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GaN nanoparticles, 3-8 nm in diameter, are prepared by a
microwave-assisted reaction of GaCl; and KNH, in ionic liquids.
Instantaneously after the liquid-phase synthesis, the g-GaN nano-
particles are single-crystalline. The band gap is blue-shifted by
0.6 eV in comparison to bulk-GaN indicating quantum confinement
effects. The GaN nanoparticles show intense green emission with a
quantum yield of 55 + 3%.

Since the discovery of blue- and UV-light emitting diodes
(LEDs), GaN has become one of the most important semi-
conductor materials." Here, a technological breakthrough for
GaN thin films was achieved by gas-phase deposition, which
guarantees both high purity and high crystallinity.> The synthesis
of nanoparticulate GaN is an even greater challenge compared to
thin films, since the risk of contamination is even higher due to
the large surface area of the nanoparticles and the associated
high reactivity. In addition, nanoparticles are typically excluded
from crystallization at high temperature (>400 °C) as they then
naturally show uncontrolled growth and aggregation. High-quality
GaN nanoparticles are nevertheless highly requested for opto-
electronics (e.g., LEDs, lasers)® and catalysis (e.g., photocatalysis,
electrocatalysis).*

In order to achieve high purity, high crystallinity and
uniform particle size, GaN nanoparticles are mostly prepared
using gas phase methods such as laser ablation deposition,
chemical vapour deposition, thermal pyrolysis, or plasma pyrolysis.
Moreover, direct nitridation of gallium metal,” ammonolysis
of oxide-containing starting materials (e.g., Ga,O3;, GaO(OH),
Ga(NOs);, CO(NH,),)” or the thermal pyrolysis of nitrogen-
rich molecular precursors (e.g., Ga(N3);, Gay(NMe,)e)® in the
gas phase and under supercritical conditions were applied.
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The resulting GaN nanoparticles often suffer from broad size
distribution and aggregation, low crystallinity and/or impurities
that deteriorate the semiconductor properties due to undesired
energy levels within the band gap.*”® High temperatures (> 400 °C)
and powder post-sintering are often required for crystallization
and to obtain fluorescent GaN nanoparticles.®® For liquid-phase
synthesis of GaN nanopatrticles thermolysis of Ga(NH,); turned out
to be promising and was performed in trioctylamine/hexadecyl-
amine at 360 °C or by the reaction of GaCl; and LiN(SiMej;),
with stearic acid as a stabilizer in octadecene at 280 °C to obtain
2-GaN."'® Moreover, liquid-ammonia-based microemulsions were
reported.'” After liquid-phase synthesis, the emission intensity is
typically limited and only visible under laser excitation'* or at
low temperatures.**>'*

Aiming at the liquid-phase synthesis of GaN nanoparticles,
we here suggest an ionic-liquid-based strategy,* which results
in well-crystallized B-GaN nanoparticles with a diameter of
3-8 nm showing intense green emission with a quantum yield
of 55%. The synthesis strategy comprises two steps (Fig. 1). First of
all, GaCl; was dissolved in liquid NH; at -35 °C. Upon addition of
KNH, as a base, a colourless suspension of Ga(NH,); was formed
(Fig. 1a). After evaporation of all NH; at room temperature, the

GaCl, jg-np, [Bu,MeNJINT,] Washing
+ Ga(NH,), PN 6 GaN-NP 3 B-GaN-NP
KNH, -35°C +300 °C Methanol
2 (microwave) Acetonitrile

Fig. 1 Scheme illustrating the liquid-phase synthesis of -GaN nanoparticles:
(a) reaction of GaCls and KNH, in liquid ammonia with precipitation
of colourless Ga(NH,)z, (b) the almost transparent GaN suspension in
jonic liquid after microwave heating, and (c) the B-GaN suspension after
washing and redispersion in acetonitrile (0.2 mg mL™Y).
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colourless solid was dispersed in [BuzsMeN]|[NTf,] as the ionic
liquid (BusMeN: tributylmethylammonium, NTf,: bis(trifluoro-
methane)sulfonimide). In a second step, the resulting suspen-
sion of Ga(NH,); in the ionic liquid was heated in a microwave
oven for 1 hour to 300 °C (Fig. 1b). Finally, the colourless GaN
nanoparticles were separated by centrifugation and purified by
sequential redispersion/centrifugation in/from methanol and
acetonitrile (Fig. 1c).

The synthesis strategy is characterized by GaCl; as a most simple
starting material and the strict exclusion of contaminants causing
hydrolysis (Ze. OH/H,O in starting materials, stabilizers, solvents,
atmosphere). KNH,, is used as a base and amide source to obtain
Ga(NH,);. Microwave heating guarantees extremely fast heating and
fast ammonolysis, especially at the beginning of the reaction. The
ionic liquid stabilizes the GaN nanoparticles against uncontrolled
growth and agglomeration. The high temperature (300 °C) in the
aprotic ionic liquid supports the completion of the ammonolysis
and evaporation of all NH;. Ionic liquids, in this regard, were yet
only used as inert electrolytes to gate semiconducting GaN thin
films.**'? For the synthesis of GaN, however, ionic liquids are
here used for the first time. Finally, it needs to be noticed that
the Ga(NH,); intermediate is not nanosized (Fig. 1a). The rapid
microwave-assisted decomposition with a significant loss of
volume, however, supports the formation of GaN nanoparticles.

