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Abstract 

The synthesis. properties and the molecular structure in the solid state of tria/.ido(tripyridino)indium (I), the mixed coordination 
polymer {(CF,SO,Sin[(CH,),NMe,)l,(~-N,)In[(CH,j,NMe, )I,), (2) and the polymeric monoazide {(N,)In[(CH, 1 NMe,)],) (3) are - 3 
reported. Some aspects of the precursor chemistry of 1-3 related to the synthesis of InN thin films are discussed. with special emphasis 
on the aspect of the accessible chemical purity of the precursors. Compound 3 ullowed the growth of crystalline InN thin films at 
300-4SO”C in the absence of ammonia using the technique of or~anometallic chemical vr?: or deposition. 0 1997 Elsevier Science B.V. 

K~ywds: Iridium: Azidrs: lndium nitride: MOCVD; Thin films 

1. Introduction 

Since the development of the first optoelectronic 
solid state devices about 25 years ago there has been a 
continuous tltmi.ml for ct’ficient blue and IJV light 
emitting materials. The group-I 3 nitrides are the most 
potent materials for this purpose. The wide direct band 
gap (I.9 eV InN; 3.45 eV GaN; 6.2 eV AIN), their 
isomorphous miscibility allowing band gap engineering 
as well as other materials properties including inertness. 
mechanical hardness and high thermal stability, radia- 
tion resistance, large avalanche breakdown fields and 
large high-field electron drift velocities, makes the AI- 
GaInN quaternary alloy system uniquely suited for nu- 
merous device applications [I]. Because of the large 
equilibrium dissociation pressure of nitrogen over the 
nitrides at typical growth temperatures (e.g. 105 atm at 
1100 K for InN) it is not feasible to grow large single 
crystals from the melt like in the case of silicon or the 
other III/V semiconductors, e.g. GaAs. To date, vapor 
phase heteroepitaxy of the materials on single crys- 
talline substrates is the only method to fabricate device 
quality crystalline group- I3 nitride materials. All com- 
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mercial available devices are grown by organometallic 
vapor phase epitaxy (OMVPE [2]) using trialkyl deriva- 
tives of the group-13 metals and ammoria as reagents. 
High output at comparably low costs are the main 
advantages of OMVPE over physical methods like MBE 
[3]. The growth of the nitrides by thermal methods 
necessitates minimum substrate temperatures above 
550°C to activate ammonia. Typical deposition tempera- 
tures for AIN and GaN are above 9SO°C, which is in the 
range of the decomposition temperatures of the respec- 
tive nitrides [4]. Mainly for this reason the ammonia to 
group-l 3 component ratio is very large ( > 10’) during 
the OMVPE process. As a consequence, the hydrogen 
incorporation into the grown nitride thin films is high 
and the OMVCD grown materials are difficult to p-dope. 
Especially the growth of InN or indium-rich ternary 
phases is a severe problem. Because of the low decom- 
position UiiSit ( - fiQO”Cl of InN [4] the formation of 
indium droplets on the surface of the InN layer occurs. 
The authors of a very recent review article on the 
properties and growth of group-l 3 nitrides state in their 
summary: The most pressing need is for an InN precur- 
sor which deposits high-quality InN at growth tempera- 
tures less than 500°C and allows higher indium mole 
fractions to be incorporated in device quality ternary 
and quaternary alloys with gallium and aluminum ni- 
trides. [I]. 
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2. Growing the nitrides from single sources: a sim- 
ple, elegant solution for a complex problem? 

For certain examples it was demonstrated that the use 
of single molecule precursors rather than applying two 
independent sources allows elegant molecular control 
over the composition of binary thin films leading to 
stoichiometric growth even with simple equipment [5]. 
In the case of the group-13 nitrides, the incorporation of 
the nitrogen in a chemically activated form into the 
precursor compouud may lead to stoichiometric growth 
in the absence of ammonia at much lower temperatures 
as compared to the conventional methods. An ideal 
single source precursor for InN would be a non-pyro- 
phoric, non-explosive. non-toxic, air-stable liquid com- 
pound with a high vapor pressure ( > 1 Torr at moderate 
conditions), exhibiting a molecular structure with strong 
covalent In-N bonds and no or at least only few In-C, 
C-C, C-H, N-C or N-H bonds and no other types of 
chemical bonds. To ensure stoichiometric growth the 
precursor should be nitrogen rich and the thermal stabil- 

