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In this paper, we present an effective synthetic protocol to produce high quality InN nanocrystals using
indium iodide (Inl3), one member of the family of indium halides, as the indium source at a low temperature
of <250 °C (far below the decomposition temperature of InN). Notably, reports on InN synthesized from
indium halides are rare due to the lack of well-defined synthetic protocols. Here, indium iodide (Inls), with a
stronger covalent ability, can also prevent the In®" from being reduced to elemental indium, and then InN is
formed. This synthetic protocol not only provides an alternative method to successfully synthesize high-
quality InN, but is also useful to fabricate other functional materials by using stronger covalent reactants to
prevent reduction/oxidation in the oxidation/reduction reaction process, respectively. Furthermore, we also
report the first example of an orientation—attachment process occurring between the metal nitride particles.
The high purity of the InN nanoparticles can be seen from the XPS and HRTEM results, showing the as-
obtained products possess no obvious iodine or amorphous layers on the surface of particles, respectively. By
controlling the parameters of reaction temperature and time, nanoparticles with different sizes were obtained
as the final products. Raman and IR results indicate that our experimental data were consistent with the
theoretical prediction and this gives further evidence that high quality InN nanocrystals were obtained.
Moreover, it has been shown that the near-infrared band around 0.7 eV is characteristic of these samples
and there were no obvious peaks around 1.9 eV, indicating that these InN nanocrystals exhibit a band gap

of 0.7 eV, rather than the previously accepted 1.9 eV.

Introduction

The group 11 nitrides GaN, InN, In,Ga;_,N, and Al,Ga;_,N
have recently acquired technological importance for blue/violet
LED and laser diode applications.' InN is especially interesting
because its bandgap has recently been remeasured as 0.7 eV
rather than the previously accepted 1.9 ¢V? and theoretical
support for the new value has been provided.® Thus, nanopar-
ticles of InN would be expected to have bandgaps varying from
the near-infrared region of the electromagnetic spectrum, close
to wavelengths of especial interest in telecommunications,
through much of the visible region. Although InN possesses
very attractive properties, it has not received as much attention
as GaN and AIN. This is probably due to difficulties in growing
high quality crystalline InN samples. InN is no different from
GaN and AIN in the sense that it suffers from the same lack of
a suitable substrate for epitaxial growth and, in particular, a
high native defect concentration. In addition, due to its poor
thermal stability, decomposing with loss of N, at low tempera-
tures (427-550 °C),* InN cannot be grown at temperatures
higher than 600 °C without extraordinarily high overpressure,
which makes the growth of crystalline InN-containing materi-
als challenging.’

