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applications. This review summarises the literature concerning single-source precursors and the methods
employed to deposit gallium and indium oxide thin films using these compounds. An update of the
literature outlining compounds which are potential single-source precursors to these materials is also
included.

© 2011 Elsevier B.V. All rights reserved.
ndium oxide
ingle-source precursors

. Introduction

In recent years, due to their wide range of applications, there

as been a huge interest in the production of gallium and indium
xide thin films [1]. A variety of methods to deposit these films
xists, as do a large selection of well-defined molecular compounds
hich contain a preformed M–O bond (M = Ga, In) that can be

∗ Corresponding author.
E-mail address: c.j.carmalt@ucl.ac.uk (C.J. Carmalt).

010-8545/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.12.018
used in deposition processes without an additional oxygen input:
these are called single-source precursors [2]. Single-source precur-
sors are ideal for producing gallium and indium oxide thin films
because they provide a simple and clean route to these materials,
thus eliminating the need for a mixture of precursors which can
often be toxic and/or expensive, as well as involving complicated
gas-phase reaction dynamics which can result in the formation of

non-stoichiometric films [3].

Gallium oxide (Ga2O3) thin films are semiconducting above
500 ◦C and act as a gas sensor for reducing gases (e.g. CO, CO2,
EtOH) [4,5]. Above 900 ◦C, they can detect the concentration of
oxygen present in a system and therefore the function of the gas

dx.doi.org/10.1016/j.ccr.2010.12.018
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:c.j.carmalt@ucl.ac.uk
dx.doi.org/10.1016/j.ccr.2010.12.018
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ensor could be switched from reducing gases to oxidising gases
hen using gallium oxide [6–8]. Oxygen gas sensors have prac-

ical use in monitoring and controlling oxygen concentrations in
aste gases, chemical processes and exhaust gases of automobiles.
allium oxide films also have potential practical uses outside of
ensors, such as a white-light-emitting luminophore [9,10], as solid
lectrolytes (mostly LaGaO3 doped with various metals) [11] and
n zeolite catalytic systems [12].

Indium oxide (In2O3) thin films are conductive, transparent to
isible light and are used as a transparent conducting oxide (TCO);
hese have important applications in optoelectronic devices, e.g.
isplay panels and solar cell windows. In2O3 nanorods have also
een reported to have sensing properties to formaldehyde [13].
dditionally, In2O3-modified gallium oxide thin films have been
eported to be sensitive to ozone concentration [14]: in contrast,
oping indium oxide with gallium greatly improves the conductiv-

ty of the overall film [15,16].
These group 13 oxide films can also be doped with other ele-

ents to change the properties of the films. Tin-doped indium
xide (ITO) is one of the most widely used TCOs [17], since tin
oping increases the conductivity of the overall film without loss
f transparency [18]. Other elements have also been incorporated
nto indium oxide to increase its conductivity, including fluorine
19] and sulfur [20]. Nitrogen-doped In2O3 thin films have been
eported as visible light photocatalysts: upon doping with nitro-
en, the band gap of In2O3 is reduced from 3.5 eV to approximately
.0 eV, thus electromagnetic radiation in the visible region can split
ater [21]. Zinc-doped gallium oxide is also an active photovoltaic
evice upon exposure to UV light [22]. Gallium has also been used to
ope zinc oxide, producing transparent conductive films as an alter-
ative to ITO thin films for optoelectronic and electronic devices
uch as flat panel displays [23], solar cells [24] and light-emitting
iodes [25–28].

There are many techniques that have been reported to deposit
hin films of gallium and indium oxide. These include chemical
apour deposition (CVD) (including aerosol assisted (AA) [29], low
ressure (LP) [30] and atmospheric pressure (AP) CVD [31]); atomic

ayer deposition (ALD) [32,33]; sputtering [34,35]; sol–gel pro-
esses [36,37]; spray pyrolysis [38,39]; dip coating [40]; screen
rinting [41] and spin coating [42]. There are advantages and disad-
antages for each of these methods: CVD processes tend to produce
lean, uniform films but they are more complicated and expen-
ive than the other methods which are simpler and cheaper, but
ypically produce non-uniform or non-stoichiometric films.

This review will detail gallium and indium complexes incorpo-
ating M–O bonds (M = Ga, In) with an emphasis on compounds
mployed as single-source precursors to gallium and indium oxide
hin films. The presence of pre-formed M–O bonds can result in
he formation of the metal oxide with fewer defects and at lower
emperature. In addition, it is possible to deposit films using these
recursors with simple apparatus and compounds that are easier
o handle and characterize can be developed. However, there have
een reports where MCl3 and MMe3 have been used as precursors
o gallium and indium oxide thin films. In these cases, an additional
xygen source is needed which can include the following: O2 [43],
3 [44], air [45], H2O [46], alcohols [31,47] and H2O2 [48] and gen-
rally high temperatures are required. Therefore, the demand to
evelop single-source precursors that decompose cleanly at lower
emperatures, such that films can be grown on flexible substrates
e.g. plastics) with better optical and electronic properties is always
ncreasing.
Synthetic chemists play a key role in designing and develop-
ng new single-source precursors. This review will highlight those
ompounds that have been used to form gallium and indium oxide
lms. The systems where an additional oxygen source is required to

orm metal oxide thin films, are not considered to be single-source
y Reviews 255 (2011) 1293–1318

routes (including ALD because the technique requires two sources
to function correctly) and will not be covered in this review. Doped
group 13 metal oxides (e.g. ITO) will also be excluded because there
are a vast number of these types of materials, many of which have
already been reviewed [17].

Discussion of group 13 metal oxide thin films will be
divided into the following sections: single-source precursors
to Ga2O3 thin films, single-source precursors to In2O3 thin
films (incorporating mixed gallium indium oxide thin films)
and recently published complexes incorporating M–O bonds
that are potential precursors to gallium and indium oxide
thin films, which updates the review published in 2006
describing gallium and indium alkoxides [49]. The following
abbreviations will be used: acac (acetylacetonate); ALD (atomic
layer deposition); bdk (�-diketonate); bzac (benzoylacetonate);
CVD (chemical vapour deposition); dipp (2,6-diisopropylphenyl);
DMAP (4-dimethylaminopyridine); EDX analysis (energy disper-
sive X-ray analysis); hfac (1,1,1,5,5,5-hexafluoroacetylacetonate);
GED (gas-phase electron diffraction), GCMS (gas chromatogra-
phy mass spectroscopy), ITO (tin-doped indium oxide); Mes
(mesityl, 2,4,6-trimethylphenyl); RBS (Rutherford backscatter-
ing spectra); TCO (transparent conducting oxide), tfac (1,1,1-
trifluoroacetylacetonate); thd (2,2,6,6-tetramethylheptane-3,5-
dionate); SEM (scanning electron microscopy), XRD (X-ray
diffraction), XPS (X-ray photoelectron spectroscopy), WDX (wave-
length dispersive X-ray analysis).

2. Precursors to gallium oxide

Thin films of gallium oxide, Ga2O3, are commonly found in the
monoclinic � form which has good chemical and thermal stability,
as well as possessing interesting electrical properties. Although at
room temperature it is an electrical insulator, it becomes semicon-
ducting above 500 ◦C whilst exhibiting a response to reducing gases
(e.g. CO, EtOH) and above 900 ◦C its electrical resistivity is sensitive
to the presence of oxygen.

Although a recent (2006) review comprehensively surveyed the
literature on gallium alkoxides, it did not focus on their application
as precursors to thin films of gallium oxide [49]. In this section
the synthesis and characterization of all single-source precursors
to gallium oxide are described, as well as the reactor conditions
used to deposit thin films of gallium oxide. However, because the
previous review covered many of the featured precursors in depth,
detailed discussion about their structural and physical properties
has not been included. This section has been organised into 4 areas:
single-source precursors comprising (i) monodentate alkoxides, (ii)
donor-functionalized alkoxides, (iii) �-diketonates and (iv) other
precursors.

