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A benzene thermal conversion route has been successfully developed to prepare nanocrystalline indium nitride at
180-200 °C by choosing NaNH, and In,S;3 as novel nitrogen and indium sources. This route has been also extended
to the synthesis of other group Il nitrides. The product InN was characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM) and high-resolution TEM, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy,
and infrared spectroscopy (IR). The optical properties of nanocrystalline InN were also recorded by means of
UV-vis absorption spectroscopy and photoluminescence (PL) spectroscopy, indicating that the as-prepared sample
was within the quantum confinement regime. Finally, the formation mechanism was also investigated.

Introduction cell with an InN cell on the top and a Si cell at the bottom
. can theoretically achieve a maximum efficiency of 32.3%,
Svhich is highly desirable for solar energy applications.
However, among the group Il nitrides, the growth of InN
is the most difficult to achieve because of its low decomposi-

tion temperature (427550 °C).f which makes the growth

synthesis and characterization of the group Il nitrides due
to their fundamental physical properties as well as their
potential applications as electronic and optoelectronic materi-

als in device developmeftThe group Il nitrides are ideal of INN most challenging. The growth of InN is particularly

for high-power applications and ut_|I|zat|c_)n in caust|c.enV|— important because it has the lowest energy band gap (1.9
ronments, because they are chemically inert, are resistant to

o . eV forInN, 3.4 eV for GaN, 6.2 eV for AIN). By alloying
radiation, and hqvg_large avalanche_ brez_akdown fields, h.'ghInN into either AIN or GaN, the band gap of the semicon-
thermal conductivities, and large high-field electron drift

velocities? The group Il nitrides and their alloys have been ductor can be lowered into the-2 eV range, which is a
fabricated into various high-temperature and high-power critical range for making high-efficiency green and yellow

: ) . . visible light sources and detectors.
microelectronic and optoelectronic deviceldowever, the c tional theti thods t iconductor InN
synthesis of the group Il nitrides is especially difficult. onventional synthetic methods to semiconductor in

Therefore, more and more efforts are made to develop novel'nCIUde9 organometalhc precursor rouﬁepyrqu&s of In?
synthetic routes of the group 11l nitrides. (NH.)3,° high-pressure direct synthesfsatomic layer epi-
Indium nitride, one of the group Il nitrides, has currently
acquired technological importance for blue/violet light-

emitting diodes (LEDs) and laser diodes (LB§urthermore,
INN has promising transport and optical properties. Its large
drift velocity at room temperature can render it better than
GaAs and GaN for field effect transistar#\ tandem solar
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taxy'! reactive magnetron sputterif§,chemical vapor
deposition (CVD):® melt synthesi$? halogen-transport vapor
phase epitaxy (VPE},and molecular beam epitaxy (MBE).

All these reported routes are very useful and are of wide-
spread importance, but there are some limitations to their
realization. For example, some methods require either high
processing temperature, high posttreatment temperature, high
pressure, complex organometallic reactions and toxic gases,
or some extreme reaction conditions such as an absolute

101
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x

nonagueous and non-oxygen environment. Over the past 20 30 40 50 60 70

years, there have been considerable efforts to explore new 20 (degrees)

react@o_n routes to the group Il ni_trides under milder synthetic rigure 1. XRD pattern of the as-obtained product.

conditions. Previously, crystalline GaN was successfully

prepared via a benzene thermal route using the reaction ofchromatized Cu i radiation ¢ = 1.541 78 A). The scan rate of

LisN and Gad in our research groufd.However, InN could 0.05 deg/s was used to record the patterns in theage of 26-

not be obtained via a similar route using the reaction giiLi ~ 80°. The transmission electron microscopy (TEM) image and

and InX (X = CI, Br), which yielded InX and elemental selected area electron diffraction (SAED) pattern were taken on a

indium 18 Hitachi Model H-800 transmission electron microscope with an
Here.in we report a novel conversion route to the svnthesis accelerating voltage of 200 kV. The structure and lattice image of