ity of the compound should be comparably low (dec. 
h 250°C). Unfortunately, the known compound triazi- 
doindium, In(N,),, which meets most of the above 
criteria, is explosive and a non-volatile solid [6]. Al- 
ready some years ago in 1989, namely Beach et al. [7] 
and Gladfelter et al. [s] demonstrated the potential of 
organometallic derivatives of the parent triazides E(N,),, 
e.g. [R,E(N,)],, for the growth of the nitrides EN 
(E = Al, Ga). The fragmentation of the azide group into 
dinitrogen and a reactive nitrene intermediate is a well 
known decomposition pathway of covalent azides [9, IO]. 
Against this background, the chemistry of’ group-13 
azides in general has still remained rather undeveloped. 
Since the early work of Wiberg et al. in the mid 1950s 
and the contributions of Dehnicke et al. in the late 
1960s (see Table 1) it was only quite recently when 
Cowley et al. [ 1 l] and ourselves [ 12- 161 independently 
started out to study the coordination chemistry of group- 
13 azides in more detail, aiming at novel and improved 
precursor compounds for OMVPE of the nitrides. Lately 
we communicated our preliminary results on the appli- 

Table I 
Review of known uzide compounds of aluminium. gallium and iridium (structurally characterized compounds are represented in ircrlicx) 

Aluminium Gallium lndium 

Monolrzidcs X ,GdN,k X = Br. I ‘I’ 
K[(Mc,AI),N,]” 
(Rz)Al(NI)P 
[(CH~),NMc,]AI(N,)” 
[M~,(H,N’Bu)AI(N,)” 

Diazides Mc.,N[Mc~Al(N,),]” 
(RMN,):, P 

Triazidcs 

{[(thf), Na][(thf& AI(NI 1, ]h ’ 

Do = THF. H,N’Bu, Py. N&H,, i’ 
Cp(CO),W-Ga(N,),(NMc\)” 
Cp(CO),Fe-Gun” 
(CO),Co-Ga(N,),(NMe,)“ 
[GaW,l, ’ 
f Et, NIGcrfl\ll, ),, ” 
(MelN)Ga(N,), %’ 
(H,,C,N)Gil(N,),” 
tpy~~(Gltly !( a*r 
(TMEDA),[Ga(N, ),I, ” 
(I ,4.7-Trimethyl- I .4,7-triitza-cy~lononan)Gu(N I )I *’ 
(PMDTIGo(N, )I rt 
Li(CH ,)Gu(N, II il 

IIn(N,) ’ 
fI?r’)., IdA’, )., t 
([<py)~Nal[(py),In(N,),lX’ 
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cation of a new organometallic InN single molecule 
precursor [ 171. Here we wish to present our rztults on 
the synthesis and structural chemistry of novel indium 
azides, which are of interest as precursors for InN. 

3. Synthesis and properties 

According to Wiberg et al. the triazides E(N,), are 
accessible by the treatment of ECI, in THF solution 
with sodium azide (Scheme 1). The primary products 
are the soluble species (THF),,E(N,), which can be 
separated by filtration. These intermediates easily lose 
the coordinated solvent and the highly explosive tri- 
azides E(N,), are obtained. However, such sampies are 
always contaminated by traces of NaCl and excess 
NaN, (checked by elemental analysis and XRD). In 
addition, the reaction is complicated by the formation of 
highly associated insoluble tetraazido complexes, which 
we have structurally characterized [ 181 and will be 
reported elsewhere. For gallium it was shown previ- 
ously, that by using suitable donor ligands it is polssible 
to break up the polymeric structure of Ga(N,),. Some 
examples of the resulting monclnolecular Lewis-base 
adducts (L),,Ga(N,), have been characterized analyti- 
cally and spectroscopically [ 13,141. A single crystal 
X-ray diffraction study of (py),Ga(N,), revealed the 
expected octahedral structure with a meridional arrange- 
ment of the terminal azide groups [ 141. Parallel to our 
work Cowley et al. communicated a different multi-step 

