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The Lewis acid/base adducts [X3M-N(SnMes);] (1-3: X = Cl, Br; M = Al, Ga, In) and [Cl,MeM-N(SnMe;);]
4 M = Al, 5: M = Ga) were studied as precursors for group 13 nitride materials. The compounds were
prepared by the 1:1 mole reaction of MX3 and MCl,Me with N(SnMes); at room temperature in diethyl ether
and crystallised from CH,Cl, at —20 °C. As shown by thermal analysis and the analysis of the volatile
by-products, the precursors of the type [X3M-N(SnMes);] decompose between 100 and 350 °C predominantly in
two steps via dehalostannylation by partly releasing Me;SnCl. Polycrystalline powders of AIN, GaN and InN
were obtained after prolonged pyrolysis under inert conditions (argon, and in vacuo) above 350 °C and were
contaminated with metallic tin according to the X-ray powder diffraction patterns. The pyrolysis of the
organometallic precursors [Cl,MeM-N(SnMes);] (4, 5) yielded tin-free nitride materials at temperatures below
350 °C due to the parallel elimination of SnMe4 and Me;SnCl, as evidenced by X-ray powder diffraction,

elemental analysis, NMR and IR spectroscopy of the products.

Introduction

The group 13 nitrides MN (M = Al, Ga, In) are interesting
semiconductor materials with a direct band gap from 1.4 eV
(InN) to 3.4 eV (GaN) and up to 6.2 eV (AIN) and have become
among the most promising materials for advanced opto-
electronics and high power devices due to an unique com-
bination of properties.! Group 13 nitrides are accessible by a
number of chemical routes, including salt metathesis>> as well
as the treatment of group 13 metal sources (e.g. metals, oxides
and organometallic group 13 sources) with a large excess of
ammonia at high temperatures of 600 °C (In) to 1100 °C
(Al, Ga).*

Only quite recently, efforts have been focused on developing
alternative chemical approaches to group 13 nitrides using
tailored molecular precursors, especially single molecule pre-
cursors containing performed M—N bonds.® The main aim is to
lower the growth temperature and thus to achieve molecular
control over the crystal growth and the processing of the
materials. This is particularly interesting for the fabrication of
nitride nanofibers® and nanocolloids’ by non-aqueous sol—gel
type chemistry or by pyrolysis of suitable precursors in
hydrocarbon solutions below 300 °C as well as for nanoscale
powders® and composites’ obtained by solid state pyrolysis.
The control over particle size and dispersion depends on
suitable molecular precursors allowing low temperature
processing. Most of this work has concentrated in the past
on molecular amido/imido and azido precursors to AIN'® and
GaN!! whereas still only very few reports exist on related single
molecule precursors to InN.'? In the case of GaN,'! for
example, cyclotrigallazane, [H,GaNH,];, has been used as a
single source precursor for nanocrystalline GaN at 600 °C. The
pyrolysis of [Ga(NH)/,], at 450 °C in vacuo or under NH; can
be employed to obtain nanocrystalline GaN powder samples.
The decomposition of Ga,[NMe,]s under a stream of NH; at
600 °C leads to cubic GaN. The precursor Ga[N(SiMes),]-
(OSiMe;)»(py) (py = pyridine) was shown to decompose into
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(dark coloured) GaN at 210 °C in a toluene solution by
splitting off the stable leaving group (Me;Si),0. Inorganic and
organometallic group 13 azido compounds have been exten-
sively studied.!>!* For example (N3),Ga[(CH,);NMe,] has
been successfully used to obtain high quality epitaxial thin films
by the MOCVD technique.'