Efforts for the low-temperature synthesis of crystalline InN
below 300 °C, which is well below its decomposition tempera-
ture, can be simply classified into two sorts. One is to apply
complexes or organometallic precursor compounds as precur-
sors to produce InN nanocrystals in the liquid phase. For
example, in the decomposition of azido precursor Pr,'InN3, a
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solution—liquid—solid (SLS) process gave rise to InN fibers with
diameters of ca. 20 nm diameter.® Decomposition of another
azido precursor [InN;3;(CH, CH, CH,;NMe,),] in trioctyl-
phosphine oxide yielded cubic InN nanoparticles.” These pre-
cursor routes are very useful but there are some limitations to
their realization because they require extreme reaction condi-
tions such as an absolute nonaqueous, non-oxygen environ-
ment and the risk of azide explosion. The other method is the
direct reaction of inorganic indium compounds and a nitrogen
source. In this case, with the strong covalent ability of In,S; to
prevent the reduction of In** to elemental indium, the reaction
of In,S; and NaNH, successfully yielded hexagonal nanocrys-
tals with the diameters of 10-30 nm.® However, unlike the
conventional routes for preparing other nitrides from its metal
halides counterparts,’ crystalline high-quality InN seems to be
difficult to obtain from the direct reaction of corresponding
indium halides precursors with nitrogen sources. As is re-
ported, InN could not be obtained by the reaction of Liz;N
and InX;3 (X = Cl, Br), which yielded InX and elemental
indium.'® A later report stated that nanocrystals of InN with
a mixture of cubic and hexagonal phases can be obtained from
InCl; and LisN, but the evidence of the XRD pattern clearly
indicated that the product is in fact a mixture of In and
In,05.!! Using Inl; as the In source, the given ratio of the
mixed nitrogen source of LizN, LiNH,, NH,CI leads to InN
and metallic In by the metathesis reactions,'? however, the In
metal seems to be inevitable in the final products and thus
decreases the yield of InN. Here, a question emerged: is it
possible for high-quality InN to be synthesized from indium
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halides? The positive answer will be found in the present work
using Inl;. Concerning the four kinds of indium halides, InF3,
InCls, InBrs, and Inl;, Inl; has a stronger covalent ability than
the other three. As is known, when two atoms form a chemical
bond, the greater the difference between the electronegativity
values for the two atoms, the more ionic the chemical bond
between them.'® The difference in electronegativity value be-
tween In and I'is 0.88 (based on Pauling data), which is smaller
than that for In and Br (1.18), In and Cl1 (1.38), In and F (2.20),
verifying the stronger covalent ability of Inl;. Thus, Inls, as
one member of the family of indium halides, is more likely to
be useful for obtaining high-quality InN, since the stronger
covalency of Inl; can also prevent the In®" being reduced to
elemental indium. If this is so, then it will facilitate the
synthesis of high-quality InN, which is of scientific and tech-
nical interest from a synthetic-chemistry point of view. Herein,
reacting Inl; with NaNH,, single crystal and highly crystalline
InN nanoparticles have been successfully obtained in benzene—
thermal systems. This reaction route provides an alternative
method for successful synthesis of high-quality InN without
the coexistence of other impurities, such as In, In,O3 etc.
Notably, by controlling the parameters of reaction temperature
and time, nanoparticles of different sizes were obtained in the
final products.

Experimental
The preparation of indium iodide

Indium iodide (Inl;) was prepared by the reaction of 6 mmol
metallic In and 12 mmol iodine (I;) in a 1 : 2 molar ratio in a
50 mL Telfon-lined autoclave, which is filled with anhydrous
benzene (pretreated by Na metal for 30 min to remove H,O) up
to 95% of its total volume. The autoclave was sealed and
maintained at 210 °C for 5 h, then allowed to cool to room
temperature naturally. An instant precipitation was observed.
The yellow precipitate was washed with anhydrous benzene
and then dried under vacuum at 30 °C for 4 h. The reaction
process can be represented by:

2In + 31, — 2Inl; (1)

Since Inl; can be dissolved in benzene, it is reasonable to
believe that the as-obtained Inl; is produced by a recrystalliza-
tion process. Apparently, when the amount of In metal is lower
than 3 mmol, there are no solid precipitates obtained. Addi-
tionally, the appropriate ratio of [I,]/[In] is also essential to the
quality of Inl3. When the ratio of [I,]/[In] is larger than 3 : 1, a
black slurry is obtained, rather than the yellow solid obtained
at a ratio of 2 : 1. Reacting In with insufficient I, (<1 : 1)
leads to the coexistence of metallic In and Inls.

The preparation of indium nitrides

The as-obtained Inl; (3 mmol) and 9 mmol NaNH, were added
into a 50 ml Telfon-lined autoclave filled with anhydrous
benzene up to 95% of its total volume. The autoclave was
sealed and maintained at a certain temperature (180 °C,
210 °C, 230 °C) for the desired reaction time. The black
precipitate was filtered and washed with absolute ethanol
and distilled water in sequence, and then dried under vacuum
at 50 °C for 2 h.