synthesis and structural data on (py),Ga(N,),, too [19]. 
Aiming at ultra high purity of the potential new precur- 
sors for nitride growth, special reagents and multistep 
synthesis clearly represent a problem. Also, the use of 
ethers as solvents should be avoided as far as possible. 
The cleavage of the C-O bond at Lewis-acidic centers 
may occur at least in traces. This mechanism may lead 
to unacceptably high levels of O-impurities in the pre- 
cursors. The grown GaN films will then be intrinsically 
contaminated with traces of oxygen, giving rise to 
unwanted characteristic photoluminescence at 3.37 eV 
[ 121. It is thus far more elegant to synthesize the key 
compounds (py), E(N,), (or similar amine stabilized 
derivatives [ 131) in a one-step reaction directly from 
EX, (X = halide) and stoichiometriti amounts of sodium 
azide in amines, e.g. pyridine, as solvents. The yields 
are quantitative and the reagents are available in high 
purity. The vapor pressures of the Lewis-base adducts 
(L),,E( N,), studied so far are too low to give reasonable 
growth rates in OMCVD experiments, which have to be 
about I nm s-‘. But the growth of polycrystalline GaN 
thin films using spin-on pyrolysis methods is possible 
[ 151. By introduction of a hydrocarbon ligand capable of 
intramolecular adduct formation and thus sacrificing 
one or two of the azido groups, fairly volatile monomeric 
(gas phase) organometallic group- 13 azide precursors 
are accessible. These derivatives are not explosive. They 
are also non-pyrophoric and only moderately moisture 
sensitive. Interestingly, the indium compound 3 is air 
stable and does not react with ammonia even in the 

:  

Toluene/RT 

Toluene I 

Scheme I. Synthetic routes to compounds 1.2 and 3. 



meli. Schumann et al. have shown that related in- 
tramolecularly adduct stabilized group- 13 metal alkyls 
also exhibit advantageous properties as novel precursors 
for OMVPE of GaAs and InP [2O]. Especially oxygen 
incorporation is suppressed by using intramolecularly 
adduct stabilized group-13 metal precursors 12 11. An 
optimized synthetic route still remains to be worked out 
which allows to obtain precursors such as 3 by a one 
pot synthesis via intermediates of type 1 in amines as 
solvents. For gallium recent results confirm this possi- 
bility [ 151. For aluminium [ 161 and indium only step- 
wise routes were successful, so far. In the case of 
indium the exchange of the halide substituent by a 
better leaving group (CF,SO,, PF; ) proved to be nec- 
essary (Scheme 1). If the excess of sodium azide and 
the temperature are too low and/or the reaction time is 
to short, the intermediate 2 is more or less abundant in 
the reaction mixture and cannot be quantitatively sepa- 
rated by crystallization or sublimation from the product 
3. Halide bridged species similar to 3 can be expected 
to be present as impurity for the same reasons. Then, 
the analytical data of the recrystallized and sublimed 
products (!I show values of halide (or S. which comes 
from the triflate) in the range between I-10 wt%. 

4. Structure 

The compound crystallizes from toluene/pyridine 
solvent mixtures as colorless large plates in the triclinic 
space group Pi. The monomeric molecular units in the 
crystal (Fig. I I. show no noticeably short intermolecular 
contacts. The indium center is coordinated octahedrally 
with the azide groups arranged meridionally. The angles 
In-N,-N, and N,-N,-N, are reasonably close to the 
“ideal” values of 120” and 180” of covalently bonded 
azides. Compound 1 is thus isostructural to the previ- 
ously reported homologs of aluminium and gallium. 
However, it is necessary to compare. some of the struc- 
tural details within this homologous series. A typical 
feature of covalent azides is the alternation of the N-N 
bond lengths 191. The N,,-N, bond is long and the 
NV-N bond is shorter (for example: BrN,: 123 and 113 
pm ]9f; A(N-NJ = 10 pm). In accordance with NBO 
analysis 191 this can be interpreted as the solid state 
manifestation of thj: classical Lewis representation of 
covalent azides with two non-bonding electron pairs at 
the N, and a formal triple bond between N, and N,. 
For the aluminium and gallium complexes the azide 
groups trans to each clearly exhibit this feature with a 
value of A(N-N) = 5 f I pm [ 14,161. For iridium the 
alternation of the respective N-N distances is small 
( < 2 Pm) and close to error of the structure determina- 
tions This agrees with a more ionic description of the 

Fig. I. Molecular structure of I in the solid state (OKTEP-plot with 
SO& probability thermal ellipsoids). Selected distances (pm) and 
angels (“): In-N I 2X3.5(2). In-N4 21932). In-N7 32332). In-N I I 
(23 I. l(2). In-N IO 229.9(2). In-N I2 227.9(2). NS-NS I 16.6(J). 
NS-N6 ll7.1(3). N7-NS 1 lS.6(3). NS-N9 I 1734). N I -N2 
106.0(4), N2-N3 I2 I J(4); N&In-N I S9.99(9). N&In-N7 
176.68(S). N4-In-N I I 88X(9), N4-In-N IO SS.4CMS). NJ-In-N I2 
91.05(9), N I -In-N7 93. IO(L)), N I -In-N IO 175.39(S). N7-In-N l l 
89.9903). N7-In-N10 9lSOW. N7-In-N12 S9.96(9), NI I-In-N10 
X4.01(8). N I I -In-N I2 I7 I. lO(7). N4-NS-N6 176.0(J). 