2.1. Monodentate alkoxides

The structure of simple homoleptic gallium alkoxides of the type
[Ga(OR)3] is dependent on the nature of R. For bulky R groups (e.g.
R = tBu), a dimeric structure with two bridging alkoxide groups and
four terminal alkoxide groups arranged around two tetrahedral
gallium centres is adopted. For slightly less bulky R groups (e.g.
R = iPr, iBu) an analogous dimeric structure is in equilibrium with a
tetrameric [Ga{Ga(OR)4}3] structure (Fig. 1). These tetramers con-
tain a central 6-coordinate octahedral gallium centre bound to

three tetrahedral Ga(OR)4 moieties through two bridging alkox-
ide groups per tetrahedral gallium centre. Two terminal alkoxide
groups per tetrahedral gallium centre complete the coordination
sphere. Gallium alkoxides with small R groups (e.g. R = Et) exclu-
sively adopt the tetrameric structure.
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ig. 1. Structure of [Ga(OR)3]n as a dimer for large R groups (n = 2, R = tBu) and a
etramer for small R groups (n = 4, R = Et).

The first synthesis of gallium alkoxides utilised the salt metathe-
is method, starting with GaCl3 and 3 equiv. of NaOEt or NaOiPr,
orming [Ga(OEt)3] and [Ga(OiPr)3] respectively. With these two
and [Ga(OPh)3]) in hand, alcohol/alkoxide exchange reactions
onsiderably expanded the range of known heteroleptic alkox-
des. However, a more general synthesis of gallium alkoxides was
eported in 2001 where amide/alcohol exchange starting from
Ga(NMe2)3]2 resulted in the synthesis of a vast range of gallium
lkoxides (Scheme 1).

In keeping with ‘classical’ group 13 chemistry, monomeric gal-
ium alkoxides can be isolated by breaking up the oligomeric
tructures through coordination of [Ga(OR)3]n to a Lewis base.
his was first observed in certain amide/alcohol exchange reac-
ions where the use of bulky alcohols led to retention of one
quivalent of HNMe2. This resulted in the isolation of tetrahe-
ral [Ga(OR)3(HNMe2)] compounds (e.g. R = tBu). Replacement of
he dimethylamine moiety with DMAP (4-dimethylaminopyridine)
as accomplished in some cases, with retention of the tetrahedral

eometry at gallium (Scheme 2).
[Ga(OiPr)3]n is commercially available, making it a particularly

ttractive precursor. Kim et al. were the first group to take advan-
age of this, using it in a low pressure (LP)CVD chamber to deposit
hin films of Ga2O3 [50]. The films were grown on a Si substrate
eated to 400–800 ◦C at 1 × 10−7 Torr whilst the [Ga(OiPr)3]n was
eated to 90–110 ◦C. The type and quality of film deposited was
eavily dependent on the substrate temperature: below 500 ◦C the
lms were oxygen-deficient with a Ga:O ratio of 1:1. Above 700 ◦C
he Ga:O ratio was much improved (1:1.6) but there was a signif-
cant amount of carbon contamination, mostly on the surface of
he film. Between 500 and 600 ◦C, the films contained the correct

a:O ratio and there was no trace of carbon contamination. All films
rown were amorphous.

The organic byproducts from the CVD reaction were analysed
y GCMS, revealing that propylene, 2-propanol and acetone were

Scheme 1. Pathways to homoleptic gallium(III) alkoxides.
Scheme 2. Synthesis of Lewis base-stabilized gallium alkoxides.

the major byproducts. One proposed mechanism of decomposition
involved �-hydrogen elimination of acetone followed by reductive
elimination of 2-propanol, resulting in “Ga(OiPr)”. This would then
undergo �-hydrogen elimination, forming propylene and “HGaO”
which would further decompose, with loss of hydrogen, to Ga2O3
(Scheme 3).

The sol–gel method is another well-used technique for prepar-
ing thin films. Kokubun et al. have prepared Ga2O3 films by
spin-coating sapphire substrates with a 2-methoxyethanol solu-
tion of [Ga(OiPr)3]n [51]. After spin coating, the substrates were
heated at 90 ◦C to remove the solvent, then at 300 ◦C to remove
organic contamination from the film. This was repeated 6 times
before the films were annealed in air between 400 and 1200 ◦C.
This time, the film quality was dependent on the annealing tem-
perature: below 600 ◦C only amorphous films were deposited, but
crystallinity was observed in films annealed above 600 ◦C. For tem-
peratures greater than 900 ◦C some Al diffusion from the sapphire
substrate to the Ga2O3 thin film was observed. The films demon-
strated a response to UV light at wavelengths shorter than 270 nm;
this response shifted to even shorter wavelengths as the annealing
temperature increased, consistent with increasing amounts of Al
contamination in the Ga2O3 film.

Li et al. have also used [Ga(OiPr)3]n to prepare films of Ga2O3
on sapphire substrates by the sol–gel method. A similar method to
that described above was used, but these films were deliberately
prepared with various dopants and will not be further discussed
here [52]. Valet and Hoffman used the amide/alcohol metathesis
method to synthesise a range of gallium alkoxides (Scheme 4) [53].
Starting from [Ga(NMe2)3]2, reaction with 6 equiv. of secondary
alcohol led to the isolation of tetrameric gallium alkoxides, which
were in equilibrium with the dimeric structure. However, when
tertiary alcohols were used, a mixture of the dimer and amine-
stabilised monomer was isolated from the reaction. This mixture
could be converted exclusively to the dimer by heating the mix-
ture to drive off residual amine. Conversely, the amine-stabilised
monomer could be exclusively formed by adding a large excess of
dimethylamine to the dimeric alkoxide at room temperature.

The precursor chosen for LPCVD studies was compound 3,
mainly due to its low vapour pressure which was noted when subli-
mation of 3 was attempted. Films were grown on silicon, quartz and
glass substrates at a range of temperatures (300–700 ◦C). Although
these films were grown with O2 as a co-precursor, a film was grown

at 400 ◦C without O2 and this proved to be of similar quality to the
films grown with O2. All films had the correct Ga:O ratio as judged
from Rutherford backscattering spectra (RBS), although XPS data
indicated that the films were slightly oxygen deficient (Ga:O ratio
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Scheme 3. Plausible decomposition of “[Ga(OiPr)3]” under CVD conditions.
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co-workers from GaMe3 and 4-methylbenzyl alcohol in a 4:9 ratio
[55]. However, in this case a homoleptic gallium alkoxide was
not isolated: instead, retention of one of the methyl groups was
observed on each of the tetrahedral gallium centres (Scheme 6).
Scheme 4. Formation of dimer

:1.1). All films grown proved to be amorphous, so annealing at
00 ◦C and 1000 ◦C for four hours was carried out. Annealing at the

ower temperature did not furnish crystalline material, but after
eating the films to 1000 ◦C, crystalline Ga2O3 was obtained: XRD
ata indicated that the monoclinic ˇ form had been obtained.

Similar work had been published 2 years earlier, again by Hoff-
an and co-workers, this time utilising fluorinated alkoxides [54].
gain using [Ga(NMe2)3]2 as a starting material, reaction with
equiv. of fluorinated alcohol (both secondary and tertiary) led
xclusively to the formation of the amine-stabilised monomer
Scheme 5). In this case, heating the amine-stabilised monomer
nder vacuum did not lead to dissociation of the amine and forma-
ion of a dimer, indicating that the amine ligands are much more
trongly bound to the fluorinated alkoxides.

Although compounds 7 and 9 in their pure state are solids, the
rude reaction products 7–9 were all liquids which proved difficult
o purify. Replacement of the dimethylamine ligand with DMAP
ed to the formation of solid compounds 10–12, which were easily
rystallised. Nonetheless, for LPCVD, liquids are generally favoured
ver solids due to their increased volatility and compound 7 was
sed to deposit thin films of Ga2O3 on glass. Amorphous films were

btained for substrate temperatures between 250 and 450 ◦C with
hicker films being obtained at higher temperatures. As measured
y RBS, the films contained negligible levels of contaminants (C,
, F) but the Ga:O ratio indicated the films were slightly gallium
eficient.
tetrameric gallium alkoxides.

A tetrameric gallium alkoxide was synthesised by Carmalt and
Scheme 5. Synthesis of fluorinated gallium alkoxides stabilised by Lewis bases.
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electron-rich complex. Therefore, although compound 24 adopts a
dimeric structure in the solid state, it is monomeric in the gas phase.
Monomers are expected to exhibit enhanced volatility in compar-
ison to oligomeric complexes in which intermolecular solid-state
Scheme 6. Synthesis of tetrameric heteroleptic gallium alkoxides.