Inl; + 3NaNH, — InN + 3Nal + 2NH; )

Structure characterization, composition analysis, and optical
properties

X-Ray powder diffraction (XRD) was performed with a Philips
X’Pert Pro Super diffractometer with Cu Ko radiation (4 =
1.54178 A). The transmission electron microscopy (TEM)
images were performed with a Hitachi Model H-800 instru-
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ment with a tungsten filament, using an accelerating voltage of
200 kV. The selected-area electron diffraction (SAED) patterns
and high-resolution transmission electron microscopy
(HRTEM) images were carried out on a JEOL —-2010 TEM
at an acceleration voltage of 200 KV. X-Ray photoelectron
spectroscopy (XPS) measurements were performed on a
VGESCALAB MKII X-ray photoelectron spectrometer with
an exciting source of Mg Ko = 1253.6 eV. Raman spectra and
photoluminescence spectroscopy (PL) were recorded at room
temperature with a LABRAM-HR Confocal Laser Micro-
Raman Spectrometer using 514.5 nm excitation wavelength.
Absorption spectra were recorded using a Shimadzu UV-365
UV-VIS-NIR Recording Spectrophotometer. The samples
were dried at 80 °C under vacuum for 6 h and then dispersed
in anhydrous toluene and recorded in the 400-1600 nm region.

Results and discussion

X-Ray powder diffraction (XRD) patterns reveal the phase
and purity of the as-obtained products. Here, the as-obtained
products for the direct reaction of Inl; and NaNH, at different
temperature of 210 °C and 230 °C and different reaction times
of 5 h and 24 h were investigated, and the obtained samples
were correspondingly named InN210-5, InN210-24, InN230-5,
and InN230-24, respectively. It can be seen that the full-range
XRD patterns of the products for the high-quality InN nano-
crystals are all identical. As is shown, there are sets of Bragg
peaks in the full-range XRD that could readily be indexed to be
a pure hexagonal phase InN (3.544 £ 0.003 A, ¢ = 5.705 +
0.007 A) and which was well crystalline for these four patterns,
respectively. No impurity peaks from elemental In, In,O3, or
Inl; were found in the experimental range. Furthermore, the
magnified (101) peak is displayed in Fig. 1B, from which one
can see that the peak (101) becomes narrower in the sequence
of Fig. 1A (a—d), clearly indicating that size evolution occurs.
Employing the Scherrer equation from the full width at half-
maximum (FWHM) of the (100), (101) and (110) reflections,
the mean crystalline sizes for Fig. 1A (a—d) are 9.8 nm, 14.8 nm,
20.6 nm, and 36.0 nm respectively, which are consistent with
the particle size of InN nanoparticles or the diameters of
nanorods in the following TEM observation.

Further evidence for purity and composition of the sample is
obtained by XPS measurements. The typical survey spectrum
(Fig. 2A) indicates the presence of In and N, as well as C from
the reference and O impurity from absorbed gaseous mole-
cules, and the absence of any impurity such as I or Na. Higher
resolution spectra were also recorded in the In 3d (Fig. 2B) and
N 1s (Fig. 2C) regions. The In core spin—orbit split to the 3ds),
peak at 443.6 eV and 3ds,, peak at 451.2 eV can be seen. The
peak at around 396.3 eV corresponds to N 1Is of InN. These
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Fig. 1 (A) Powder XRD patterns of the as-obtained InN nanocrystals

obtained at 210 °C for 5 h (a) and 24 h (b); 230 °C for 5 h (c), 24 h

(d) and the standard JCPDS card for pure InN as a reference (No.

74-0244). (B) The magnified (101) peaks for these four samples.
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Fig. 2 Typical XPS spectra of the sample obtained by the direct
reaction of Inl; and NaNH, at 210 °C for 24 h. (A) Survey region, (B)
higher resolution In 3d region and (C) higher resolution N Is region.