In-Ni,,ae bonds. A striking common feature of the 
aluminum and indium complexes in contrast to the 
galhum compound [ I2- 16,191 should be mentioned. 
The N-N distances of the azide group in trans position 
to one pyridine ligand are UIIUI~MI, the N,,-N, is short 
and the N,-N, bond is longer (Fig. I)! This and the 
general small non-systematic \*ariation of E-N;,,,,,, and 
E-N,,, distances, which resulted in case of the Al and 
In compounds (Fi g. 1) but not for the gallium complex, 
could be an effect in the solid state and the structural 
details should not be overestimated in these cases. 

Compound 2 crystallizes as colorless needles from 
toluene/n-pentane in the monoclinic space group 
P2, /n. In the solid state compound 2 forms one-dimen- 
sional polymeric chains. The chain structurti is built up 
by alternating head to tail bridging azide and triflate 
groups. Fig. 2 shows the repeat unit of the structure. 
The structure can be interpreted as the co-crystallization 
of two different monomeric species 
KF,SO,)In[(CH 1),NMe2)]2 and 
(N,)In[KH, J3NMe, 11,. In the solid state both nitrogen 
atoms are coordinated&at the indium centers. The bridg- 
ing azide group exhibits significantly different distances 
between the terminal N atoms and the indium centers. 
Inl-N3 amounts to 230.9 pm and In2-NS with 256.4 
pm is longer. The shorter distance compare!. to the 
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Fig. 2. Molecular structure of 2 in the solid state (ORTEP-plot with 50% probability thermal ellipsoids). Selected distances (pm) and angels (“1: 
In I-N I 24&O(3), In I -N2 248.8(3). In I -N3 230.9(3). In I -C5 2 14.9(4), In I -Cl0 2 i5.0(3). N3- N4 I 18.4(4). N4-NS I 16.6(4). W-N5 256.4(3), 
ln2-N6 249.8(3), ?n2--N7 249.9(3). ln2-C IS 2 14X4), ln2-C20 2 i4.3(4). In2-0 I 247.3(2). N I -In I -N2 I73.84( IO), N I -In 1 -N3 86.90( 1 i 1, 
N2-Inl-N3 88.37(1 I), N3-lni-CS 100.76(14). N3-In-Cl0 100.79(15). CS-Ini-Cl0 158.iSCi4). Ini-N3-M4 126.3(3), N3-N4-N5 177.7(4), 
N4-NS-In2 i23.2(2). NS-In2-N6 93.84( I I ), N5-in2-N7 92.64( I I ). N5-In2-0 I i75.49(9), N6-In2-N7 173.49 ( iO1. N6-In2-C 15 79.92( 13). 
N6-In2-C20 99.14(14), N7-ln2-Cl5 100.38(13), N7-In2-C20 80.41(14). 

In-No,ide covalent bond similar to 1. The longer dis- 
tance reflects the weaker dative donor acceptor type 
bond to an adjacent In center. The angles In1 -N3-N4 
of 126.2” and N4-N5-In2 of 123.3” are within the 
expected range and again correspond to the sp’ hy- 
bridization of the N atoms. A similar situation is found 
for the coordination of the triflate group. The indium 
oxygen bond distances range from 247.3 pm (In2-01) 
to 309.2 pm (In1 -02). The best description of the 
structure of 2 is that of an infinite association of the 
dimeric unit ((CF,SO,)ln[(CH z ),NMe, )I&- 
N,)ln[(CH 1 ),NMe, $1 with a hexacoordinated center 
In2 and a pentacoordinated center Inl. This latter In 
atom is weakly coordinated to an 0 atom of the next 
triflate group. Similarly ordered, polymeric structures 

have already been described by Schumann et al. for 
Br-In[KH , J3 NMe, >], and I-Ini(CH 2 j3 NMe2 >I2 as 
well as by cdwley et al. for related indium halides [22]. 
The In1 atom rests in the center of a distorted trigonal 
bipyramid. The nitrogen atoms of the chelating ligands 
are at the axial positions (N 1 -In1 -N2 173.87”). The 
weak coordination of the oxygen atom 02 of the triflate 
group causes a characteristic widening of the angle 
CS-Inl-Cl0 to 158.1” from the ideal \.aise of 120” 
expected for a trigonal bipyramidal structure. The coor- 
dination of the In2 center is clearly closer to an octahe- 
dral geometry. The distances ln2-NS, In2-01, In2-N6 
and In2-N7 are quite similar ranging around 250( f 6) 
pm, while the In2-C20 and In2-C 16 bond lengths of 
about 2 14 pm are much shorter. The angles C20-In%- 