Particle size, particle shape and size distribution of the
as-prepared GaN nanoparticles were determined by electron
microscopy (Fig. 2). High-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) overview

Fig. 2 Particle size, particle shape, and particle size distribution of the as-
prepared GaN nanoparticles: (a) overview HAADF STEM image nano-
particles, (b) detailed TEM image of single-crystalline nanoparticles with
lattice fringes, (c) HRTEM image with area for the 2D-FT analysis (red
frame), (d) 2D-FT of the single-crystalline nanoparticle in (c) and calculated
diffraction pattern with Miller indices for bulk-B-GaN in the [001] zone axis
(white circle indicates zero-order beam, ZB).
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images and transmission electron microscopy (TEM) images
show uniform nanoparticles with diameters of 3-8 nm (Fig. 2a
and b). Moreover, high-resolution (HR)TEM images indicate
parallel lattice fringes (Fig. 2c) that evidence the single-crystalline
character of the as-prepared GaN. According to the observed
lattice fringe distance of 2.2 A, the structure of the nanoparticles
is compatible with cubic sphalerite-type f-GaN (bulk-B-GaN with
daoo = 2.18 A).** The crystal structure of the f-GaN nanoparticles is
also confirmed by two-dimensional (2D) Fourier transformation
(FT) analysis (Fig. 2d), which is in accordance with the calculated
diffraction pattern of bulk B-GaN in the [001] zone axis (Fm3m
with a = 3.985 A)."

Beside HRTEM and FT analysis, the presence and purity of
the as-prepared GaN are confirmed by infrared spectroscopy
(FT-IR) and energy-dispersive X-ray spectroscopy (EDXS). FT-IR
spectra show the strongest absorption at 600-400 cm ™, which
relates to the lattice vibration of crystalline GaN (Fig. 3a)."* The
weaker but similar shaped vibration at 1100-900 cm™* can be
ascribed to a combination vibration. Further low-intensity
vibrations at 2970-2880 cm ' (1(C-H)) and 1400-1200 cm '
(AS=0)) relate to surface-adhered ionic liquid. The quantification
of EDX spectra, recorded from bundles of GaN nanoparticles
(Fig. 4), results in Ga and N contents of 54 + 4 and 46 + 4 at%,
which is in fair agreement with the expectation (Ga and N
with 50 at% each). According to EDXS element mappings, the
as-prepared GaN shows uniform distribution of the elements
(Ga and N) over the nanoparticle bundles (Fig. 4).

X-ray powder diffraction (XRD) analysis of the as-prepared
GaN nanoparticles generally shows low scattering intensity.
However, the broad peak centred at 35° of 2-Theta matches
with the highest intensity peak of bulk-B-GaN (Fig. 3b). The low

b

a) GaN )

R e YA
5 > 107
2 @
£ 2
@ S
©
£ [Bu,MeNJINTF] 8 o5l
2 I GaN Bulk-B-GaN
& £
© S
14 z

0.0 v + v - 4
4000 3000 2000 1000 20 30 40 50 60 70 80
Wavenumber (cm™) Two theta (°)

Fig. 3 FT-IR spectrum (a) and XRD (b) of the as-prepared GaN (FT-IR
spectrum of the ionic liquid [BuzsMeN][NTf,] and XRD of bulk-B-GaN (ICDD
088-2364) as references).

Fig. 4 HAADF STEM image of GaN nanoparticle bundles with EDXS
elemental maps of Ga (red: based on Ga-K,; line) and N (blue: based on
N-K, line).
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Fig. 5 Optical properties of the as-prepared GaN nanoparticles: (a) UV-
Vis spectrum and (b) Tauc plot.

intensity and broad peak width, in fact, are to be expected taking
the particle size of 3-8 nm into account. In regard of the slow
solid-state diffusion in nitrides, all in all, the good crystallinity of
GaN as confirmed by HRTEM, FT and XRD is surprising in view
of the here applied liquid-phase synthesis with a maximum
temperature of 300 °C. Typically, completion of the ammonolysis
and nitride crystallization require temperatures of >400 °C.°™®

The optical properties of the as-prepared GaN nanoparticles
were examined with UV-Vis spectroscopy (Fig. 5) and photo-
luminescence (PL) spectroscopy (Fig. 6). In this regard, UV-Vis
spectra show a comparably steep absorption at 300-400 nm
(Fig. 5a). By plotting (F(R)hv)” versus (hv) in a Tauc plot, a band
gap of 3.9 eV can be determined (Fig. 5b). The Tauc plot - as
expected - indicates the nanomaterial to exhibit a direct band
gap. In comparison to bulk-B-GaN (3.3 eV),**”'* the band gap
of the as-prepared nanoparticles is significantly blue-shifted by
0.6 eV, which can be ascribed to the small particle size, and
which points to the presence of quantum-confinement effects.