results are in good agreement with the values of bulk InN in the
literature."* The average atomic ratio of In to N is around
1.042 : 1 on the basis of the quantification of the Insg and Ny,
peaks. Another three hexagonal InN (h-InN) samples with
atomic ratios of 1.050 : 1, 1.142 : 1, and 1.120 : 1 were also
prepared at 210 °C for 5 h (InN210-5), 230 °C for 5 h (InN230-
5), and 230 °C for 24 h (InN230-24), respectively. These
experimental data were close to the stoichiometry of InN.
The TEM image of the sample obtained at 210 °C for 5 h
revealed the formation of relative uniform nanoparticles with
sizes about 9.6 nm + 4 nm (Fig. 3a). Fig. 3b gives a profile
HRTEM image of an InN nanocrystal, which shows it to be a
single crystal and well crystalline. The lattice distance is 3.06 A,
indicating the (100) plane. Most nanoparticles (>96%) are
single crystalline. Reacting at 210 °C for 24 h and 230 °C for
5 h produced nanoparticles of 14.5 nm + 4 nm and 22.0 nm +
6 nm, respectively (Fig. 3c and Fig. 4a). Fig. 4b—d are the
HRTEM images of three particles with clear interplanar
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Fig. 3 (a-b) TEM image and HRTEM images of the nanoparticles
obtained at 210 °C for 5 h. (¢) TEM image of the nanoparticles
obtained at 230 °C for 24 h.

distances of 2.85 A and 2.69 A, matching well with the
d o002 and d 1o, spacing of wurtzite-type InN, respectively.
The 61.8° orientation between the (002) and (101) lattice planes
is consistent with the crystal structure (Fig. 4b). Selected area
electron diffraction patterns (inset in Fig. 4b) can be indexed to
hexagonal crystal structure of InN, confirming the hexagonal
crystal structure of InN. However, on careful observation of
the boundary of these three particles, it is found that they share
common crystallographic planes between two particles (Fig.
4c), sharing the (101) and (002) planes between the particles,
indicating that orientation—attachment occurs in this case. In
the orientation—attachment process, adjacent nanoparticles are
self-assembled by sharing a common crystallographic orienta-
tion and docking of these particles at a planar interface.'” In
the past decade, an increasing number of examples, which are
relevant to such a mechanism, have been reported such as
0-Fe,05,'° Au,'” hydroxyapatite (Ca;o(PO4)s(OH),),'® TiO, "
FeOOH,* CoOOH,*' ZnS*? and ZnWO,.2* However, as far as
we know, there are no metal nitrides found possessing such a
mechanism, and thus, this is the first example of orientation—
attachment occurring between particles for the nitrides. Ob-
viously, this observation also provides the possibility of synth-
esis of one-dimensional InN via an orientation—attachment
process, like that for ZnO** erc. Evidently, at 230 °C and the
longer reaction time of 24 h, besides the larger particles in the
final products (Fig. 5a), some nanorods were also found (Fig.
Sb—c). Although the yield of nanorods is relatively low (15%),
this demonstrated the possibility of the synthesis of InN one-
dimensional nanostructures via an orientation—attachment
process, which is different from the conventional routes for
one-dimensional nitrides in previous reports.’ In a word, it can
be found that longer reaction time and higher reaction tem-
perature lead to an increase in the particle size based on the
TEM analysis: as for the reaction temperature: 210 °C: 14.5 nm

Fig.4 TEM image (a) and HRTEM images (b—d) of the nanoparticles
obtained at 230 °C for 5 h. HRTEM images revealed that orientation—
attachment occurs between the InN particle and particle (b—d).
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Fig. 5 TEM image of a mixture of nanoparticles (a) and nanorods
(b—c) obtained at 230 °C for 24 h.

(24 h) > 9.6 nm (5 h); 230 °C: 35.1 nm (24 h) > 22.0 nm (5 h);
as for the reaction time of 5 h, 22.0 nm (230 °C) > 9.6 nm
(210 °C); 24 h: 35.1 nm (230 °C) > 14.5 nm (210 °C), which
were consistent with the XRD results from the Scherrer
equation.