’ =P . Y nanocrystalline InN was studied by using a JEOL-2010 high-
of nanocrystalline InN from sulfide at low temperature. The

Lo . . . o resolution transmission electron microscope (HRTEM). Energy-
reaction is carried out in a benzene solution at-1300°C. dispersive X-ray spectrum (EDS) analysis was employed for

The temperature used is, to the best of our knowledge, thecomposition determination. Samples for the electron microscope
lowest temperature at which crystalline InN has been were prepared yo 1 h ultrasonic dispersion of 0.1 g of the
obtained, far below its decomposition range. In addition, as-prepared powder with 10 mL of ethanol in a 30-mL conical flask.
complex organometallic reactions, toxic gases, or extremeThen, the suspension was dropped onto a conventional carbon-
reaction conditions to crystalline semiconductor InN have coated copper grid and dried in air before performance.

been completely avoided. The reaction used in our approach X-ray photoelectron spectroscopy (XPS) was performed on an

can be formulated as follows: ESCALab MKII X-ray photoelectron spectrometer, using Mg K
X-ray as the excitation source. The binding energies obtained in
In,S; + 6NaNH, — 2InN + 3Na,S + 4NH, the XPS analysis were calibrated against the C 1s peak at 284.6
eV. Room-temperature Raman spectra were taken with a Spex 1403
Experimental Section Raman spectrometer, equipped with an"Aon laser as a light

source operating at a wavelength of 514.5 nm and focused on the
sample through an optical microscope. The infrared spectrum was
recorded in the wavenumber range of 46@@0 cnt! with a

Synthesis of Nanocrystalline InN.In a typical procedure, a
stoichiometric mixture of I§5; prepared according to the previously

reported metho! and analytically pure NaNHwas added into a Nicolet Model 759 Fourier transform infrared (FTIR) spectrometer,

50-mL9‘I'5e$on;I|nhed autcl)cla\lle, Wh'_(m was theln filled with beln(zjened using a KBr wafer. UV*-vis absorption spectroscopy was taken on
up to o of the total volume. The autoclave was sealed and  y5\p Specord 200 PC UWis spectrophotometer when ethanol

maintained at 1862"000ﬁ f%rl 1?(h‘ thgp aIIowedfFlo cogl tg roon;] q was used as a reference. Photoluminescene experiments were carried
te_n;lpg_rlature r_l:turg y.I The hac ?reuglga}te_l\l/vectjs |tere_ Oft, washed ,+ o a Hitachi 850 fluorescence spectrometer with a Xe lamp at
with dilute acid, absolute ethanol, and distilled water in sequence, temperature.

and then dried under vacuum at 30 for 4 h.
Structure, Composition, and Optical Properties Character- Results and Discussion

ization. X-ray diffraction (XRD) analysis was carried out with a .

Japan Rigaku D/max-rA X-ray diffractometer with graphite mono- ~ XRD was used to examine the crystal structure of the

sample. Figure 1 shows a typical XRD pattern of the product
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042 N as well as a Cu peak from the TEM grid and an O peak
from absorbed gaseous molecules. No peaks from S and other
impurities are observed, which reveals that there is no
residual impurity in the product. The quantitative calculation
of EDS peaks indicates that the atomic ratio of In to N is
1.03:1, which is close to the result of the XPS measurement.

Raman spectroscopy was used to characterize the as-
obtained product. The zinc blende structure has only two
Raman-active phonons®HO) and K(LO), while the wurtz-

028l ite structure has six Raman-active phonong{T®), A;(LO),
w000 3300 00 2300 2000 1500 1000300 E1(TO), E(LO), and 2E.?* Therefore, the number of peaks
Wavenumber (cm™) observed in the Raman spectra indicates whether the wurtzite
phase is present or not. Figure 7 shows a typical Raman
spectrum of the sample. The hexagonal InN related peaks at
NH, groups, Suggesting a h|gh degree of pu“ty The IR 443, 488, and 588 cm are attributed to the ATO) mOde,
spectrum of the product showed a broad absorption at ca.Ez mode, and A(LO) mode, respectively. The Raman
510 cnT?, assignable to the N stretch?? Further evidence ~ SPectrum agrees well with other reports in the literature for
for the purity and composition of the sample was obtained NN thin films? as well as polycrystalline In®.In a word,
by XPS measurements. The survey spectrum indicates thdhe result derived from the Raman spectrum fqrther confirms
presence of In and N as well as C from the reference and Othe Presence of the hexagonal phase of InN in the product,

impurity from absorbed gaseous molecules and the absenc&/Nich is consistent with the XRD conclusion.