Fig. 3. Molecular structure of 3 in the solid state (ORTEP-plot wit+ 50% probabihty thermal ellipsoids). Sekcted distances (pm) and angels (“): 
In-Ni 252.6(2). In-N4 249.6(2), In-Cl 214.8(2). Ni-N2 I i6.5(2). Ni-In-N4 88.94(8), Ni-Int-K4a 91.06(8), Ni-JR-Ci 91.1 i(8). 
N I -In-C I a 88.89(S), C I -In-C in 180.00, N4-In-N4a 180.00, N4-In-C 1 80. I2(8), N4a-In-C I 39.88(S), N i -N2 -N i ;I i 80.0, In-N i -N2 
ii9.44(14). 



c]5, Nfj-[n2-N7 and N5-In&0 1 are all Close t0 180”. 
The atoms C20, N7, ln2, N6 and Cl5 are almost 
coplanar. 

4.3. Molecular stnicturr qf 3 

Compound 3 crystallizes as colorless needles from 
CH,Cl,/n-pen-tane solutions at - 30°C in the triclinic 
space group PI. The solid state structure of 3 (Fig. 3) 
again shows one-dimensional polymeric chains. The 
head to tail bridging mode of the azide moiety is similar 
to compound 2. However, N2 and In are both centers of 
symmetry now. Therefore there is only one characteris- 
tic In-NUide bond for the intinite chain: In-N1 of 252.6 
pm and the bridging azide unit is symmetric also, e.g. 
N 1 -N2 = 116.5 pm. It should be noted, that the homol- 
ogous Al compound (N,)AI[(CH,),NMe,], is 
monomeric in the solid state without noticeably short 
intermolecular Al-N,,,,, contacts [ 161. The respective 
Ga homologue is currently under investigation. The 
bonding parameters of the azide groups of the almost 
octahedrally coordinated In center compare well with 
compounds 1 and 2 respectively. Because of symmetry, 
the angles N4-In-N4a, N 1 -In-N la and Cl -In-C la 
are now exactly 180” and the In centers are no longer 
chirai as it was the case for 2. Compound 3 shows an 
interesting phase transition. Both forms, the high tem- 
pfrature form and the low temperature form are triclinic 
Pl. At temperatures higher than - 30°C the symmetry 
of the molecular structure reduces, N2 and In are no 
longer inversion centers and the In-N,,,i,l, distances 
alternate in the same way as it is observed for 2. This 
transition goes along with an extension of the unit cell. 
A detailed crystallographic analysis of this behavior will 
be published elsewhere [23]. 

5. Thin film growth 

5. I. Stoichiometric cptalline InN films 

Using a horizontal isothermal hot walled tube reactor 
[24] at temperatures from 300 to 500°C quite pure 
(EDS, Fig. 4; carbon and oxygen impurities are below 
the detection limit of 0.5 at%) and crystalline InN films 
(Fig. 5) were deposited from precursor 3 on (111) 
silicon, (ml) GaAs and (000 I) Al,O, (sapphire, also 
with AlN and GaN buffer layers) substrates. Various 
conditions were employed, either without any carrier 
gas in ~~40 or using a mixture of N, and NH, as 
carrier gases. The growth rates (by profilometry) were 
between 0.3 pm/h (best crystallographic properties) up 
to 5 @m/h (homogeneous, very smooth surface, POIY- 

crystalline or amorphous nature). The main constituents 
(> 95%) of th e exhaust gases (GC/MS; NMR spec- 
troscopy of the condensables) were unsaturated amines 

CPS 
7 Si 

Energy (keV) 

Fig. 4. EDX spectra of a crystalline InN film deposited from com- 
pound 3 by OMCVD. 

e.g. H.C=CHCH,NMe,. Thus, the nitrogen atom of 
the chelate ring OF 3 do& not serve as the (major) N 
source for the InN growth. X-ray diffraction studies on 
representative samples revealed the common hexagonal 
wurtzite phase of InN and the preferred orientation of 
the (002) direction of the lnN crystallites parallel to the 
(00 1) direction of single crystalline sapphire substrate. 

