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Results of the investigation of the reactions of GaClsz, InClz and Inl3 with LiNH; under solvother-
mal conditions in benzene, which lead to metal nitrides, are reported. GaN is obtained as a cubic
phase or as a mixture of cubic and hexagonal phases, depending on temperature. The effect of the ad-
dition of surfactants on the formation of GaN was explored. InN products were always contaminated
with indium metal, even at low reaction temperatures. The addition of excess LiNH, or the use of

Inl3 instead of InCl3 gave products with less In metal.
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Introduction

Gallium and indium nitrides are important optoelec-
tronic materials with band gaps ranging from 0.7 eV
in InN to 3.4 eV in GaN. GaN is especially rel-
evant as, with the introduction of suitable dopants
or in solid solution with InN, its band gap can be
varied to emit light from the UV to the IR region.
When used in electronic devices, these nitrides are
typically produced using MOVPE or MOCVD tech-
niques [1]. They have also been prepared in powdered
form by high-temperature ammonolysis [2] or metal
amide decomposition [3], and as nanoparticle colloids
by decomposition of molecular precursors in hot sol-
vents [4].  Solvothermal synthesis is gradually devel-
oping into a useful technique to produce metal nitrides
in nanocrystalline form [5], including anisotropic par-
ticles. Typically the reagents are those that have pre-
viously been used in solid-state metathesis, especially
metal chlorides and Li3N or NaN3 [6]. Nanocrystalline
GaN has been produced from LisN and GaClj in ben-
zene at 280 °C [7] as nanocrystals of ~ 30 nm diam-
eter. Under these conditions a mixture of hexagonal
and rocksalt-type GaN was produced. This was sur-
prising as rocksalt-type GaN is normally only found at
high pressure [8]. GaCl; and NaNj react in toluene or
THF at 260 °C, producing a poorly crystalline prod-
uct [9], but on annealing to 750 °C hexagonal GaN
crystals of ~ 8 nm size were produced. Hexagonal
GaN has also been prepared using solvothermal reac-
tions between Ga cupferron or GaCl; and (Me3Si), NH

(HMDS) [10]. In this work the authors added a sur-
factant (N-cetyltrimethylammonium bromide) and ob-
tained capped nanoparticles. Solvothermal synthesis of
InN has been achieved via reactions of InCl3 with LizN
in xylene [11] or of Inl3 with NaNH, in benzene, both
at around 250 °C [12]. Another report showed the re-
actions between InBrsz and NaNj in toluene or hexa-
decane at ~ 280 °C to produce 10 nm hexagonal InN
crystallites, with some evidence of cubic InN at lower
temperatures [13].

Recently we have been studying the reactions of
transition metal chlorides with LiNH, and NH3 un-
der solvothermal conditions. We have found that these
are effective methods to produce nanocrystalline ni-
tride materials with metals of groups 4, 5 and 6 [14]. In
some cases, most extensively with Ta, we have found
that nanorods can also be grown under these condi-
tions. In the work described in this paper we examined
reactions between gallium and indium chlorides, and
indium iodide, with LiNH, under similar conditions.
We also investigated the effect of the addition of sur-
factants on the synthesis of GaN.

Experimental Section

All preparations were carried out under anaerobic condi-
tions using either glove box or Schlenk line techniques for
sample loading and handling. Benzene was distilled from Na,
methanol from NaOCH3, and hexadecylamine (HDA) from
BaO. GaCl3 (99.999 %), InCl3 (99.999 %), Inl3 (99.998 %)
and N-cetyltrimethylammonium bromide (CTAB; > 99 %)
were purchased from Aldrich and used as supplied. Ammo-
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nia (Air Products) was distilled from a sodium/ammonia so-
lution before use. LiNH, was synthesised by reacting 1.6 M
"BuLi in hexane (Aldrich) with excess distilled ammonia
at —78 °C, filtering, and drying the product in vacuo.

All syntheses were performed in a 75 cm?® autoclave (Parr
4740CH). Typically, 0.6 g of metal chloride was placed in the
silica liner and covered with 15 cm?® of benzene. A stoichio-
metric amount of LiNHj, calculated to balance the lithium
and chloride components of the reaction mixture, was added.
The autoclave was heated at the temperatures detailed later,
typically for 24 h. After cooling to r.t., the autoclave was
opened, and the mixture was transferred to a Schlenk tube
inside the glove box. The solid was collected by filtration,
washed with dry methanol three times to remove the LiCl
by-product, and dried in vacuo.