of any impurity such as S or Na. Higher resolution spectra All the above characterization results have confirmed that
were also recorded in the In 3d and N 1s regions. Figure 3 nanocrystalline InN with a hexagonal phase has been
shows the XPS spectra of the sample. The In core-spin successfully prepared via our designed reaction route. Then
orbit split to the 3¢, peak at 444.3 eV and 36 peak at what factors play important roles in the formation of

451.9 eV. The peak at around 397.5 eV corresponds to N 1ghanocrystalline InN? It is well-known that choosing reactive
of InN. These results are close to the reported values for Sources is vital to the establishment of novel synthetic routes.

bulk InN.22 No obvious peaks for indium oxide, indium llt wasfreported_ ﬂ;at the |q(rj1|c mtrk:de???our:_d Ee pl'.‘eﬁf“ed by
sulfide, elemental In, or other impurities were observed. 0SS ofammonia from amide on healifigrnich eniightens

Therefore, XPS further confirms the formation of InN. The ES ?\lnbattﬁ)r;ftc')?ga:gmmoili(ae oNnaE(i%szO;?et?eﬂg\sl?ema
quantification of the XPS peaks gives a In:N ratio of 1.05: &l by 9.

o oo can be regarded as a good kind of nitrogen source due to its
1, which is close to the stoichiometry of InN. hi - . .

) . . _high reactivity. Then what is chosen as the indium source?

To investigate the morphology and size of the product, it |; is well-known that In% very easily hydrolyses even on

was mounted on the grid of a transmission electron micro- weighing in the air and is reduced to elemental indium once
scope. A typical TEM image of the sample is shown in it encounters strong reducing agents such as NadHisN.
Figure 4a. The as-obtained nanocrysta”ine InN has rodlike In the contrast, anhydrousZ& is very eas”y available. In
and platelike morphologies. The size of the particles rangesaddition, as far as kS with strong covalent ability is
from 10 to 30 nm, which is generally consistent with the concerned, it is not easy to be reduced to elemental indium,
XRD analysis. Furthermore, the highly crystalline nature of although NaNH is a strong reducing agent, which can
the product was confirmed by the SAED pattern shown in guarantee the metathesis of$and the renascent i in
Figure 4b. The diffraction rings/spots can be again indexed the benzene thermal system. Thereforg&dinstead of InX%
as (100), (002), (101), (110), (103), and (112) reflections, is chosen as the novel indium source in our strategy, and
according to the hexagonal structure of polycrystalline InN, the reaction used in our approach can be formulated as
which further supports the XRD result. HRTEM was applied follows:
to study further the detailed structure of nanocrystalline InN.
As shown in Figure 5, the lattice spacing of the afess 2NaNH, — Na,NH + NH;
_measured to be 3.07 A, Whlch corresponds to 'Fhe (100) plane NaNH, + Na,NH — Na;N -+ NH,
in hexagonal InN. The prominent lattice spacing calculated
from the areaB is 2.70 A, which is assigned to the (101) ; ) -

. : (24) Agullo-Rueda, F.; Mendez, E. E.; Bojarczuk, B.; GuhaSslid State
plane in hexagonal InN. The nanocrystalline feature observed”™ * commun200q 115, 19.
in the HRTEM image is distinctive to hexagonal indium (25 (a) Lee, M. C.; Lin, H. C.; Pan, Y. C.; Shu, C. K. Ou, J.; Chen, W.
nitride. The EDS recorded on the InN nanocrystallites is v_';‘ Eg?s”ev"v VK\? ?%bﬁgﬁz;uﬁft}lagﬁgg’irﬁ%?ff_bg\,??Q’ggﬁ(\c',’\,Y'\,_

illustrated in Figure 6, indicating that the presence of In and D.; Mamutin, A. F.; Vekshin, V. A,; Ivanov, S. VAppl. Phys. Lett.
1999 75, 3297.
(26) Dyck, J. S.; Kim, K.; Limpijumnong, S.; Lambrecht, W. R. L.; Kash,