Our approach to h-InN is essentially based on the reaction
between Inl; and NaNH,, and according to the enthalpy
calculations, eqn. (2) is thermodynamically spontaneous and
highly exothermic (AH,° = —539.05 kJ mol~!).%> However, in
most other cases, the reactions are almost instantaneous and
the products obtained were a fused mass rather than an
ultrafine powder due to the inability to release as-produced
energy from the system.?® In our present route, the benzene
solvent can absorb the reaction enthalpy released from this
process and maintain a relatively low overall reaction tempera-
ture.?’” So, the products prepared were nanosized rather
than fused. Furthermore, under our reaction conditions, Inls
can be dissolved in benzene to form a solution and notably, the
melting point of NaNH, is 210 °C, indicating that the In source
and nitrogen source should be well dispersed in benzene—
thermal systems, resulting in free-standing nanoparticles in
the final products.

To investigate the effect of reaction conditions on the for-
mation of InN single crystals, a series of relevant experiments
were carried out through similar processes and summarized in
Table 1 It is obvious that the reaction temperature, relevant
indium source and nitrogen source played a critical role in the
formation of InN single crystals. Lower temperatures than
200 °C could not initiate reaction and higher temperatures
resulted in larger particles and rods. When InBr; was substi-
tuted for Inl; as the In source keeping the other reaction
parameters constant, only metallic In was obtained. This result
may be related to the stronger covalent ability of Inl; than
InBr3, preventing the Inl; from being reduced to metallic In as
for In,S;.® Additionally, only metallic In was obtained if LisN
was substituted for NaNH, as the nitrogen source, indicating
the stronger reducing ability of Li;N compared with that for
NaNH,.

The above characterization of the typical InN samples
contained only the hexagonal phase, and their nanoparticles
appear excellently single-crystalline. Further, the as-obtained
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Fig. 6 Raman spectra of the as-obtained InN nanocrystals obtained
at 210 °C for 5 h (a) and 24 h (b); 230 °C for 5 h (c) and 24 h (d).

products possess no iodine or amorphous layers on the surface
of the particles as revealed by the XPS and HRTEM results,
respectively, indicating the high purity of the InN nanoparti-
cles in our work. Additionally, there is no surfactant involved
in our synthetic procedure which avoids the possibility of
background spectral features arising from additional surfac-
tants (such as TOPQ’), facilitating our investigation of the
optical properties of the InN nanoparticles. The availability of
such samples was important for the observation of allowed
optical phonons and their symmetry assignment both in Ra-
man and IR measurements, as well as the optical bandgap
energy in the absorbance spectrum. Here the four typical
samples were investigated for the following optical properties,
i.e. InN210-5, InN210-24, InN230-5, and InN230-24, res-
pectively.

The hexagonal wurtzite InN crystal structure belongs to the
space group Cg,.,* and the group theory analysis predicts the
zone-center optical modes A| + 2By + E; + 2E,. Among them,
the A; and E; modes are both Raman and infrared active, the
two E; modes are only Raman active, and while the B; modes
are silent, i.e., forbidden in Raman Scattering. Fig. 6 shows the
Raman spectra of four typical samples. The Raman spectra are
similar in all four samples, and two peaks can be found: a
strong peak centered at 583 cm ~! and a weak peak centered at
482 cm ™! which can be assigned to E,” and A1 (LO), respec-
tively.?® Notably, the reason why the E,? peak is weak is that
the E, phonon is commonly not as strongly affected by
resonance excitation conditions as a non-polar phonon.? We
have also measured the IR spectra of these four samples as
shown in Fig. 7. From the full-range IR spectra ranging from
400 to 3700 cm™", it is found that there are broad absorptions

Table 1 A Summary of direct reactions between different In-source and nitrogen-source at a low temperature

Reaction time

Product Morphology and size

Reactants Reaction temperature

6 mmol Inl; 18 mmol NaNH, <190 °C 1 day
210 °C 5h
210 °C 24 h
230 °C 5h
230 °C 24 h