For a number of materials (typically compound semicon-
ductors), dehydrosilylation elimination—condensation reactions
and dehalosilylation reactions have been studied as routes for
synthesising ME compounds even in solution from the starting
materials MX3 and E(SiMe3); (X = CL Br, I, H; M = Ga, In;
E = As, P) by formation of intermediates such as the primary
Lewis acid/base adducts [X3M-E(SiMe;);] and the subsequent
stepwise elimination involving further intermediates such as
[XoM {p-E(SiMes)»}o.'>'7 However, for E = N, similar
reactions are not feasible under comparable conditions. This
is mostly due to the strong N-Si bond and the steric conges-
tion in N(SiMe;)s, which significantly reduces the Lewis base
properties of N(SiMej3)3, as compared with E(SiMes); and thus
reducing the stability of the likely adduct intermediates
[X5M-N(SiMej;)3]. In contrast to N(SiMes)s, its tin derivative
N(SnMes)s is a very strong Lewis base and easily forms stable
adducts with numerous Lewis acids, i.e. with group 13 com-
pounds X3 - ,R,M (X = halide, R = alkyl) on which
properties we and others have reported elsewhere.'®'® The
N-Sn bond of N(SnMes); is significantly weaker than the N-Si
bond thus leading to a more facile nitrogen transfer by the tin
reagent. However, on the other hand, the trimethylstannyl
group is also prone to side-reactions involving Sn—C cleavage
like the corresponding trimethylsilyl group, which may be an
obvious drawback.?*?? Quite recently Carmalt ez al. reported
on some new gallium silylamido complexes and also described
the reaction of GaCl; with N(SiMe;) which did not give the
adduct [Cl3GaN(SiMes);] but the methyl transfer product
[MeGaCl,], showing exactly the problem discussed above.??
These considerations led us to evaluate in some detail the
potential of the Lewis acid/base adducts [X3M-N(SnMes);]
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(X = Cl, Br; M = Al Ga, In) and [Cl,MeM-N(SnMe;);]
(M = Al, Ga) as single molecular precursors for the respective
group 13 nitride materials.

Experimental section
General considerations

All manipulations were undertaken using standard Schlenk
and glove-box techniques under inert gas atmospheres (purified
N, or argon). Solvents (including solvent for NMR mea-
surements) were dried under Ar by standard methods and
stored over molecular sieves (4 A, Merck; residual water
<3 ppm, Karl Fischer). The precursors were synthesised form
N(SnMe;);,> MX; (purchased from Aldrich, dried and
purified by sublimation) and MX,Me?! as described below.
Infrared spectra were recorded from the powder dispersed in
KBr pellets using a Perkin-Elmer 1720X Fourier Transform
spectrometer and are reported in reciprocal centimeters. 'H,
13C and ""”Sn NMR spectra were recorded on Bruker DPX
250, DPX 200 and DRX 400 spectrometers (IH and '*C NMR
were referred to internal solvent and corrected to TMS; ''°Sn
NMR was referenced to the external standard tetramethyltin).
Elemental analyses were provided by the Microanalytic
Laboratory of the Ruhr University of Bochum. The thermal
analysis data (TGA curves) were obtained on a Seiko TG/DTA
6300S11 thermogravimetric analyser. The X-ray powder
diffraction data were collected on a Bruker AXS D8 Advance
diffractometer using Cu Ko, . » radiation (Zx,, = 1.54059 A,
Jo, = 1.544493 A).

Synthesis of the precursors [X;M-N(SnMej3)s] (1: X = C,M = Al;
2: X = CL, M = Ga; 2b: X = Br,M = Ga;3a: X = CLLM =
In; 3b: X = Br, M = In) and [Cl,MeM-N(SnMej3);] (4: M = Al,
5: M = Ga)

Compounds 1-5 were prepared according to the recipe out-
lined below for the synthesis of [Cl;Ga-N(SnMes);] (2a) as a
representative example: A sample of 0.246 g (1.4 mmol) of
GacCl; was dissolved in 50 mL of dry diethyl ether in a Schlenk
flask (150 mL) and a solution of N(SnMes); (0.708 g, 1.4 mmol)
in 30 ml of diethyl ether was slowly added with vigorous
stirring at 25 °C. An instantaneous formation of a white
precipitate was observed. After overnight stirring, the volatile
components were removed in vacuo to yield 2a as a white
powder, 0.887 g (yield 93%).

