterized by thermogravimetric analysis
and infrared spectroscopy. [In(C4HsN,0,);] (0.2 mmol) was dis-
solved in anhydrous toluene (10mL). To the solution,
1,1,1,3,3,3-hexamethyldisilazane (HMDS; 5 mL, 99.9 %, Aldrich)
and N-cetyl-N,N,N-trimethylammonium bromide (CTAB;
0.3 mmol) was added. The mixture was stirred for 30 min and
transferred to a stainless steel autoclave (25 mL capacity). The
autoclave was kept inside an oven maintained at 265 °C. The re-
action was carried out for 2—-4 days to enhance the crystallinity
of the material, although InN formation was complete within 6—
12 h. The black-colored suspension obtained was centrifuged
and the precipitate cleaned with absolute ethanol, and dis-
persed in toluene for further characterization.

To prepare InN nanocrystals starting from InCl;, anhydrous
InCl; (0.23 mmole, 99.999 %, Aldrich) was placed in the stain-
less steel autoclave (25 mL capacity) containing toluene (10 mL)
and CTAB (0.15 mmole). To this solution, HMDS (5 mL) was
added drop by drop and the mixture sonicated for 15 min. The
autoclave was placed inside an oven maintained at 300°C, and
the reaction was carried out for between 6-96 h. InCl; forms a
well-defined complex with HMDS at room temperature,”” which
decomposes under solvothermal conditions to give the InN
nanocrystals.

One-dimensional nanostructures of InN were obtained by the
reaction of In(0Ac); (0.5 mmole, 99.99%, Aldrich) and HMDS
(5 mL) in a 25 mL stainless steel autoclave maintained in a fur-
nace at a temperature of 300°C for 48 h. No external solvent or
surfactant was added and HMDS itself acted as the solvent.
After the reaction was complete, the contents were cooled
slowly to room temperature. The product was removed by filtra-
tion, washed with absolute ethanol and dried. The aspect ratio
of these 1D nanostructures could be controlled by varying the
relative reactant concentrations and temperature.

Nebulized spray pyrolysis (NSP) was employed to grow InN
nanowires by the following procedure: A dilute solution (=~
1 mm) containing indium acetylacetonate in methanol was atom-
ized using a PZT transducer. The atomized vapor was passed
over the Au-coated (=50 A) n-type Si(100) substrate maintained
at 585°C inside a quartz tube furnace in flowing NH;.

The nanostructures were characterized by powder X-ray dif-
fraction (XRD) using Cuy, radiation with a Rich-Seifert 3000-TT
diffractometer. Scanning Electron Microscope (SEM) images were
obtained with a LEICA S440i microscope. Transmission Electron
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Microscopy (TEM) images were recorded with a JEOL JEM 3010
microscope operating at an accelerating voltage of 300 kV. Opti-
cal spectra were recorded at room temperature. Electronic ab-
sorption spectra were recorded using a Perkin-Elmer
Lambda 900 UV/VIS/NIR spectrophotometer. The samples were
dispersed in absolute ethanol or toluene and recorded in the
2000-200 nm range. Photoluminescence (PL) measurements
were carried out with a Perkin-Elmer LS 50B luminescence spec-
trophotometer with an excitation wavelength of 520 nm. Infrared
spectra were recorded with a Bruker FT-IR spectrometer. The
Raman measurements were performed in a 90° geometry using a
Jobin Yvon TRIAX 550 triple-grating spectrometer equipped with
a cryogenic charge-coupled device camera, using a diode-
pumped frequency-doubled solid-state Nd:YAG laser of 532 nm
(Model DPSS 532-400, Coherent Inc. USA).
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