Excitation spectra of the as-prepared GaN nanoparticles
show strong absorption below 325 nm as well as a shoulder
at 325-400 nm (Fig. 6a). Here, the strong absorption can be
related to the band transition, whereas the shoulder indicates
additional energy levels within the band gap. The strong band
transition and the steep increase in absorption nevertheless
point to the crystallinity of the as-prepared GaN, whereas the
defect levels could relate from surface states. The width of the
optical absorption observed in UV-Vis and excitation spectra
(Fig. 5a and 6a) are narrower as compared to GaN nanoparticles
that were post-synthesis sintered at >400 °C as powder
samples.®™®
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Fig. 6 Fluorescence properties of the as-prepared GaN nanoparticles:
(a) excitation spectrum (Zem: 523 nm) and emission spectrum (Jexc: 274 nm);
(b) GaN nanoparticle powder in daylight and under excitation (Aexc: 254 nm).
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Emission spectra of the as-prepared GaN nanoparticles
indicate strong fluorescence at 400 to 700 nm with its maximum
at 523 nm (Fig. 6a). Direct conduction band-to-valence band emis-
sion is only observed with subordinate intensity at 325-400 nm.
Consequently, the most relevant emission is located at lower energy
than the band emission and can be related to donor-acceptor-type
emission. The respective energy levels with wide dispersion may
result from surface states as well as from gallium and/or nitrogen
vacancies in the lattice. Qualitatively, the strong fluorescence is
verified upon illumination using a UV lamp (e 254 nm) that
results in a bright green emission (Fig. 6b). The strong emission was
quantified by determining the absolute quantum yield follow-
ing the method given by Friend et al,'® which results in a
remarkable quantum yield of 55 & 3%. To our surprise, data on
the fluorescence efficiency and quantum yield of liquid-phase-
made GaN nanoparticles were not reported in the literature
until now. A quantum yield of 55 + 3% for GaN nanoparticles —
to the best of our knowledge - is achieved for the first time. This
also impressively shows the effectiveness of the ionic-liquid-
based synthesis strategy.

In conclusion, a synthesis strategy comprising the formation
of a Ga(NH,); intermediate in liquid ammonia followed by
microwave-assisted heating in ionic liquids turned out to be
successful to obtain GaN nanoparticles. Subsequent to liquid-
phase synthesis, the as-prepared f-GaN nanoparticles are well-
crystallized and exhibit particle diameters of 3-8 nm. The optical
properties are characterized by a blue-shifted band gap of 3.9 eV,
which is 0.6 eV above the band gap of bulk-B-GaN. This finding
can be related to quantum-confinement effects due to the small
particle size. The GaN nanoparticles show strong absorption
below 325 nm, which is in agreement with valence-band-to-
conduction-band transition. Intense donor-acceptor-type green
emission is observed at 400-700 nm (peaking at 523 nm) with an
unprecedented quantum yield of 55 + 3%. Based on these
results, the synthesis strategy will definitely be interesting also
to prepare further metal nitrides.
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Notes and references

i Experimental: All experiments and purification procedures were
performed under inert gas (argon), using standard Schlenk techniques
or glove boxes. This also includes all centrifugation and washing
procedures. Moreover, sample preparation and sample transfer for
analytical characterization were strictly performed under inert condi-
tions, e.g. by using specific transfer modules. Acetonitrile (Sigma-
Aldrich, 99.5%) was refluxed over CaH, onto P,0;, and degassed by
three freeze-pump-thaw cycles. KNH, was synthesized by reacting
potassium (Riedel-de-Haén, 99%) in liquid ammonia (Air Liquide,
99.98%) at -78 °C using Fe,O3 as a catalyst, followed by filtering and
drying under vacuum. Gallium(ur) chloride (ABCR, 99.999%) was used as
purchased. [BusMeN][NTf,] was prepared according to literature proce-
dures and dried for several days under reduced pressure (<10 mbar) at
230 °C before use.'” B-GaN nanopatrticles: 88 mg of GaCl; were dispersed
in 15 mL of liquid ammonia at -35 °C to obtain a colourless solution.

This journal is © The Royal Society of Chemistry 2020
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Thereafter, 83 mg KNH, were added, which instantaneously results in
the precipitation of colourless Ga(NH,);. This mixture was stirred for an
additional 10 minutes and then naturally warmed to room temperature.
After evaporation of all NH;, a voluminous, fluffy and colourless powder
remained. This powder was dispersed in 15 mL of [BuzMeN][NTf,] as
ionic liquid. Subsequent to intense mixing, the suspension was rapidly
heated (120 seconds) with a laboratory microwave oven (CEM MARS6)
to 300 °C. This temperature was maintained for an additional 60 min.
After natural cooling to room temperature, the resulting almost transparent
and colourless suspension was diluted with 15 mL of acetonitrile. The
as-prepared GaN nanoparticles were finally purified by centrifugation
and redispersion in/from methanol and acetonitrile. The nanoparticles
can be easily redispersed in acetonitrile or dried at room temperature
under vacuum to obtain GaN powder samples.
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