Compounds 1-5 are moisture and air sensitive as well as
thermally labile when kept in solution at room temperature for
prolonged times. The compounds are soluble in CH,Cl, and
THF and were purified by recrystallisation from saturated
solutions in CH,Cl, at —20 °C. Full details on the synthesis,
properties and analytical characterisation as well as on the
single crystal structure determination has been published
elsewhere.®

Pyrolysis of the precursors [X;M-N(SnMes)s] (1: X = CLM = Al;
2: X = CL,M = Ga; 2b: X = Br,M = Ga;3a: X = CLLM =
In; 3b: X = Br, M = In) and [Cl,MeM-N(SnMes)s| (4: M = Al,
5: M = Ga)

The pyrolysis of 1-5 were carried out following the
general method outline below. Samples of the precur-
sors [Cl;Ga-N(SnMes);] (2a: 0.252 g, 0.37 mmol) and
[Br;Ga-N(SnMes);] (2b: 0.326 g, 0.4 mmol) were transferred
into quartz Schlenk tubes, which were attached to a cold trap at
dry ice temperature (—78 °C). The system was kept under
dynamic vacuum (102 Torr). The Schlenk tubes were heated
stepwise to 180 °C (30 min), 350 °C (60 min) and finally to
650 °C for 1 h. During the heating process, the colour of the
initially white materials changed to light yellow, then brown
and eventually dark powders were formed. The powders were

washed with CH,Cl, and allowed to dry in vacuo (0.192 g,
61.9% yield for 2a, 0.195 g, 58.3% yield for 2b). About 0.144 g
of ClISnMe; (65% yield) and 0.175 g (59.76% yield) of BrSnMes
were collected and isolated (fractional condensation) from the
cold trap as the dominant by-product and identified by their
'H, 13C and '"°Sn NMR spectra. The solid residues of the
pyrolysis were analysed by X-ray powder diffraction, elemental
analysis and IR. Elemental analyses (%) for the solid products
resulting from the decomposition: for 2a: calc. (found): N 16.72
(12.25); € 0.00 (3.21); H 0.00 (2.06); Ga 83.28 (67.5); Ga/N =
1.11: 1. For 2b: calc. (found): N 16.72 (12.11); C 0.00 (3.50); H
0.00 (2.15); Ga 83.28 (65.79); Ga/N = 1.09:1.

Pyrolysis of [CI3Al-N(SnMes)s] (1, 0.160 g, 0.250 mmol) and
[Cl,MeAl'N(SnMes);] (4, 0.195 g, 0.315 mmol), heating
scheme: 200 °C (30 min), 350 °C (60 min), 650 °C (60 min)
and finally at 1000 °C for 4 h. The residues were characterised
by X-ray powder diffraction.

Pyrolysis of [ClzIn-N(SnMes)s] (3a, 0.160 g, 0.220 mmol)
and [Br;In-N(SnMes)s] (3b, 0.240 g, 0.280 mmol), in vacuo,
heating scheme: 150 °C (30 min), 300 °C (30 min) and a final
step at 450 °C for 30 min under argon (1 atm). The resulting
dark powders (yields not determined) were washed with
CH,Cl,, dried in vacuo and analysed by X-ray powder
diffraction.

Pyrolysis of [Cl,MeGa-N(SnMejs);] (5, 0.660 g, 1.0 mmol),
in vacuo, heating scheme: 180 °C for 30 min, then at 350 °C for
60 min. Finally the temperature was raised to 650 °C and kept
constant for 2 h. The resulting dark powder was washed with
CH,Cl,, allowed to dry in vacuo (yield: 0.10 g, 15%) and was
characterised by X-ray powder diffraction (Fig.2) and IR
spectroscopy (Fig. 3). About 0.310 g of ClSnMes (77.5% yield)
and 0.160 g (65% yield) of SnMe, were collected and isolated
(fractional condensation) from the traps as the dominant
by-products and identified by their 'H, '*C and '"’Sn NMR
spectra. Elemental analyses for the solid products resulting
from the decomposition of 5: calc. (found): N 16.72 (15.55); C
0.00 (0.61); H 0.00 (0.50); Ga 83.28 (80.5); Ga/N = 1.05:1.