Powder X-ray diffraction (PXD) measurements were per-
formed on a Siemens D5000 diffractometer using CuKy
(A =1.5406 A) radiation. The phases present were identified
by comparison with the JCPDS database [15] and patterns re-
fined using the GSAS package [16]. Crystallite sizes were ob-
tained using the Scherrer formula. Transmission electron mi-
croscopy (TEM) was carried out with a Hitachi 7000 (75 kV)
instrument. Samples were prepared by ultrasound disper-
sal in toluene, followed by deposition on carbon-coated Cu
grids. IR spectra were recorded from CsI disks using a Perkin
Elmer Spectrum 100 instrument. TGA data were collected
with a Mettler Toledo TGA851e under flowing high-purity
nitrogen with a heating rate of 10°/min. C, H, N combustion
analyses and Schoniger flask combustion analysis of chlo-
rine content were carried out by Medac Ltd. (Egham, Sur-
rey, UK).

Results and Discussion

Reactions of gallium chloride with lithium amide

The solvothermal route to GaN nanocrystals in ben-
zene using LiNH; as the nitrogen source was envis-
aged to proceed as follows:

GaCls + 3 LiNH, — GaN + 3 LiCl 4+ 2 NH;3;

Samples were prepared at temperatures in the range
250-450 °C. At 250 °C zinc blende-type (cubic) GaN
was obtained, whereas at higher temperatures a mix-
ture of the zinc blende- and the wurtzite-type (hexag-
onal) phases formed (Fig. 1). The feature below 25°
in the patterns collected from samples made at 250—
350 °C is due to some amorphous content, whereas
the peak at 26° is due to pyrolytic carbon produced by
solvent decomposition during the reactions. The 220
reflection in the cubic phase does not overlap with
other peaks and was used to calculate a lattice pa-
rameter of a = 4.46 A and an average crystallite size

Table 1. The products from reactions of GaCls and LiNH,.
Analyses are accurate to 0.3 %.

Temperature (°C) Composition % C % N % H
450 GaN(,_69C0_|6 24 11.9 0.8
400 GaNg 63Co.26 39 11.5 1.1
350 GaN()_69C0,20 2.9 11.8 1.3
300 GaNo.70Co.13 2.0 12.1 1.6
250 GaN()_7()C0,3() 5.1 11.7 2.1

Counts (arbitrary)
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Fig. 1. PXD patterns (CuKy) of the samples prepared at dif-
ferent reaction temperatures from GaCls and LiNH, (e =re-
flection positions for wurtzite-type GaN; * = positions for
the 111, 220 and 311 reflections of zinc blende-type GaN;
the 200 and 222 peaks are responsible for the asymmetry of
the 111 and 311 peaks).
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Fig. 2. IR spectra of GaN produced from GaCl; and LiNH;
at 400 and 450 °C.

of 1.8 nm. Literature reports of the lattice parameters
of GaN range from 4.36-4.47 A [16].
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Fig. 3. TEM image of GaN prepared from GaClz and LiNH;
at 300 °C.

Combustion analysis revealed nitrogen-deficient
GaN samples with significant carbon and hydrogen
content (Table 1). A small amount of chlorine (< 5 %)
was also found in the products. The IR spectra (Fig. 2)
show a broad Ga-N stretch around 600 cm~! (dou-
ble peak due to Aj+E; modes), significant v(N-H)
and weak v(C-H) bands [17]. The mechanism of GaN
formation most likely involves metathesis reactions
that produce Ga-NH; groups that then condense with
neighbouring Ga centres. Hence the presence of resid-
ual NH groups in the products at these relatively
mild temperatures is not surprising. The decomposi-
tion of solvent to produce carbon is less expected. TEM
showed regular-shaped crystallites with particle sizes
below 5 nm (Fig. 3). All of the samples studied had
significant aggregation of these crystallites.

Reactions between GaCl; and LiNH; in the presence
of hexadecylamine

The use of surfactants to control the particle size
and prevent the agglomeration of nanoparticles is com-
mon, and there is one reported example of the pro-
duction of capped GaN nanocrystals under solvother-
mal conditions by adding CTAB [10]. Hence reactions
analogous to those described above were tried with
added hexadecylamine. Various amounts of HDA were
added to reactions between GaCls and LiNH; in ben-

Table 2. Products identified from the reactions of GaCl; and
LiNH; with added HDA. Combustion analyses are accurate
to +0.3 %.