Compound 13 was used to deposit Ga2O3 thin films via LPCVD
n glass at a substrate temperature of 600 ◦C. The Ga:O ratio could
ot be accurately determined by WDX owing to the thinness of
he films; X-rays penetrated the films and breakthrough to the
nderlying glass substrate was observed. However, WDX did reveal
he amount of carbon contamination was 1–2%. Interestingly, crys-
alline Ga2O3 was grown without the need for annealing: XRD of
he films revealed the usual monoclinic � phase of Ga2O3 had been
ormed. Although this result is consistent with data reported by
obukon et al., it is nevertheless unusual for crystalline films of
a2O3 to be formed at temperatures as low as 600 ◦C [51]. The

ormation of crystalline films at such low temperatures may be
he result of the ‘core’ of the precursor (i.e. not the ‘terminal’ sub-
tituents) containing the correct Ga:O ratio of 2:3.

.2. Donor-functionalized alkoxides

Monomeric compounds are desirable for CVD owing to their
igher volatility when compared to dimeric or tetrameric equiv-
lents. Due to the electron-deficient nature of gallium, all of the
lkoxides described above were dimeric/tetrameric, aside from
hen an additional Lewis base was used. Increasing the steric bulk

t the gallium centre by use of bulky alkoxides (e.g. OCPh3) does
esult in the formation of a monomeric compound, but this comes
t a cost of vastly increasing the molecular weight of the precursor,
ence reducing the volatility.

Another method of overcoming the oligomer problem is to
se donor-functionalized alkoxides. These ligands were chosen
or CVD, as they lead to precursors, which are less air/moisture
ensitive and have increased solubility. These are alkoxides with
ne or more “arms”, on the end of which is a Lewis base. The
igh moisture sensitivity of dialkylalkoxogallanes incorporating
imple monofunctional alkoxides makes them difficult to use in
olution-based CVD. However, the modified alkoxides with donor-
unctionalized ligands have an increased coordinative saturation at
he metal centre and so provide stability. Furthermore, the donor-
unctionalized ligands eliminate the necessity of introducing an
xtra donor group to stabilize the electron deficient gallium alkox-
de complex. The most popular donor-functionalized alkoxides are
ased on an alkyl backbone (C2 or C3) with simple Lewis bases
NMe2, OMe), although more esoteric examples do exist in the
iterature.

Gallium compounds containing donor-functionalized alkoxides
ere first used as precursors to thin films of Ga2O3 in 2004 by
armalt and co-workers [57] and Chi et al. [56].

Chi et al. used the salt metathesis method, reacting GaCl3 with
he sodium salts of fluorinated alkoxides to isolate bis(alkoxide)

ompounds of gallium (Scheme 7) [56]. Compounds 14 and 15
ere both monomeric, 5-coordinate species, but they crystallised

n different geometries. Whereas compound 15 is an almost ideal
rigonal bipyramid in the solid state, compound 14 is exactly half-
ay between ideal trigonal bipyramidal and ideal square-based
Scheme 7. First synthesis of gallium alkoxides using donor-functionalized alkox-
ides.

pyramidal geometry. This is probably due to a combination of steric
factors (bulky CF3 groups) and the different backbone size of the
two ligands: the C2 backbone in compound 14 may not be long
enough to allow formation of ideal trigonal bipyramidal geome-
try whilst minimising the steric interactions between neighbouring
CF3 groups.

An alternative method of single-source precursor synthesis is
to react trialkylgallium reagents with donor-functionalized alco-
hols. In 2004 (and in subsequent years) this was utilised by Chi
et al. (16–18) and Carmalt et al. (19–28) to form single-source
precursors. Both mono(alkoxide) (below) and bis(alkoxide) (Sec-
tion 4.2) compounds of gallium can be isolated although to date,
no tris(alkoxide) complexes have yet been reported via this route
(Scheme 8) [56–59].

Compounds 16–18 are monomeric, which is unusual for
mono(alkoxide) gallium species which usually form oxygen-
bridged dimers. It was thought the reason for this was the CF3
groups: their steric bulk, coupled with the electron-withdrawing
effect, reduced the ability of the alkoxide oxygen to form a bridge
hence a monomer was isolated.

As is usual for mono(alkoxide) gallium complexes, compounds
19–26 were all isolated as oxygen-bridged dimers in the solid state,
which was confirmed crystallographically (Figs. 2 and 3). However,
gas-phase electron diffraction (GED) of compound 24 revealed that
in the gas phase, it existed solely as a monomer (Fig. 4) [60]. The
Ga–N bond length was significantly shorter in the monomer than
in the dimer (2.332 Å and 2.471 Å respectively), consistent with a
much more strongly bound ligand as would be expected from a less
Fig. 2. ORTEP diagram showing gallium alkoxide compound 26 as a dimer with the
Ga2O2 ring at the heart of the molecule. H atoms omitted for clarity.
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16: n = 1, R = Me, X = X' = CF3, L = NHMe
17: n = 1, R = Me, X = X' = CF3, L = NH

tBu
18: n = 1, R = Me, X = X' = CF3, L = NMe2
19: n = 2, R = Et, X = X' = H, L = NMe2
20: n = 2, R = Et, X = CH2NMe2, X' = H, L = NMe2
21: n = 2, R = Et, X = X' = H, L = OMe
22: n = 2, R = Et, X = Me, H' = H, L = NMe2
23: n = 2, R = Et, X = X' = Me, L = OMe
24: n = 2, R = Me, X = X' = H, L = NMe2
25: n = 2, R = Me, X = X' = Me, L = OMe
26: n = 2, R = Me, X = X' = H, L = OMe

27: R = Et, X = H
28: R = Et, X = Me

n

alcohol

excess1 eq.

Scheme 8. Synthesis of non-fluorinated gallium

Fig. 3. ORTEP diagram showing the solid-phase structure of compound 24 as a
dimer. H atoms omitted for clarity.

Fig. 4. Diagram showing the gas-phase structure of compound 24 as determined by
GED.
alkoxides from trialkylgallium reagents.

interactions are likely to increase the enthalpy of vaporisation. In
general, the structure adopted in the solid state may differ from
that in the gas phase and so compounds that appear unsuitable for
CVD may in fact be feasible precursors.

LPCVD of compounds 14 and 17 was carried out at 500–600 ◦C
substrate temperature and pressure of 3 Torr (a small flow of O2
was used as a carrier gas). Amorphous films were deposited on both
quartz and silicon; annealing at 900 ◦C for 4 h induced crystallisa-
tion. XRD analysis of the annealed films indicated gallium oxide had
been formed. XPS data showed a small amount of carbon contami-
nation in the gallium oxide film, but other plausible contaminants
such as N, F and Cl were not observed. The Ga:O ratio as mea-
sured by XPS indicated a slightly oxygen-deficient film had been
formed, but RBS data showed Ga2O3 had been formed.

Compounds 19, 20, 22 and 23 were utilised as LPCVD precur-
sors for Ga2O3 [57]. The LPCVD was carried out on quartz and
glass substrates, heated to 600 ◦C. In each case the films grown
were amorphous and no annealing was carried out. The films
also contained a significant (ca. 10%) amount of carbon contam-
ination, which was found by XPS. This also showed the Ga:O
ratio was only 1:1.2, indicating an oxygen-deficient film had been
formed. Whilst this is unsurprising considering the precursors were
oxygen-deficient (Ga:O ratio of 1:1), XPS has not proven to be the
most reliable method for analysing elemental ratios: many films
thought to be oxygen-deficient when analysed by XPS turned out
to contain the correct ratio when RBS was employed.

Since LPCVD resulted in oxygen-deficient films, compounds 19,
20, 22–26 were also used as aerosol-assisted CVD (AACVD) pre-
cursors [58,59]. All films were deposited on glass at a substrate
temperature of 450 ◦C using toluene as solvent. For compounds 19,
20, 22 and 23, the donor-functionalized alcohol was passed through
the CVD reactor as a pre-treatment, but for compounds 24–26 this
was not deemed necessary. For each run the precursor was gener-
ated in situ by reacting the free alcohol with GaR3 (R = Et, Me), rather
than using a pre-isolated compound. Each film grown was amor-
phous with low carbon incorporation (<0.1 at.%), located mainly at

the surface, and no nitrogen contamination was observed. EDX of
the films indicated the presence of oxygen, gallium and carbon but
was an unreliable method of determining the Ga:O ratio due to
breakthrough to the underlying glass substrate. WDX was more
successful and a ratio very close to the expected 1:1.5 was observed
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alkoxides with donor-functionalized alkoxides.
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Upon heating, it first become amorphous then started converting
to Ga2O3 at 250 ◦C. At 500 ◦C, rhombohedral gallium oxide was
observed by XRD: this then converted to the more usual monoclinic
phase at 700 ◦C.
Scheme 9. Synthesis of homoleptic gallium

n each case, albeit for exceptionally thin films this dropped to 1:1.3.
he success of the in situ method indicates that synthesis, isolation
nd purification of the precursor is not always necessary in order
o get successful Ga2O3 deposition, a factor which may prove to be
n advantage for large-scale synthesis of Ga2O3 films.