Results and discussion

Precursor synthesis

The 1:1 adducts of MX; and MCl,Me with N(SnMes)s
[X3M-N(SnMes)s] (1-3) and [Cl,MeM-N(SnMes);] (4, 5) are
quantitatively formed at room temperature in diethyl ether
solution (Scheme 1). These adducts were isolated as air and
moisture sensitive colourless crystalline solids by recrystallisa-
tion from saturated dichloromethane solutions at —20 °C. At
room-temperature and above the compounds are not stable,
especially when kept in solution. Prolonged stirring of sus-
pensions (longer than 15 h) at room temperature in diethyl
ether during the preparation, leads to decomposition into the
dimeric compounds, e.g. [X,GaN(SnMes),],, as indicated by
the NMR data of the reaction solution, with formation of
Me;SnCl. However, at temperatures below —20 °C the
compounds are more stable and the isolated pure crystalline
compounds can be stored under argon with cooling (=20 °C).

N(Sr‘lMEa)a
RX;M N(SnMe3) it M
+ nMe e sy
& (SnMes; Et,0 R™ VX
X
M= Al, Ga, In; X=Cl, Br; R= X, CH; 1-5
200-350 °C
MN I -
- XSnMes; - RSnMe;
Scheme 1
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Fig. 1 Above: Thermogravimetric analysis data (TGA) for the decom-
position of [Cl;Ga-N(SnMe;)s] (2a) and [Br;Ga-N(SnMejs)s] (2b).
Below: Thermogravimetric analysis data (TGA) for the decomposition
of [CLILAI'N(SnMes)s] (1), [ClIn-N(SnMes);] (3a), [BrsIn-N(SnMes)s;]
(3b), [MeCl,Al'N(SnMes);] (4) and [MeCl,Ga-N(SnMe;);] (5).

More details on the synthesis, analytical data and structural
properties have been published elsewhere. '’

Thermal analysis and pyrolysis

We started out with a study of the thermal behaviour of
[X5Ga-N(SnMes);] (2a: X = CI; 2b: X = Br) by TGA (Fig. 1).
The data were obtained under a stream of dry Ar and a heating
rate of 5 °C min~'. Three regions of weight loss up to 600 °C
are evident. The first two steps occur from 50 to 350 °C with
corresponding weight losses of 60 and 45%, respectively. The
third stage up to 600 °C is associated with a smaller weight loss
(4 and 5%) and the final weight of about 32% (2a) and 50%
(2b) is still much above the theoretical value of 12.3% (2a) and
10.3% (2b) for the clean formation of GaN. This behaviour
indicates an incomplete and non-selective elimination of the
XSnMe;. Then both precursors were decomposed under
similar conditions on a preparative scale. Fig.2 shows the
XRD pattern of the resultant solid products derived from
pyrolysis of 2a giving evidence for the formation of hexagonal
GaN. The obtained lattice constants are ap = 319.2(2) pm and

= 519.5(2) pm which are a little larger than the respective
values of relaxed bulk microcrystalline GaN of ¢y = 318.9 pm
and ¢y = 518.5 pm. A small peak close to 40° is assigned to the
(200) reflection of cubic GaN. An unusually intense (002) peak
in the pattern indicates a preferential orientation of (00/) in
GaN due to a non-isotropic crystallite size (needles or sheets) as
observed in some other studies on the pyrolysis of related single
source precursors to GaN.!!?* The peaks are broadened with
respect to microcrystalline GaN reference samples indicating
smaller crystallite sizes or crystalline domains in the range of
10-30 nm (using the Scherrer equation) quite similar as
observed in numerous studies on the pyrolysis of other
precursors to group 13 nitrides.'** Generally, the size of the
crystalline domains depend very much on the conditions of the
heat treatment of the sample (e.g. the annealing temperature
and time). We studied these issues in some detail in the case of
the controlled detonation of gallium azide precursors of the
general formula [(N3);Ga(NR3)].>* The particular samples
discussed here, most likely consist of agglomerated crystalline
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Fig. 2 X-Ray powder diffraction patterns of the solid products
resulting from the thermal decomposition of [Cl;Ga-N(SnMes)s]
(2a), [MeCl,Ga-N(SnMes);] (5), [ClIn-N(SnMes);] (3a) and
[CAI'N(SnMes); ] (1) at 350 °C and an additional annealing
step (1-2 h) at 650 °C. The asterisk (*) denotes oxide impurities (e.g.
A1203 and In203).