Transmittance (%)

Figure 2. Typical IR spectrum of the as-obtained product.
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Figure 3. Higher resolution XPS spectra of the sample: d)region; (b) N 1s region.

Figure 4. (a) TEM image of the as-obtained product. (b) The Corresponding SAED pattern.
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Figure 6. EDS analysis of InN nanocrystallites. Cu is from the HRTEM
grid and O is from absorbed gaseous molecules.

Figure 5. HRTEM image of InN nanocrystallites.

In,S, + 2NaN — 2InN + 3Na,S

A(LO)

Intensity (a. v.)

A(TO)
However, the formation of crystalline indium nitride may
be complex and needs further investigation. Since the target
INN is derived from indium sulfide in the benzene thermal ) ) . )
solution, we call this synthetic method the benzene thermal 400 500 800 700 800

conversion route. This method can be extended to the Raman shift (co™)

synthesis of other group Il nitrides. By substituting®n  Figure 7. Typical Raman spectrum of the sample.

with Al,S; or GaSs, we have also obtained AIN and GaN Finally, the optical properties of the as-obtained InN
semiconductors. The results of the synthesis of nitrides nanocrystallites were investigated by YVis absorption
through the benzene thermal conversion process are sumspectroscopy and photoluminescence (PL) spectroscopy at
marized in Table 1. room temperature. From the absorption spectrum shown in
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Table 1. Summary of the Results of the Synthesis of Nitrides by the 22
Benzene Thermal Conversion Route from Sulfides
particle o
reactant condition product color size z
NaNH; + In,S;  180°C/15 h crystallized InN black 1630 nm gt
200°C/15 h crystallized InN black 1640 nm %‘
NaNH, + Al,S; 180°C/15 h poorly crystallized AIN brown 815 nm =
230°C/15 h crystallized AIN black 1625 nm 1
NaNH, + GaS; 180°C/15 h amorphous GaN black 4Q5 nm v
230°C/15 h poorly crystallized GaN black 25 nm g
-~ 2.36 A i 1 1 k4 A 1 1 i A 1 .
E‘ = 18 19 20 21 22 23 24 25 26 27
=4 Photon energy (eV)
=]
? g Figure 9. Room-temperature PL spectrum of the sample.
$ 1.9
g% emission. Therefore, these features indicate the quantum-
S g confined effects of the as-obtained InN nanocrystallites.
B .
[+ YR T W S Conclusions
18 20 22 24 26 28 .
Photon energy (¢V) In summary, we describe a novel benzene thermal conver-

sion route to the group Il nitrides from sulfides. By choosing
NaNH, and InS; as novel nitrogen and indium sources, we
Figure 8, we can see that two peaks are present in thehave achieved the growth of nanocrystalline InN under very
spectrum. The peak at 1.9 eV can be assigned to the bandnild reaction conditions. The formation mechanism was also
gap transition, being an absorption onset of bulk InN. The studied to indicate that it proceeds with4Ngas the probable
band at around 2.36 eV is a feature not seen in the spectrumintermediate. We believe that this simple method has
of the bulk material, which can be attributed to the blue shift potential applications in synthesizing other group nitrides.
due to the small size of InN nanocrystallites. While the
absorption spectrum confirms the existence of the InN
particles within the quantum-confined regime, the PL
spectrum can provide additional information. The spectrum
shown in Figure 9 clearly indicates a broad peak at 2.2 eV,
with the blue shift of 0.3 eV compared to the band gap 1C0258330

Figure 8. Absorption spectrum of the as-prepared InN nanocrystallites.
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