Although the reaction of trialkylgallium compounds with alco-
ols yields both mono- and bis-substituted alkoxide complexes,
eplacement of all three alkyl groups with alkoxide groups was
ot possible. In order to isolate homoleptic gallium alkoxides
ith donor-functionalized arms, the amine metathesis route was
tilised. Reacting dimeric [Ga(NMe2)3]2 with 6 equiv. of donor-
unctionalized alcohol led to the formation of homoleptic gallium
ris(alkoxide) complexes (Scheme 9) [3].

Somewhat surprisingly, the structure of compounds 29–33 was
ssigned as an oxygen-bridged dimer on the basis of mass spec-
rometry and IR spectroscopy (characteristic Ga2O2 ring stretches
ere observed at 557 and 538 cm−1). 1H NMR spectra were broad,
ith none of the expected coupling observed. This supported

he idea of highly fluxional complexes containing dangling ‘arms’
ssociating and dissociating from the gallium centre on the NMR
imescale: a formulation inconsistent with a monomeric complex
here all 3 ‘arms’ were strongly bound to gallium. Unfortunately,
ue to the oily nature of the products, structural characterization
as not possible hence the exact coordination at the gallium cen-

res remain unknown.
Compounds 29–33 were used as AACVD precursors, although

hey were not isolated prior to use in deposition reactions. In
continuation of the in situ methodology previously developed,

Ga(NMe2)3]2 and the donor-functionalized alcohol (6 equiv.) were
laced in an AACVD flask, allowed to react for 1 h and then passed

nto the CVD chamber. For each compound, deposition was car-
ied out on glass with a substrate temperature of 550 ◦C. WDX
nalysis of the as-deposited films showed they were all oxygen-
eficient, with a Ga:O ratio of 1:1.15. Subsequent annealing in air at
00 ◦C improved the Ga:O ratio to the expected 1:1.5 (as measured
y WDX) but annealing at this temperature did not induce crys-
allisation of the films, despite appearing to have a snowflake-like

orphology (Fig. 5). XPS data also indicated that Ga2O3 had been
ormed and that carbon contamination was limited to the surface
f the film. No nitrogen contamination was observed.

Homoleptic gallium alkoxides were also prepared using the

lcohol/alkoxide exchange method (Scheme 10) [36]. Starting from
Ga(OiPr)3] and the free alcohol, compound 29 (above) with one
arm”, as well as compounds 34 and 35, with two and three “arms”
espectively, were prepared in good yields. Although the solid state
tructures of 29 and 35 were not determined, it was possible to
Fig. 5. SEM image of Ga2O3 grown by AACVD of compound 31.

crystallise compound 34 and it was analysed by single crystal X-ray
diffraction (Fig. 6).

The overall structure of compound 34 is similar to that of the
tetrameric gallium alkoxides (Section 2.1). There are two distinct
gallium environments, but unlike the structure of the tetrameric
gallium alkoxides, all gallium cations in the structure of 34 are
octahedrally coordinated. The ‘outer’ gallium cations are bound
to two ligands (thus the coordination sphere comprises four oxy-
gen and two nitrogen atoms) with two alkoxide oxygen atoms per
‘outer’ gallium bridging to the central gallium, thus the coordina-
tion sphere of the central gallium is 6 alkoxide oxygen atoms.

Prior to their use in a spin-coating process to form gallium oxide,
compounds 29–35 were hydrolysed in boiling water to determine
the likely decomposition pathway. GaO(OH) was identified as the
hydrolysis product, forming in its crystalline orthorhombic phase.
Scheme 10. Synthesis of gallium alkoxides with multiple ‘arms’ on the alkoxide.
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Fig. 6. ORTEP diagram of compound 34. H atoms omitted for clarity.

These data were used to facilitate the spin-coating process. Com-
ound 35 was hydrolysed and then dropped onto a glass or silicon
ubstrate spinning at 1200–2000 rpm. After drying at 120 ◦C, the
rocess was repeated a number of times until a sufficiently thick
lm had been formed. This was then annealed at 500 ◦C (glass sub-
trate), affording an amorphous film which was consistent with
a2O3, as identified by EDX. Although the film was adherent on
lass substrates, it was poorly adherent on silicon which precluded
nnealing at temperatures which would enable crystalline Ga2O3
o form.

.3. ˇ-Diketonates

Another group of compounds which have found use as
recursors to thin films of Ga2O3 are the homoleptic gal-

ium tris(�-diketonates). These compounds, of general formula
Ga(bdk)3] (bdk = �-diketonate) are monomeric, 6-coordinate octa-
edral compounds (Fig. 7). By far the most commonly used is
Ga(acac)3] (acac = acetylacetonate), which is commercially avail-
ble, but [Ga(hfac)3] (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate)
as also found use as a precursor. Mono(�-diketonates) such as
GaMe2(acac)] (36) [61] are known compounds but have not been
sed as precursors to Ga2O3, whereas the only bis(�-diketonate)
nown (37) is an involatile ion pair, thus is unsuitable for CVD
urposes [62].

Wu et al. were the first group to use [Ga(acac)3] (38) as a
recursor to thin films of gallium oxide [63]. The precursor was
ynthesised from [Ga(NO3)3] and Hacac before being dissolved in
cetic acid. This solution was then used in a spray pyrolysis pro-
ess with oxygen as a carrier gas, depositing gallium oxide on
ilicon and silica substrates heated to 450 ◦C. The as-deposited
lms were amorphous, consistent with a low temperature depo-
ition, but upon annealing at 800 ◦C for 6 h crystalline Ga2O3 was
ormed in the �-phase. The band gap of Ga2O3 was calculated from

ransmission spectroscopy and is 4.79 eV, consistent with literature
alues.

Atomic Layer Epitaxy (ALE) was used by Nieminen et al. to
eposit Ga2O3 from [Ga(acac)3] [44]. However, as is common

n ALE/ALD, a secondary source (in this instance water, oxy-
Fig. 7. Diagram of mono, bis and tris gallium �-diketonates.

gen or ozone) was also used in order to control deposition,
thus making the process a dual-source method. Such processes
fall outside the scope of this review and will not be further
discussed.

Ortiz et al. used [Ga(acac)3] as a 0.05 M solution in
water/methanol (1:1 ratio, along with a small amount of acetic acid
to ensure dissolution) in an ultrasonic spray pyrolysis process to
deposit Ga2O3 on glass and quartz [64]. The substrate tempera-
ture varied from 300 to 500 ◦C inversely with the deposition time
(15–30 min). As expected, the films were deposited as amorphous
but annealing the quartz films at 900 ◦C resulted in the formation
of crystalline �-phase monoclinic Ga2O3. RBS spectra of both the
as-deposited and annealed films showed signals corresponding to
silicon, in addition to the expected gallium and oxygen peaks. How-
ever, no carbon contamination was observed. Further analysis of
the RBS data indicated that the films were composed of two ‘layers’:
a surface layer almost entirely composed of Ga2O3 and a subsurface
layer where gallium and oxygen had diffused into the silicon sub-
strate. The formation of the extremely thermally stable SiO2 was
thought to be the driving force behind this process: IR spectra also
contained an absorbance associated with the Si–O stretching vibra-
tion. Using optical transmission spectroscopy, the band gap was
calculated as 4.94 eV (as-deposited films) and 4.99 eV (annealed
films), consistent with literature values.

Deposition of Ga2O3 on silicon wafers was also carried out in a
supercritical CO2 (scCO2) medium [65]. Parsons et al. used scCO2
to dissolve [Ga(acac)3] before heating the system to 160 ◦C, ini-
tiating decomposition of the precursor and film formation. The
use of scCO2 enabled much lower deposition temperatures to be
utilised (some CVD processes run at >600 ◦C) but significant carbon
contamination of the film of ca. 10 at.% was observed. Use of a co-
oxidant (e.g. water) reduced the amount of contamination but did
not completely eliminate it.