5.2. Eflect qf impurities 

The precursor chemistry of thin films represents a 
rather flourishing branch of organometallic chemistry. 
But there is one aspect of this chemistry which appears 
to be faded out almost constantly in the published 
literature. It deals with the purity and the chemical 
log-term stability of the proposed novel precursors. This 
is by no means a trivial question [25]. New 
organometallic compounds are usually obtained in 
chemical purities less than 99%. The reported analytical 
data are mostly incomplete. And in addition it is often 
very difficult to identify the chemical nature of the 

4000 

1 

40 60 80 100 120 

Fig. 5. XRD pattern of a crystalline InN film deposited from precur- 
sor 3 by OMCVD. 
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impurities. However, the properties of thin films grown 
from new precursors may very well be strongly affected 
by such impurities. In certain cases it may be difficult to 
tell which results depend on intrinsic chemical features 
of the precursor and which are caused by probably 
overlooked impurities as well as by the conditions of 
the deposition experiment (e.g. leaking). In the case of 
semiconducting materials, such impurities clearly repre- 
sent an important issue, when novel precursors are 
discussed. 

5.2.1. Merallic irzdium 
As mentioned in Section 1, the growth of stoichio- 

metric InN by classical methods represents a problem, 
due to the low lying decomposition onset of InN. Also, 
our vacuum deposition experiments at higher substrate 
temperatures ( > 500°C) expectedly resulted in some- 
what N-deficient films, due to incipient decomposition 
of InN [4]. This is indicated by the occurrence of 
characteristic reflections of elemental In in the XRD 
patterns of those films (e.g. the 100 and 002 reflections 
of In metal; see Fig. 6). The reason for the occasional 
occurrence of metallic indium of some films at deposi- 
tion temperatures as low as 300°C, however, proved to 
be quite different. Trace amounts of the starting mate- 
rial BrIn[(CH 7 ),NMe,)], ( N 0.1-5 moI%) can be pre- 
sent as impurity of the precursor, which is difficult to 
remove by recrystallization and sublimation. This is 
probably due to the formation of stable mixed 
azide/halide coordination polymers similar to 2, which 
issue has been discussed earlier. This impurity however 
decomposes cleanly into In, InBr and InBr, under the 
conditions of the OMCVD experiment, as indicated by 
thin yellow to orange coatings of the reactor wall at the 
cooler parts of the reactor exit and traces of a white 
residue collected in the cold trap. These materials were 
identified as InBr and InBr, respectively (EI-MS, ele- 
mental analysis). As shown by EDS, the films were free 
of Br (i.e. Br < 0.1 at%, detection limit). Thus, the 
observed metallic indium (by XRD) in some of our low 
temperature experiments is in fact excess In! It comes 
from the decomposition of traces of 
BrIn[(CH,),NMe,)], or CF,S0,1n[(CH,),NMe,)]2 
rather than decomposition of grown InN. 

5.2.2. hdium oxide 
In the case of controlled leaking or impure carrier 

gases, e.g. ammonia, the grown films were contami- 
nated with the cubic In,O, phase. Although precursor 3 
is very stable against moisture and oxygen at ambient 
conditions, the formation of In,O, at elevated tempera- 
tures even in the presence of excess ammonia is fully 
understandable by the comparison of the heat of forma- 
tion of InN (34 kcal/moi) [26] and In,O, (221 
kcal/mol) [27]. Using high purity ammonia (99.999%) 
oxygen contaminations detectable by XRD were absent. 
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Fig. 6. XRD patterns of various InN thin films grown by OMCVD 
using precl sor 3. (a) “pure” InN thin film (see Fig. 5); (b) 
formation of metallic indium; (c) formation of cubic indiumnitride. 

Films grown with the purified precursor ( > 99.9%, by 
elemental analysis) under vacuum conditions showed no 
metallic In by XRD (LPOMCVD experiments at 450°C; 
no NH z added). 

The important conclusion is, that the composition of 
the deposited InN layers at temperatures below 500°C 
depends only on the chemical purity of the precursor 
compound and the reaction conditions and not on intrin- 
sic structural or chemical features of the precursor 
molecule. The InN films may still contain some amounts 
of other impurities (e.g. Si, Cl, Li, etc.; introduced by 
the chemical synthesis of 1, but were not detectable by 
means of EDS and XPS). 



d Conclusions 

The first examples of structurally characterized in- 
dium azides were reported. Compound 3 serves as the 
first low temperature single source precursor to grow 
stoichiometric and crystalline InN by OMCVD. Future 
work has to concentrate on an optimized synthetic 
strategy to obtain intramolecularly adduct stabilized 
organometallic indium azides similar to 3 in electronic 
grade purity. The triazides In(N,), and its Lewis-base 
adducts like py31n(N,), may serve as key compounds 
for this purpose. 