primary particles together with a more or less amorphous
matrix and of course do not contain free standing, isolated
nanoparticles of the nitrides. A more detailed analysis of the
distribution of particle sizes and shapes of the group 13 nitride
powder samples reported here is thus not meaningful. The IR
spectra of the solid products (Fig. 3) show a strong peak at
about 580 cm ™!, This feature again compares nicely with other
GaN samples derived from single source precursors and is thus
assigned to the Ga—N stretching mode (E2)."** The materials
obtained from pyrolysis of 2a (and also 2b) however still
contain significant impurities (metal Sn, C, H and even halide
X), which are easily observed from the XRD patterns and the
elemental analysis. We tried to optimise the conditions in order
to eliminate the leaving group XSnMes completely at lower
temperatures up to a maximum of 350 °C. These attempts
however failed. When the temperature was raised above 350 °C,
another fraction of XSnMej started to eliminate again and
collected in the cold trap, but also the formation of metallic tin
occurred simultaneously.
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Fig. 3 IR spectra of the products resulting from the thermal decom-
position of [Cl;Ga-N(SnMe;);] (2a) at 350 °C and an additional
annealing step at 650 °C and of [MeCl,Ga-N(SnMes);] (5) at 300 °C.

The AIN and InN precursors 1 and 3a,b showed a quite
similar behavior of incomplete and non-selective elimination
of XSnMe; below 350 °C. The resulting black powders were
characterized by X-ray powder diffraction giving some
evidence for the formation of AIN (broadened reflections at
the respective 6 values for the hexagonal phases) and InN.
As the temperature was raised above 350 °C, another fraction
of BrSnMe; and CISnMe; was removed from the solid, as
observed for 2a and 2b, and collected in the cold trap. In the
case of 1 parallel decomposition to give metallic tin also took
place. Also, the competitive formation of oxide impurities is
thermodynamically much more favourable for Al and In than
for Ga. While all experiments were conducted in the same and
very controlled manner, traces of moisture and oxygen
(unavoidable leaking of the glass apparatus) could not be
fully excluded, at least under our conditions (pyrolysis under
dynamic vacuum). This caused the formation of some traces of
Al,O3 and In,O3 (as denoted with an asterisk in the XRD
pattrens of Fig. 2). Our observation of incomplete elimination
of XSnMe; using the halide precursors 1-3 is similar to a
number of related cases, for example the preparation of GaP
from the solid state pyrolysis of [Cl;GaP(SiMes)s] using the
dehalosilylation strategy.'> Some silicon, carbon, and pos-
sibly halide is tenaciously retained in the solid products and
influenced the mass balance.

To further evaluate precursors 2a and 2b for the growth of
crystalline GaN, we conducted the pyrolysis under a series
of different conditions: vacuum (10™3 Torr), dry Ar current
(1 atm) as well as under a flow of NH; (1 atm) and up to
temperatures of 650 °C. However, there were no particular
differences between the obtained products. Therefore, com-
plete removal of the XSnMe; group appears to be very difficult
and the retention of some Sn, C, H, and X in the final products
seems to be an intrinsic property of these particular precursor
systems. The bromo derivatives behave less satisfactorily than
the chloro precursors, which is ascribed to the thermodyna-
mically somewhat less favourable formation of BrSnMes;.

Consequently, more labile precursors and more selective
decomposition reactions are needed which allow the elimina-
tion of volatile tin species below 350 °C. Since the alkyl-
trimethyltin elimination reaction has particularly been shown
to serve as a simple, single-step, low-temperature pathway to
substituted aminogallanes we looked at the possibility for

the elimination of tetramethyltin.23 In addition, a short note
in a paper by Dehnicke et al. from 1995 on the pyrolysis of
the adducts [Mes;M-N(SnMes)s] referred to the formation of
SnMe, as the dominant by-product. Pure MN phases were
however not obtained.'® Thus we turned our interest to the
mixed substituted methyl derivatives [Cl,MeM-N(SnMej;);] 4
and 5 in order to combine dehalostannylation with tetra-
methyltin elimination.