Composition ~ HDA % Crystallite size  a
(mg) C N H (nm) A)
GaNo.17Co.93 200 134 29 34 2.0 4.48
GaNp.27C 25 300 169 43 39 2.0 4.46
GaNg.50C2.00 500 238 7.0 48 1.8 4.48
GaNp.76C2.73 700 289 95 54 1.8 4.48
700 mg HDA
E 500 mg HDA
£ * W%
L3
8
3 * * 300 mg HDA
3
200 mg HDA

0w 4« = & 10 &
20 (degrees)

Fig. 4. XRD patterns of samples prepared from GaCls and

LiNH, at 250 °C with different amounts of HDA. The 111,

220 and 311 GaN reflections are marked by asterisks. Two

aluminium peaks resulting from the sample holder are visible
in some data sets at 38 and 44°.

zene at 250 °C in an attempt to produce capped par-
ticles. PXD data identified all of the products as cu-
bic GaN (Fig. 4). The addition of small amounts of
HDA led to a small increase in the crystallite size and
a reduction in the amorphous content of the samples.
When 300 or 500 mg of HDA was added, the PXD
patterns showed very little amorphous scattering. This
change suggests that HDA becomes involved in the
formation of GaN, possibly reacting more readily with
the GaClj in solution than does the solid LiNH,. Metal
primary amides can self-condense to produce bridg-
ing imide groups. This is chemistry that we have used
in sol-gel processing of TiN [18]. Addition of further
HDA, however, resulted in the reappearance of amor-
phous features in the diffraction patterns and further
broadening of the reflections. The lattice parameters of
these samples are a little higher than those of samples
produced without HDA and also slightly higher than
the normal range of literature values. Carbon incorpo-
ration into nitride structures typically results in an in-
crease in the lattice parameter.
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105 Table 3. Compositions and structural data for products of the
100 [ reactions of GaCls and LiNH, using different amounts of

o5 [ CTAB. Combustion analyses are accurate to +0.3 %.

o | Composition CTAB % Crystallite size a
85 | 200 mg HDA (mg) C N H (nm) A)
wl GaNp.73Co.37 300 53 121 22 1.8 4.49

_ L GaNg 61Co.37 500 53 103 23 2 4.51

X 5

= [ 300 mg HDA 700 - - - 1.8 4.50

w 710

© L

= 6 C 500 mg HDA

60 |
55 -
50 r 700 mg HDA 700 mg CTAB
s =
ol £
1 1 1 1 1 1 ! '_a
0 100 200 300 400 500 600 700 800
Temperature (°C) ..g 500 mg CTAB

Fig. 5. TGA of samples produced from GaCls and LiNH; §

with different amounts of HDA.

Carbon incorporation directly into the GaN struc- %00 mg CTAB
ture is also consistent with the microanalysis results

(Table 2) that show low nitrogen contents (GaN con- L MW

20 30 40 50 60 70 80

tains 16.7 % N) in these samples. The C, H and N con-
tents all increase as more HDA is added to the reac-
tions, showing that it is carried through to the prod-
ucts. The IR spectra showed significant sharp v(C-H)
and broad v(N-H) bands, and also broad bands in the
v(Ga-N) region around 600 cm ! [19]. TGA traces
(Fig. 5) showed a feature with an onset around 100 °C
that could be due to loss of benzene that was dissolved
in the HDA and hence not removed when the samples
were dried in vacuo. Two further major features are
then observed with onsets of around 300 and 400 °C.
It is likely that the lower temperature mass loss is un-
bound HDA and the higher temperature one is surface-
bound HDA, as the sample with only 200 mg HDA
only shows the higher temperature feature. TEM im-
ages of these samples were somewhat indistinct, prob-
ably due to the HDA coating the spaces between parti-
cles, but it was apparent that there was a similar level
of aggregation to that observed without HDA.

Reactions between GaCl; and LiNH; in the presence
of N-cetyltrimethylammonium bromide

CTAB was previously used to cap GaN particles
grown in solvothermal reactions between gallium cup-
ferron and hexamethyldisilazane in toluene [10]. Ad-
dition of CTAB to the reactions between GaCl; and
LiNH, resulted in PXD patterns similar to those ob-
served with added HDA (Fig. 6). Small quantities re-

20 (degrees)

Fig. 6. PXD patterns of the products from the reactions of
GaClj3 with LiNH; using different amounts of CTAB. Sharp
peaks at 38 and 44° are due to the Al sample holder.
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Fig. 7. IR spectra of the products of reactions of GaClz with
LiNH,; using different amounts of CTAB.