A fluorinated analogue of [Ga(acac)3] can easily be
synthesised by refluxing anhydrous GaCl3 and 1,1,1,5,5,5-

hexafluoroacetylacetone (Hhfac) in benzene. [Ga(hfac)3] (39)
is more volatile than [Ga(acac)3] owing to the presence of fluorine
in the molecule, which should assist low-pressure deposition
techniques.
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Scheme 11. Synthesis of gallium

Porchia and co-workers used [Ga(hfac)3] in an LPCVD process
o form films of Ga2O3 [66]. An alumina substrate was heated to
50 ◦C and the precursor was passed over the substrate using a
itrogen carrier gas, with an overall system pressure of 26 mbar.
he as-deposited films were black and amorphous, but anneal-
ng at 1100 ◦C resulted in the formation of a white, crystalline
lm of monoclinic Ga2O3. The Ga:O ratio was confirmed by XPS
ata, which also revealed very low amounts of carbon and fluorine

mpurities (<2%).
[Ga(hfac)3] was also used as a precursor by Battiston et al., who

eposited Ga2O3 films on both alumina and titania substrates [67].
gain an LPCVD process was used with an overall system pres-
ure of 26 mbar, but this time the substrate was heated to 470 ◦C.
he as-deposited films were black and amorphous but annealing at
emperatures over 700 ◦C induced crystallisation. Films deposited
n alumina exhibited some interdiffusion of the Al2O3 and Ga2O3
ayers during the annealing process, probably due to the similar-
ty in ionic radius between Al3+ and Ga3+, but no interdiffusion

as observed with the films grown on titania. XPS data of the
s-deposited films indicated that stoichiometric Ga2O3 had been
ormed with low (<5%) carbon contamination.

Battiston et al. also found that a co-precursor of oxygen was
ecessary to minimise carbon contamination of the resulting
lms. Although films of Ga2O3 could be grown without a co-
recursor, the resulting films were heavily contaminated with
arbon (30%). No fluorine contamination was observed either:
espite mass spectrometry data indicating that GaF3 was a decom-
osition product of [Ga(hfac)3], XPS data indicated no fluorine was
resent. One possible explanation was that GaF3 was sufficiently
olatile to be removed as a gas-phase byproduct under the reactor
onditions.

Hellwig et al. synthesised a series of [Ga(bdk)3] compounds
40–44) where the diketonate was the anion of a malonic diester
Scheme 11) [68]. The structures of these malonates was anal-
gous to the diketonates, i.e. a 6-coordinate, octahedral gallium
entre surrounded by 3 malonate anions, each binding through
oth carbonyl oxygen atoms to the gallium. Compound 41 was
hosen for LPCVD owing to it having the lowest onset tem-
erature of volatilisation of all 5 compounds. The presence of
ster groups also provided additional cleavage sites, resulting in
ompound 41 having a lower decomposition temperature than
classical’ diketonates, e.g. [Ga(acac)3]. Deposition occurred on a
ilicon substrate between 400 and 700 ◦C over a 60 min period.
itrogen and oxygen were both used as carrier gases with the

ystem pressure being maintained at 5 mbar throughout. All films
ere amorphous on deposition, even those deposited at 700 ◦C, but

nnealing at 1000 ◦C resulted in monoclinic Ga2O3 forming. EDX

easurements indicated no carbon contamination of the film, but
PS data showed that a small amount of carbon contamination
as present. This was removed upon erosion with Ar+, indicat-

ng that the contamination was limited to the surface of the film
nly.
ketonates using malonic esters.

2.4. Other precursors

The three classes of precursor described above cover most of
the single-source precursors to thin films of Ga2O3. However, some
alternative single-source precursors have also been used, which
are described in this section. Gallium nitrate, another commercially
available gallium compound, has been used by the groups of both
Hao and Cocivera [69] and Ohya et al. [70] to deposit Ga2O3.

Hao and Cocivera used a spray pyrolysis technique to deposit
Ga2O3 on glass, quartz and aluminosilicate ceramic substrates.
An aqueous solution of Ga(NO3)3 was atomised in an ultrasonic
nebuliser and sprayed onto the substrate at 400 ◦C. Films were
amorphous as-deposited, but annealing at 600 ◦C in a variety of
atmospheres (air, N2, Ar, 1:1 H2:N2) produced crystalline mon-
oclinic films of Ga2O3. Increasing the annealing temperature to
900 ◦C improved the crystallinity of the films. The Ga:O ratio was
not directly measured, but cathodoluminescence spectra of the
as-deposited films showed a broad blue–green absorption. This
absorption was explained as being the product of an oxygen-
deficient film where recombination of an electron on a donor
(formed by oxygen vacancies) with a hole on an acceptor (made
up of either gallium vacancies or gallium–oxygen vacancy pairs).
Further evidence came from analysis of the annealed films, where
films annealed in a reducing or inert atmosphere showed a strong
absorption but films annealed in an oxidising atmosphere exhib-
ited a vastly reduced absorption, indicating the as-deposited films
were oxygen-deficient.

Ohya et al. also used an aqueous gallium nitrate solution to form
films of Ga2O3 on a glass substrate. Two techniques were used: dip-
coating and spin coating, then the substrate was dried and heated
to 700 ◦C. Crystalline Ga2O3 was obtained at this temperature and
the films were transparent. Ga(O)OH was also used as a precur-
sor; owing to its insolubility in water, it was dissolved in HCl and
dip-coated onto a glass substrate. Decomposition to Ga2O3 was
completed at 550 ◦C but the resulting transparent film was amor-
phous, hence the film was heated to 700 ◦C to induce crystallisation.
Band gap measurements of the films resulted in agreement with lit-
erature values of 4.9 eV. The room temperature electrical resistivity
of the film grown by spin coating was measured at 6 × 107 � cm,
confirming a high electrical resistance.

3. Precursors to indium oxide

Thin films of indium oxide, In2O3, are usually found in the cubic
form. Unlike Ga2O3, at room temperature In2O3 is an electrical con-
ductor and finds use as a TCO material, although it is usually doped
with tin to enhance its electrical conductivity. However, this sec-

tion is solely concerned with the synthesis and characterization
of single-source precursors to undoped indium oxide, in addition
to the conditions used to deposit thin films of indium oxide. Like
the gallium oxide section, detailed discussion on the structural and
physical properties of the precursors has not been included because
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sis of donor-functionalized alkoxide CVD precursors. Chi et al.
reacted a series of fluorinated donor-functionalized alcohols with
InMe3, affording a range of dimeric 5-coordinate indium complexes
(Scheme 14).
ig. 8. ORTEP diagram of the indium cluster [In5(�5-O)(�3-OiPr)4(�2-
iPr)4(OiPr)5]. Hydrogen and carbon atoms omitted for clarity; the oxo anion (O1)

s at the centre of the cluster.

t has previously been covered. Some details on film characteriza-
ion have also been included.

Similarly to the gallium oxide section, this section has been
ivided into four areas: (i) simple monodentate indium alkox-

des, (ii) donor-functionalized indium alkoxides, (iii) indium
-diketonates and (iv) other precursors. A short survey of single-
ource precursors to the mixed metal material indium gallium
xide has also been included.

.1. Monodentate alkoxides

Compared to simple gallium alkoxides, the structure and
eactivity of simple indium alkoxides is less well researched.
[In(OiPr)3]” was first reported in 1976 as a tetramer, suppos-
dly analogous to [Ga(OiPr)3]4 [71]. However, subsequent studies
evealed it actually existed as an oxo-centred cluster of the type
In5(�5-O)(�3-OiPr)4(�2-OiPr)4(OiPr)5] (Fig. 8), but the origin of
he central oxide anion was unknown [72]. Similarly to the gal-
ium compound [Ga(OiPr)3]4, “[In(OiPr)3]” was used as a starting
oint to synthesise a range of simple indium alkoxides by alkox-

de/alcohol exchange. However, the work carried out by Bradley
t al. indicated that the alkoxides synthesised from “[In(OiPr)3]4”
ay also be complex oxy-alkoxides, rather than a simple oligomer

f [In(OR)3].
Nonetheless, Cantalini et al. used “[In(OiPr)3]” as a single-source

recursor to thin films of In2O3 using the sol–gel technique [73].
he indium precursor was dissolved in ethanol, dropped onto a
apphire substrate and spun at 1000–3000 rpm for 20–60 s. After
aking at 120 ◦C for 30 min, the films were annealed at 500 ◦C to

nduce crystallisation. XRD analysis of the annealed film revealed
hat cubic In2O3 had been formed, but XPS data indicated that the
lm was oxygen-deficient.