7. Experimental 

7.1. General procedures 

All manipulations were performed utilizing carefully 
dried reaction vessels (Schlenk techniques) under an 
inert atmosphere of purified argon and so far as required 
by using the glove box. Solvents were drizd under N, 
by standard methods and stored over 4 A molecular 
sieves (residual water < 3 ppm, Karl-Fischer). The ’ H 
and 13C NMR spectra recorded on a Jeol JNM 400-GX 
and a Bruker EM 200 were referenced to residual protic 
impurities of the internal solvent and corrected to te- 
tramethylsilane. The IR spectra were obtained in solu- 
tion (toluene, pyridine) using 0.1 mm CaF, and NaCl 
cells on a Perkin Elmer 1650 FT IR or a Bruker IFS 66. 
Elemental analysis were provided by the Microanalyti- 
cal Laboratories of the Technical University at Munich 
and of the Chemical Institute; \)f the University of 
Heidelberg. 

A suspension of I .02 g (4.16 mmol) of dry 
indium(III)chloride and 0.94 g (14.48 mmol) of sodiu- 
mazide in 20 mL toluene was refluxed for 5 h. After 
cooling down to - 78°C a solution of 30 mL pyridine in 
30 mL toluene was added and refluxed for an additional 
15 h. After filtration the solvent was removed in vacua 
remaining colorless, well developed crystals. Yield 0.95 
g (I,98 mmol); 47.59%. Melting point 237°C. Anal. 
Found: C, 37.73; H, 3.41; N 32.90; In, 23.20. 
C,sH,sInN,, (M=478.19). Calc.: C, 37.67; H, 3.16; 
N. 35.14; In, 24.011. IR (pyridine, NaCl, cm- I ): 2084 
W 2068 VA; 2055 sh; (N, asym.). The sample explodes 
uncontrolled upon fast heating around 300°C. 

A solution of 0.528 g (1.44 mmol) 
BrIn[(CH? )3NMe, I2 1281 in CH ?Cl, was added to 0.37 

g (I .44 mmol) Ag[CFJSO,] and retluxed for 48 h. After 
filtration, removing the solvent, and dissolving the 
residue in toluene, the solution was added by filtration 
to a suspension of 0. I g (1.53 mmol) of dried sodium 
azide in toluene. The mixture was warmed up to 100°C 
for 2 h. Analytically pure colorless needlelike crystals 
were obtained by tiltration, removing the solvent and 
recrystallization from toluene/n-pentane. Yield 1 .O g 
(I .3 mmol; > 90%). Anal. Found: C, 33.02; H, 6.13; N 
13.09. C,,H,,N,In,O,F,S (M = 765.35). Calc.: C, 
32.96; H, 6.32; N, 12.18. ’ H NMR (benzene-d,, 25°C) 
S = 0.53 (t, 2H, InCH, ); 1.56 (quin, 2H, -CH,-); 1.82 
(t, 2H, NCH Z ); 1.9 1 (s, wide, 6H, NCH 3). IR (toluene, 
CaF,, cm-‘): 2158 vs (N,, asym.); 1462 s (N,, sym.). 

7.4. Sythesis 1 f [f CH, ).+ Nile, & ltt IV, (3) 

A solution of 6.685 g (18.2 mmol) 
Brln[(CH, ),NMe,], [28] in CH,Cl, was added to 4.68 
g (18.2 mmol) Ag[CF,SO,] and refluxed for 48 h. After 
filtration, removing the solvent and resolving the residue 
in toluene the solution was added by filtration to a 
suspension of 2.34 g (36 mmol) of dried sodium azide 
in toluene. The mixture was refluxed tar additional 48 
h. After filtration the solvent was removed in vacua 
remaining a pale brown solid. Analytically pure color- 
less crystals were obtained after sublimation ( 100°C, 
IO-” Torr dynamic vacuum) and recrystallization from 
CH $1,/n-pentane at - 35°C. Yield 3.0 g (9.1 mmol; 
75%). Anal. Found: C, 36.02; H, 7.2 1; N 20.70. 
C,,,H?,N,In (M = 329.15). Calc.: C, 36.49; H, 7.35; N, 
21.28. ’ H NMR (benzene-d,, 25°C) S = 0.47 (t, 2H, 
InCH, 1; I .70 (quin, 2H, -CH ,-); 2.14 (t, 2H, NCH? 1; 
2.19 (s, 6H, NCH J ‘jC NMR (benzene-d,, 25°C): 
S= 5.7 (InCH,); 22.8 (CH?); 43.9 (NCH,); 61.4 
(NCH, ). IR (toluene, CaF,, cm- ’ ): 2055 vs (N,, asym.); 
1460 s (N,, sym.). 