sulted in a reduction in the amorphous content of
the samples, but with larger additions the amorphous
features returned to the PXD patterns. Lattice pa-
rameters (Table 3) were slightly high, again proba-
bly reflecting some carbon incorporation. Interestingly
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Fig. 8. TEM image of GaN produced from GaCl; and LiNH;
with 500 mg added CTAB.

the composition of the products varied less with the
amount of CTAB, and the nitrogen content was higher-
presumably the higher solubility of CTAB than that of
HDA in benzene and methanol allows more efficient
removal of the former. The TGA traces were also very
similar for samples made with different amounts of
CTAB. IR spectra (Fig. 7) contained a strong v(Ga-
N) band at ~ 600 cm~! and features corresponding to
v(C-H) and v(N-H), the relative strength of these fea-
tures also being very similar however much CTAB was
added to the reaction mixture. Disappointingly TEM
images still showed significant aggregation in these
samples, though there was some evidence of individ-
ual particles (Fig. 8).

Reactions of indium chloride and iodide with lithium
amide

Due to its low thermal stability [19,20], InN is
more difficult to synthesise than GaN. Our aim was the
preparation of InN by methods analogous to those de-
scribed above for GaN:

InX; 4+ 3 LiNH, — InN+2 NH3 + 3 LiX (X =CLI)

Reactions of InCls with LiNH, resulted in samples
containing In metal, even at temperatures well below
the decomposition temperature of InN (Fig. 9). After
reaction at 200 °C broad reflections are observed in
addition to the In peaks, and these closely resemble
the zinc blende-type GaN peaks. On raising the tem-
perature, sharper peaks attributable to wurtzite-type
(hexagonal) InN are observed, and on raising the tem-
perature further to 500 °C only In metal is observed.

* * * % 300 mg HDA 200 °C|
* * Fg
>
g
=
2 L °
£ R N W B IR ST A T
0
t .
g [ ]
L] L] L]
© L. 300°C
IM"ML.l ' | ) l 200°c
n 1 L 1 L 1 L 1 L 1 n
20 30 40 50 60 70 80

20 (degrees)

Fig. 9. XRD patterns of samples from solvothermal reactions
of InCl3 with LiNH; carried out at different temperatures.
e = hexagonal InN; * = In metal.

c)

b)

Counts (arbitrary)

2 0 (degrees)

Fig. 10. XRD patterns of InN obtained from InCl; and
LiNH; at 200 °C using: a) a 20 % excess of LiNH,, b) a 50 %
excess of LiNH», and ¢) a 100 % excess of LiNH, (e marks
peak positions attributable to In metal).

Addition of HDA to the low-temperature (200 °C) re-
action did appear to reduce the amount of In in the sam-
ples, but significant amounts were still formed.

An obvious way to reduce the amount of indium
metal by-products in these reactions would be to in-
crease the overall nitrogen content of the reaction mix-
ture. Hence the effect of using an excess of the nitro-
gen source reagent, LiNH,, was investigated. Fig. 10
shows the effect of excess LiNH,. A small excess,
20 %, resulted in a reduction in the amount of In in
the zinc blende-type InN products, but further addi-
tions of LiNH; resulted in no further improvement and,
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Counts (arbitrary)

20 (degrees)

Fig. 11. XRD patterns of InN obtained using Inl3 and LiNH;
at different temperatures. e = wurtzite-type InN, * = In metal.

at 100 % excess, amorphous scattering was observed
in the diffraction pattern. Another option that has been
reported by others [12] is the synthesis of InN from
Inl; instead of InCl3. Inl3 has a higher degree of cova-
lent bonding than InCl3 and this has been argued as the
reason why In* from Inlj is less liable to be reduced
to elemental indium. Reactions of Inlz with LiNH; re-
sulted in wurtzite-type InN (Fig. 11). Some indium was

still also present even at 200 °C, and the amount in-
creased at 250 °C.

Conclusions

Solvothermal reactions of GaCly with LiNH, are
an effective method to produce nanocrystalline GaN.
At 250 °C, GaN forms with the zinc blende struc-
ture type, whereas at higher temperatures a mixture
of zinc blende- and wurtzite-type phases forms. Ad-
dition of small amounts of hexadecylamine or N-cet-
yltrimethylammonium bromide surfactants to the low-
temperature reactions results in an increase in crys-
tallinity, but aggregation of the particles is not fully in-
hibited. The analogous reactions with InCls produces
InN, but this was contaminated with In metal even at
reaction temperatures as low as 200 °C. Use of excess
LiNH;, or substitution of Inl3 for InCl3, reduces the
amount of In in the products, but does not eliminate it
entirely.
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