The use of amide/alcohol exchange as a technique for syn-
hesising homoleptic indium alkoxides was restricted owing to
he fact that simple homoleptic indium amide compounds, e.g.
In(NMe2)3]2, were not readily available. However, Hoffman and
o-workers used the bulky indium amides [In{NtBu(SiMe3)}3] and
In(tmp)3] (tmp = 2,2,6,6-tetramethylpyrrolidide) as starting mate-

ials for the synthesis of a range of homoleptic indium alkoxides by
mide/alkoxide exchange [74]. This led to the formation of dimeric
omoleptic indium alkoxide precursors from [In{NtBu(SiMe3)}3],
ather than [In(tmp)3] on economic grounds (Scheme 12) [75].
Scheme 12. Synthesis of dimeric In2O3 single-source precursors.

Compound 46 was chosen as a precursor owing to its low
melting point (40–41 ◦C). Deposition of In2O3 on glass and silicon
substrates was accomplished using an LPCVD process whereby the
precursor was heated to 50 ◦C and the substrate was heated to tem-
peratures between 300 and 500 ◦C. As is typical for the deposition
of thin films of In2O3, the films deposited at all temperatures were
crystalline as measured by XRD, with cubic In2O3 being observed in
all cases. RBS spectra indicated that stoichiometric In2O3 had been
formed and XPS data showed that no carbon contamination was
present.

Another indium alkoxide was synthesised by Carmalt and co-
workers who reacted InMe3 with 4-methylbenzylalcohol in a 4:9
ratio (Scheme 13) [29]. Analogously to the gallium case (13), a
tetrameric molecule was isolated with the ‘core’ of the molecule
containing an M:O ratio of 4:6, ideal for In2O3. However, the biggest
difference to compound 13 was found on the outer metal atoms;
whereas only one methyl group was retained in the gallium com-
pound, both methyl groups were retained for the indium precursor.

TGA of compound 49 indicated that decomposition to In2O3 was
a facile process, but this was not borne out by CVD experiments.
A black film was deposited on a glass substrate at 600 ◦C which
was assigned to metallic indium on the basis of XRD analysis. Fur-
ther investigations revealed that decomposition of compound 49
occurred before the melting point, which precluded transport of
49 into the CVD reaction chamber. No further CVD experiments
were conducted on compound 49.

3.2. Donor-functionalized alkoxides

Much like the situation for simple alkoxide compounds, there
has been less research carried out into donor-functionalized alkox-
ide compounds of indium than gallium. Indeed, the paucity of
suitable indium amide starting materials has resulted in InMe3
being selected as the starting material of choice for the synthe-
Scheme 13. Synthesis of a tetrameric indium oxide precursor.
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Fig. 9. ORTEP diagram of indium alkoxide compound 58 showing an unusual coordi-
cheme 14. Synthesis of fluorinated donor-functionalized indium complexes.

Even though compound 50 had two further ‘arms’ which were
apable of coordination to the indium centre, single crystal X-ray
nalysis revealed that the ‘arms’ were dangling and did not coordi-
ate. It also revealed that a 4-membered In2O2 ring was present at
he core of the molecule, analogous to mono(donor-functionalized
lkoxide) complexes of gallium with their Ga2O2 rings. Compound
1 was selected for LPCVD experiments: deposition occurred on
uartz and silicon substrates at temperatures between 400 and
00 ◦C. The substrate was heated to 145 ◦C and the system pressure
as maintained at 0.3 Torr. All films were crystalline as-deposited,
ith cubic In2O3 being the phase formed, although the degree of

rystallinity increased with deposition temperature. XPS data indi-
ated that a small amount of carbon was present as an impurity,
ut no fluorine could be detected. The In:O ratio, as measured by
PS, showed the films to be very oxygen-deficient but the more
ccurate RBS experiments indicated that stoichiometric In2O3 had
een formed.

The use of non-fluorinated indium alkoxides as CVD precursors
o indium oxide was initially developed by Carmalt and co-workers
29]. InMe3 and a large excess of alcohol were reacted in toluene for
0 min, then the reaction mixture was passed straight into the CVD
hamber using AACVD. Deposition occurred on glass at a temper-
ture of 550 ◦C, affording brown films of cubic In2O3 as measured
y XRD. WDX data indicated that most of the films were formed
f stoichiometric In2O3, with the remainder being sufficiently thin
hat X-ray breakthrough to the underlying substrate was observed,
dversely affecting the WDX analysis. XPS data did not indicate any

arbon or nitrogen contamination of the films.

The formation of [InMe2(OR)]2 was assumed to take place in situ
rior to the solution being passed into the CVD reactor. To con-
rm this, compounds 54–56 and 58 were synthesised and fully

Scheme 15. Synthesis of non-fluorinated indium a
nation mode whereby both “arms” bind to different metal centres. H atoms omitted
for clarity.

characterized (compounds 54–57 were used for CVD) by various
spectroscopic techniques (Scheme 15).

Single crystal X-ray diffraction of the isolated compounds con-
firmed that in each case, a dimeric indium mono(alkoxide) had been
formed (Fig. 9). Compound 59 was subsequently isolated and also
fully characterized, but was not used for CVD purposes [59]. Inter-
estingly, compound 58 where each ligand contained two ‘arms’
exhibited an unusual coordination mode whereby both ‘arms’ coor-
dinated to the indium centres. This is in contrast to compound 50
which had a dangling ‘arm’, although this oddity can probably be
put down to the geometry of the ligand: for compound 50 the alkox-
ide occurs at the end of the ligand whereas for compound 58, the
alkoxide occurs in the middle of the ligand. This enables the bridg-
ing alkoxide to coordinate to both indium centres in compound 58

because it has a Lewis base on either side, but for compound 50
only one side of the bridging alkoxide has a Lewis base therefore
it cannot reach round and coordinate the second Lewis base to an
indium centre.

lkoxides with donor-functionalized ligands.
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500 ◦C, with polycrystalline films being obtained at all tempera-
tures. No further analysis was carried out on the In2O3 film.

[In(acac)3] was also used as a precursor in a spin-coating
process by Tsuchiya et al. [80]. The precursor was dissolved in
Scheme 16. Synthesis of dimer

These results are consistent with the case for donor-
unctionalized gallium alkoxides, where the room temperature
eaction of GaMe3 with an excess of alcohol only leads to the forma-
ion of mono(alkoxide) gallium compounds. Heating a mixture of
aMe3 and excess donor-functionalized alkoxide to 110 ◦C results

n the formation of a 1:1 mixture of mono- and bis(alkoxide) gal-
ium compounds, and the same is true for indium [57]. However,
nder the reaction conditions inside the CVD flask, the in situ for-
ation of indium mono(alkoxides) is the most likely outcome.

o date, no bis(donor-functionalized alkoxide) indium compounds
ave been isolated and fully characterized.

The reaction of InCl3 with 1.5 equiv. of freshly prepared
eN(CH2CH2ONa)2 led to the formation of a dimeric indium

ris(alkoxide) complex (Scheme 16) [36]. Compound 60 exists as a
imer with two [InL2] anions surrounding two central [InL] cations.
ne of the ‘arms’ of the ligand on the [InL] cation bridges to the
ther [InL] cation, forming the expected In2O2 ring at the centre
f the molecule. The two [InL2] anions bridge twice to one [InL]
ation, one ‘arm’ from each ligand forming the bridge. This results
n the overall formation of an In4-containing molecule which can
est be described overall as existing in a zig–zag geometry. This is in
ontrast to the gallium analogue (Section 2.2) where the molecule
ormed a star-shape with one central Ga3+ cation and three [GaL2]
nions.

The deposition of films of In2O3 from compound 60 was carried
ut in an analogous way to that of Ga2O3 films from compound 34.
ydrolysis preceded spin-coating onto a glass or silicon substrate
hich was dried at 120 ◦C, before repeating the spin-coating sev-

ral times to increase the thickness of the film. Unlike compound
4, where [GaO(OH)] was identified as the hydrolysis product, for
ompound 60 [In(OH)3] was identified as the hydrolysis product.
nnealing at 500–700 ◦C completed the process. The indium oxide
lm obtained was analysed by XRD, which confirmed the cubic
hase of In2O3 had been formed. EDX analysis confirmed that sto-

chiometric In2O3 had been formed.