The TGA curves of Fig. 1 for precursors 1, 3a, 3b, 4 and 5
together with TGA for 2a and 2b show, that the monomethyl
derivatives 4 and 5 indeed show much smoother decomposition
behavior than their trihalide congeners. The elimination of
volatile tin species is now much more effective and is almost
completed below 300 °C. There is no significant further loss of
weight during prolonged heat treatment. In the TGA experi-
ments (Ar current), the accessible total mass loss of about
70-80% for 4 and 5 was closer to the theoretical values of
weight losses of 87.3% (GaN) and 93.4% (AIN) than in the case
of the other halide precursors.

The pyrolysis of the methyl derivative [Cl,MeGa-
N(SnMes);] (5) was then conducted in vacuo on a preparative
scale in a stepwise manner up to a maximum temperature
of 650 °C. The GC/MS analysis of the resulting volatile
by-products collected in the cold trap (liquid nitrogen)
expectedly confirmed the presence of both CISnMe; and
SnMe, as the dominant products. Likely organic side-products
such as CH;Cl, C,Hg, etc. were not detected by GC/MS
(Scheme 1). This elimination appeared to be complete even
below 300 °C, thus avoiding the decomposition of residual tin
species into metallic tin at high temperature. However, under
such mild conditions (200-300 °C), the solid residue did not
show the characteristic XRD features of crystalline
GaN. However, the IR spectrum of the product (Fig. 3)
exhibits an intense peak centred at 580 cm ™ '. This is assigned to
the Ga—N lattice vibration (E2 mode) as observed for the
pyrolysis of 2a and 2b and other related GaN materials.>* After
subsequent annealing at 650 °C for 1-2 h the resultant, now
only slightly brownish coloured product was identified as the
hexagonal phase of GaN by X-ray diffraction without any
other detectable crystalline impurities, e.g. tin, Ga,O0s,
etc.(Fig. 2). A small reflection near 40° can be indexed to
cubic GaN. The pyrolysis of [CI,MeAl-N(SnMej3);] (4) was also
carried out in dynamic vacuum in a similar manner with a final
annealing step at 1000 °C and resulted in a black solid
containing cubic AIN. Impurities of tin were again not detected
by XRD.

Conclusions

The potential of dehalostannylation reactions for the synthe-
sis of group 13 nitrides using the Lewis acid/base adducts
[X5M-N(SnMes);] (X = Cl, Br; M = Al, Ga, In) and the mixed
substituted [Cl,MeM-N(SnMes);] (M = Al, Ga) as molecular
precursors has been evaluated. As expected, most of the
elimination of XSnMe; from the trihalide precursors
[X5M-N(SnMes);] (1-3) takes place at moderate conditions
below 350 °C. The chloro precursors are generally better
choices than the bromo congeners. However, in both cases the
pyrolysis at elevated temperatures (600 °C) is accompanied
with unselective decomposition and formation of metallic tin
impurities. By employing the thermally more labile mixed
substituted organometallic precursor 5, tin-free nitride samples
of nanocrystalline GaN were obtained at moderate conditions
(below 300 °C) because of the more facile and selective parallel
elimination of CISnMe; and SnMe,. However, as seen from the
mass balance, the elemental analysis and even by the unaided
eye (brown products rather than white samples) chemically
pure nitride materials have not, as yet, been obtained. The best
results were obtained for the GaN precursor 5. Whilst, further
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optimisation of the precursors and conditions is needed, the
results clearly indicate that tris(trimethyltin)amine represents
an interesting synthetic equivalent for ammonia for the growth
of group 13 nitride materials, and possibly for metal nitride
materials in general. For example, the precursor [Cl,MeGa-
N(SnMes)s] (5) is possibly labile enough to be useful for the
growth of free-standing, surface stabilised nanoparticles of
GaN as colloids by injection into suitable, thermally stable and
chemically inert hydrocarbon solvents heated to 250-300 °C in
the presence of suitable surfactants.”
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