The reactor was kept at 500°C at a basic pressure of 
10Sh Torr for 5 h loaded it with the cleaned substrates. 
Then the precursor reservoir was filled with 500 mg of 
3 under inert gas atmosphere and cooled down to 
- 30°C. The system was pumped down again to IO-” 
Torr for 1-2 h. During this time the substrates were 
heated to IOO- 150°C above the deposition temperature 
for 30 min (to liberate any condensed material). When 
GaAs substrates were used the reactor was never heated 
above 500°C. After this the temperature of the oven was 
allowed to stabilize at the desired value (350-570°C). 
The temperature of the bubbler was then adjusted at 
70°C allowing 3 to sublime through the hot zone of the 
reactor at pressures of 0.5 X lo-” to 2.0 X lo--’ Torr. 
In the case of carrier gases and tlow conditions, the 
temperature of the bubbler was kept at 90°C at 3 



Table 2 
Summ;~ry of crystallographic data for the compounds 1. 2 and 3 

1 2 3 

Formula W-4sW, C,,H,,N,In,O,F,S CIJ-LJW 
Weight 478.19 
Space group pi 
Crystal sy:ltem triclinic 
11 (pm) 900.3(S) 
b (pm) 1014.0(S) 
c- ipm) 1268.3(6) 
IY (deg) IOO.l8(2) 
p (deg) 102.79(2) 
y (deg) I l6.07(2) 
V (IO” pm’) 963.30) 
Z 2 
d,,,,, (g cm- ’ ) I .649 
Crystal size (mm) 0.7 x 0.25 x 0.15 
%n.--%J,. (W I .7.3-x? 
p (cm- ‘1 12.6 
Final R 0.0335 
Final Rw 0.0740 
No. of unique retlections 6684 
No. of observed reflections 5618 

765.35 
P2,/n 
monoclinic 
1306.1(2) 
I339.4( I ) 
1863.20) 
90 
100.70( I ) 
90 
3202.W) 
3 
I.579 
0.80 x 0. I2 x 0. I2 
I .t(-26 
15.3 
0.0308 
0.0758 
571 I 
4936 

329. IS 
pi 
triclinic 
652.06(S) 
70X08(8) 
936.03( I I ) 
79.227( IO) 
72.986(8) 
6X643(8) 
366.8(7) 
I 
I .490 
0.38 x 0. I3 x 0.08 
4. I-25.6 
16.0 
0.0 I67 
0.04 18 
I279 
I279 

pressure of 7.5 X lo- ’ Torr at typical flow rates of 50 
seem (N,) and S- 10 seem (NH,). 

7.6.1. Sillx’k’ ctystul stutiie.s 
The data for % were collected on an Siemens Stoe- 

AED four-circle diffractometer using the @scan tech- 
nique and Mo Kcw radiation ( A = 7 1.073 pm) at - 70°C. 
For 2 clnd 3 the data were collected on a Stoe & Cie 
IPDS diffractometer with Mo Ka graphite monochro- 
mated radiation (A = 7 1.073 pm) at - 50°C. The struc- 
tures were solved by direct methods (SHELXS-86 [29]) 
and for the coordinates and anisotropic thermal parame- 
ters of the non-hydrogen atoms, full-matrix least-squares 
refinements (SHELXL-93 [30]) based on F’ were car- 
ried out. The crystallographic data of 1-3 are summa- 
rized in Table 2. Additional crystallographic data for 
compound 1 reported in this paper has been deposited 
with the Cambridge Crystallographic Data Centre. 
Copies of the data can be obtained free of charge on 
application to The Director, CCDC, 12 Union Road. 
Cambridge CB2 IEZ, UK. Further details on the crystal 
structure investigations of 2 and 3 can be obtained from 
the Fachinformationszentrum Karlsruhe, D-76344, 
Eggenstein-Leopoldshafen upon quoting the following 
numbers: CSD-406747(2); CSD-406746(3). 

X-ray diffraction measurements were performed on a 
Philips PW3040 diffractometer including a PW3020 
w-20 two-circle diffractometer equipped with the thin 

film package and a graphite monochromator. Cu Ka 
radiation was used. The instrumental resolution in 20-O 
mode is about 0.1” in 28 and in the X-ray rocking 
curve mode about 0.15” in ( w). The samples were 
mounted on a singire crystal sample holder to improve 
the signal-to-noix ratio. Ail samples were analyzed by 
a conventional 2 O- 0 scan. (JCPDS-ICDD No. 2- 1450). 
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