.3. ˇ-Diketonates

As is the case for gallium, homoleptic tris(�-diketonate) com-
lexes of indium are an important class of single-source precursor
Fig. 10). The most commonly used precursor is [In(acac)3] (61),
lthough [In(thd)3] (62) has also been used. Interestingly, the
ore volatile [In(hfac)3] has not been used as a precursor to thin

lms of pure In2O3, although it has been used as a precursor to

oped indium oxide films. [In(acac)3] is commercially available
hilst [In(thd)3] is easily prepared from hydrated InCl3 and Hthd
ithout the need for specialised equipment (i.e. inert-atmosphere

echniques) [76]. All indium tris(�-diketonates) are 6-coordinate,
ctahedral species similar to their gallium congeners.
ium-containing compound 60.

The first reported use of [In(acac)3] as a single-source precursor
to thin films of In2O3 came in 1969, when Ryabova and Savitskaya
used LPCVD to deposit on a variety of substrates [77]. The actual
substrates used were not specified, but included a range of materi-
als such as metals and semiconductors. The deposition temperature
depended on the substrate used, with dielectric materials kept
between 300 and 380 ◦C, semiconductors between 420 and 540 ◦C
and metals between 450 and 650 ◦C. Interestingly, both amorphous
and crystalline films were deposited with the crystallisation tem-
perature varying according to substrate: crystallisation occurred at
360 ◦C on dielectric materials, but 490 ◦C and 500 ◦C on semicon-
ductors and metals respectively. No further analysis was performed
on the film.

Four years later, Korzo and Chernyaev also used [In(acac)3] to
deposit indium oxide [78]. The indium precursor was melted, then
the vapour carried into an activation chamber using a flow of argon.
The [In(acac)3] was irradiated with high intensity UV light prior to
passing into the deposition chamber, where it was deposited onto a
variety of materials (e.g. silicon, quartz, sapphire, nickel, tantalum)
between 270 ◦C and 520 ◦C. Annealing took place at the tempera-
ture at which deposition began upon the various substrates. Both
amorphous and crystalline films were deposited, depending upon
the deposition temperature.

Maruyama and Fukui used a range of indium carbonates and
carboxylates (see Section 3.4) but also [In(acac)3] to deposit indium
oxide films via an APCVD process [79]. The precursor was heated to
180 ◦C and carried into the deposition chamber by a flow of nitro-
gen gas. Deposition occurred on glass and quartz between 350 and
Fig. 10. Indium tris(�-diketonates) which have been used as single-source precur-
sors.
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one of the oxygen atoms. This is half-way between a �-diketonate
and the ‘NacNac’ class of ligand which has many applications in
synthetic chemistry, not least the ability to stabilise metals in
unusually low oxidation states or coordination geometries [84,85].
Chi and co-workers used a �-ketoiminate as a ligand, synthesised
Fig. 11. Glancing an

ethanol/acetylacetone solution before spin-coating onto quartz
r silicon substrates at 2000–4000 rpm. Drying in air at 150 ◦C for
0 min removed the solvents before photolysis with an ArF laser at
oom temperature led to the formation of indium oxide films. XRD
nalysis (e.g. Fig. 11) indicated that the expected cubic In2O3 had
een formed.

Plasma-enhanced CVD (PECVD) of [In(thd)3] led to the depo-
ition of indium oxide thin films on aluminium at temperatures
etween 200 and 400 ◦C [81]. The reactor pipes had to be heated to
55 ◦C to prevent condensation of the precursor prior to it reach-

ng the deposition chamber. Films grown below 350 ◦C contained a
mall amount of carbon (ca. 2 wt.%) but above this temperature, no
arbon was detected. The film was characterized by elemental anal-
sis, with stoichiometric In2O3 containing 82.7 wt.% In. Increasing
he substrate temperature resulted in a slight drop in the indium
ontent of the film to ca. 70 wt.% at 400 ◦C, but no carbon was
bserved implying a slightly oxygen-rich film had formed.

[In(thd)3] was also used by Yoon and co-workers to deposit
ndium oxide on silicon at temperatures between 200–400 ◦C [82].
he precursor was dissolved in hexane before being vaporized and
arried to the deposition chamber by a flow of argon. The films were
ll deposited as crystalline films, with the cubic In2O3 phase being
dentified from XRD experiments. XPS data indicated the composi-
ion of the film was consistent with In2O3, with no metallic indium
bserved, although a small amount of [In(OH)x] was present at the
urface of the film. A small amount of carbon contamination was
lso observed.

A slightly different precursor, [In(mbm)3]
mbm = monobenzoylacetonate, 63, Fig. 10) was synthesised
rom the aqueous reaction of [In(NO3)3] and Hmbm with ammonia
83]. After isolation as a white powder, it was dissolved in CH2Cl2
hen dropped onto a silicon substrate spinning at 1500 rpm, before
hotolysis in air with a 254 nm UV lamp photolytically decom-
osed the precursor to indium oxide. Acetone was used to wash
ny remaining organic byproducts off the surface of the film. The
s-deposited film was analysed by Auger electron spectroscopy,
ndicating that stoichiometric In2O3 had been formed albeit with

significant amount (ca. 20%) of carbon contamination. This was
ostly localized at the surface, however, and argon sputtering for

min reduced the carbon contamination below 5%. Annealing of

he as-deposited film at 900 ◦C for 2 h allowed XRD analysis to take
lace, confirming the cubic phase of In2O3 had been formed.

In contrast to the case for gallium, where mono(�-diketonate)
ompounds had not been used as a CVD precursor, one mono(�-
D pattern of In2O3.

diketonate) complex of indium has been synthesised and used to
deposit indium oxide [30]. [InMe2(OMe)] was reacted with Hacac in
cold toluene, forming a mono(�-diketonate) compound of indium
[InMe2(acac)]2 (64, Scheme 17).

Compound 64 is a dimeric 5-coordinate indium mono(�-
diketonate) which is half-way between trigonal bipyramidal and
square-based pyramidal geometry. The central In2O2 ring is formed
through one of the oxygen atoms on the ligand, resulting in the
diketonate twisting away from the methyl groups on the metal
centre. This results in a significant difference in the In–O bond
lengths [2.253(2) Å vs. 2.194(2) Å] but the In–C bond lengths are
identical. The In–O bond length of the ‘bridge’ is noticeably longer
at 2.606(3) Å, indicating a weak interaction holding the dimer
together.

TGA analysis of compound 64 indicated sublimation occurred
between 130 and 210 ◦C. Deposition on glass, silicon and GaAs sub-
strates was carried out using LPCVD, with substrate temperatures
of 350–450 ◦C. The precursor was maintained at a temperature of
150 ◦C throughout. All films were crystalline as-deposited accord-
ing to XRD; the cubic phase of In2O3 was formed throughout. EDX
analysis indicated that indium was present, although the In:O ratio
could not be determined.

A modification of the �-diketonate ligand architecture is to
form a �-ketoiminate ligand, with NR (R = alkyl, aryl) replacing
Scheme 17. Synthesis of indium mono(�-diketonate) CVD precursor 64.



1306 L.G. Bloor et al. / Coordination Chemistry Reviews 255 (2011) 1293–1318

m (�

b
f
(

a
p
b
b
l
T
w
I

s
6
a
v
fi
a
b
i

3

h
I
fi
e
n
s
i
g
i
c
t
t
a
o

o
f
a
i
a
e
a
c
r
i

a
i
a

Scheme 18. Synthesis of indiu

y condensation of N,N-dimethylethylene diamine with Hhfac, to
orm the donor-functionalized (�-ketoiminate) CVD precursor 65
Scheme 18) [86].