6 mmol Inl; 6 mmol LizN 210 °C 24 h
230 °C 24 h

6 mmol InBr; 18 mmol NaNH, 210 °C 24 h
230 °C 24 h

Amorphous products —

InN Particles, 9.6 nm + 5 nm

InN Particles, 14.5 nm + 5 nm

InN Particles, 22.0 nm + 6 nm

InN Particles, nanorods 35.1 nm £ 10 nm
In —

In —

In —

In —
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Fig. 7 Full-range IR spectra and partial-range (400-700 cm ') of the
as-obtained InN nanocrystals obtained at 210 °C for 5 h (a) and 24 h
(b); 230 °C for 5 h (c) and 24 h (d).

in the range 400-700 cm ™" as shown in Fig. 7A, indicating the
characteristic absorption of indium nitride.® On careful ob-
servation in the IR range 400-700 cm ™' (Fig. 7B), two absorp-
tion peaks for each sample can be found: absorption peaks at
479 em™! and around 570 cm™! (three at 567 cm ™! and one at
573 cm™') can be assigned to E,(TO) and E;(LO), respec-
tively.>® By combined analysis of Raman and IR results, our
experimental data were consistent with the theoretical predic-
tion that the A; and E; modes are both Raman and infrared

(@ InN230-24
2 (c) IN230-5
v T
: (b) lN210-24
2 () InN210-5
1600 1400 11410 ljrn:“ 800 800 L 1]

Fig. 8 Absorption spectra for the as-obtained InN nanocrystals
obtained at 210 °C for 5 h (a) and 24 h (b); 230 °C for 5 h (c) and
24 h (d).
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Fig. 9 Photoluminescence spectra for the as-obtained InN nanocrys-
tals obtained at 210 °C for 5 h (a) and 24 h (b); 230 °C for 5 h (c) and
24 h (d).

active and the two E, modes are only Raman active. Mean-
while, this gives further evidence that high quality InN nano-
crystals were obtained.

Theoretical calculations show that the intrinsic bandgap of
InN is ~0.65 eV and the 1.9 eV band has been considered to
arise from oxygen incorporation.' As is reported, the intrinsic
bandgap of InN is in the 0.7-0.8 eV range, rather than the
commonly reported 1.9 eV.* Furthermore, the different elec-
tron concentrations could lead to the variation in bandgap
between 0.7 and 1.7 eV.** In this case, the as-obtained InN
nanocrystals with different sizes all show a characteristic sharp
band centered at about 1590 nm (i.e. ~0.78 eV) in the near-IR
region (0.7-0.8 eV) (Fig. 8). Given the absence of a clear band
centered around 1.9 eV in such samples, it is reasonable to
believe the intrinsic bandgap is 0.7 eV, rather than 1.9 eV in the
current work. Notably, this result gives us a fine example for
understanding the exact intrinsic bandgap for InN, since high
quality InN was obtained here at a low temperature range
(<250 °C). Additionally, the 1.7 eV PL band (Fig. 9) arising
from defects is known to be characteristic of InN.**

Conclusion

In conclusion, we present our preliminary findings that single
crystal and highly crystalline InN nanoparticles can be synthe-
sized by directly reacting Inl; with NaNH, in benzene—thermal
systems, and this represents the first example of the direct
synthesis of high-quality InN using indium halide as the In
source. Additionally, it was found that longer reaction time
and higher reaction temperature led to an increase in particle
size and thus InN nanoparticles with different size distributions
can also be obtained. The orientation—attachment process was
observed between InN particles. To the best of our knowledge,
this is the first example of an orientation—attachment process
occurring in nitride primary particles, and one-dimensional
InN appeared at longer reaction times via the orientation—
attachment process. Raman and IR results indicated that our
experimental data were consistent with the theoretical predic-
tion, and this gives further evidence that high quality InN
nanocrystals were obtained. Moreover, it has been shown that


http://dx.doi.org/10.1039/b510426b

Downloaded by University of California- Los Angeles on 01 January 2013

Published on 26 September 2005 on http://pubs.rsc.org | doi:10.1039/B510426B

the near-infrared band around 0.7 eV is characteristic of these
materials.
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