After isolation of the �-ketoimine ligand, reaction with InMe3
nd sublimation of the crude product afforded crystals of com-
ound 65. It exists as a monomeric 5-coordinate indium compound,
est described as highly distorted trigonal bipyramidal. The In–O
ond length of 2.251(3) Å is consistent with the long In–O bond

ength in compound 64 and the In–C bond lengths are identical.
here is a marked difference between the two In–N bond lengths,
ith the In–N dative bond at 2.428(2) Å longer than the ketoiminate

n–N bond of 2.321(2) Å.
TGA of 65 resulted in almost complete sublimation of the precur-

or, a good indicator of its stability at high temperatures. Compound
5 was heated to 80 ◦C to aid volatilisation in the LPCVD process
nd a small flow of O2 as carrier gas was also used to transport the
apour into the deposition chamber. This resulted in crystalline
lms of cubic indium oxide being deposited on silicon and quartz
t temperatures between 400 and 500 ◦C. XPS indicated that no car-
on, nitrogen or fluorine impurities were present and RBS analysis

ndicated that stoichiometric In2O3 had been formed.

.4. Other precursors

Unlike the case for gallium, several other indium compounds
ave been used as single-source precursors for thin film deposition.

ndium nitrate is a commercially available compound which was
rst used as a single-source precursor in a sol–gel process by Tahar
t al. [87]. Commercial indium nitrate was reacted with ammo-
ia before washing with water and nitric acid to form the stable
ol. It was thought from molecular weight measurements that the
ndium-containing species was [In2(OH)5(NO3)]. Dip-coating onto
lass substrates followed by drying in air at 110 ◦C and anneal-
ng at 300–600 ◦C formed a thin film of indium oxide, and the dip
oating process was repeated several times to increase the film
hickness. XRD analysis of the dried film pre-annealing indicated
hat [In(OH)3] had been deposited, which became amorphous upon
nnealing at 200 ◦C. Heating above 300 ◦C resulted in the formation
f cubic indium oxide.

The sol–gel process was also used by Gurlo et al. to form indium
xide thin films [88]. Using the same method described above to
orm a sol, coating onto sapphire substrate followed by air-drying
t room temperature and annealing at 700 ◦C afforded thin films of
ndium oxide. XRD characterization was not carried out, but XPS
nalysis was, indicating indium oxide had been formed. However,
lectron spin resonance (ESR) spectroscopy indicated that a small
mount of paramagnetic In(II) ions were present in the lattice, indi-
ating oxygen-deficient films had been formed. Heating the film in a
educing atmosphere (H2 gas) increased the amount of In(II) found

n the structure.

Indium nitrate, as a solution in 2-methoxyethanol, was used in
n ultrasonic spray pyrolysis procedure by Lee and Park, deposit-
ng indium oxide onto bare glass at temperatures between 450
nd 500 ◦C [89]. Deposition times varied between 30 and 120 min,
-ketoiminate) CVD precursor.

with thicker films being formed at longer deposition times. Unusu-
ally, the films deposited at 450 ◦C were amorphous, with crystalline
material being formed at temperatures above 500 ◦C. XRD analysis
of the crystalline material indicated cubic In2O3 had been formed.

Indium hydroxide is another commercially available compound
which has been used to form indium oxide. In 1998, Chung et al.
made [In(OH)3] by hydrolysis of InCl3 in the presence of ammonia,
then used the spin-coating method to form a film of [In(OH)3] on
alumina [90]. The film was dried at 110 ◦C then annealed at 400 ◦C
for 1 h. This was repeated several times before a final annealing
step at 600 ◦C afforded an indium oxide film. XRD analysis indi-
cated the usual cubic phase of indium oxide had formed, but no
further film characterization was carried out. Subsequent depo-
sition of thin films on silica was also carried out using the same
methodology, again forming cubic indium oxide as measured by
XRD [91,92].

Tamaki et al. also used an [In(OH)3] sol, prepared as above, to
deposit indium oxide [93]. The sol was dropped onto a silica sub-
strate patterned with gold electrodes, dried and annealed at 600 ◦C.
No film characterization was carried out, but SEM images showed
grains of a material, probably indium oxide, on films annealed at
600 ◦C. Increasing the annealing temperature to 700 ◦C resulted in
agglomeration of the grains into cubes and subsequently spheres
at 850 ◦C.

A series of indium carboxylates has also found application for the
deposition of undoped thin films of indium oxide. Indium acetate,
[In(OAc)3], was first used in 2008 as a solution in 2-propanol, sta-
bilised with lactic acid [94]. Six cycles of dip-coating onto a glass
substrate, followed by annealing between 200 and 500 ◦C resulted
in the formation of indium oxide films. The film annealed at 200 ◦C
was amorphous, but all films annealed at higher temperatures were
formed of cubic indium oxide as measured by XRD. In some cases,
a second annealing of the films was carried out which exhibited
improved electrical conductivity compared to films which had not
undergone a second annealing step [95].

Indium acetate hydroxide, [In(OAc)2(OH)], was used by
Maruyama and Tabata to deposit indium oxide on glass, heated
to 300 ◦C [96]. The indium acetate hydroxide was not heated to
a specific temperature, rather it was placed as close as possible
to the glass substrate inside the deposition chamber, owing to its
extremely rapid decomposition. XRD of the as-deposited films indi-
cated they were composed of crystalline cubic indium oxide, but no
further film characterization was carried out.

Indium tris(2-ethylhexanoate) is a slightly incongruous, yet
commercially available, precursor to thin films of undoped indium
oxide. It was first used in 1990 by Maruyama and Fukui to deposit
indium oxide on a glass substrate heated between 350 and 400 ◦C
[19]. The precursor was heated to 280 ◦C under a flow of nitro-
gen gas, which transported it onto the heated substrate. The

as-deposited films were crystalline, with XRD analysis indicating
that cubic indium oxide had formed [97].

Ching and Hill later used the same precursor to deposit indium
oxide onto silicon substrates [98]. A thin film of the precursor
on silicon was formed by the spin-coating method, before pho-
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olysis with a 254 nm UV light source resulted in decomposition
f the precursor and formation of an indium oxide film. Auger
pectroscopy of the as-decomposed film revealed the surface was
eavy with carbon-containing contaminants, but after sputtering
he stoichiometry of the film was confirmed as In2O3. The film was
morphous, however. Mass spectrometric analysis of the organic
yproducts indicated the presence of CO2, 2-heptene (and related

somers) and heptane, expected decomposition products from a
7-alkyl chain in the precursor.

Indium tris(2-ethylhexanoate) was also used as a precursor in
spin-coating process by Tsuchiya et al. [80]. The precursor was
issolved in toluene before spin-coating onto quartz or silicon
ubstrates at 2000–4000 rpm. Drying in air at 200 ◦C for 10 min
emoved the solvent prior to room temperature photolysis with
n ArF laser, leading to the formation of indium oxide films. XRD
nalysis indicated that cubic In2O3 had been formed, in contrast
o the results obtained by Ching and Hill where room temperature
hotolysis with a UV light source did not result in the formation of
rystalline films. No further film analysis was carried out.

Shigeno et al. used a slightly modified version of indium
ris(2-ethylhexanoate) by replacing one of the carboxylate
roups with a hydroxyl anion [40]. Thus, indium bis(2-
thylhexanoate)(hydroxide) was dissolved in an ethanol/xylene
olution, dip-coated onto glass and heated to a temperature
etween 100 and 500 ◦C by an IR lamp. The film heated to 100 ◦C
as crystalline, but decomposition had not taken place and the
recursor was the only compound present. The film heated to
00 ◦C was consistent with cubic indium oxide, whereas the films
eated to intermediate temperatures were consistent with neither,
ather being tentatively identified as decomposition intermediates
etween the precursor and indium oxide.

.5. Indium gallium oxide

Indium gallium oxide is a mixed metal oxide which also falls
nto the TCO class of materials. It was first characterized in 1994 as
he stoichiometric mixed metal oxide, namely InGaO3. XRD mea-
urements showed it to be based on the monoclinic Ga2O3 lattice
ith indium cations replacing half of the gallium cations [15].

Initial reports of the material were all based around its syn-
hesis by sputtering of Ga2O3 and In2O3 targets, a process outside
he scope of this review. Nonetheless, a detailed study of the lat-
ice structure with variation of the In:Ga ratio was carried out by
dwards et al. using XRD analysis of films grown using sputter-
ng [99]. It was found that for gallium indium oxide of formula
n2xGa2−2xO3, the value of x determined the lattice structure of the

ixed metal oxide. For x ≤ 0.43, the lattice structure was based on
onoclinic Ga2O3 with replacement of some gallium cations by

ndium cations. For x ≥ 0.95, the lattice structure was based on cubic
n2O3 with substitution of some indium cations by gallium cations.
or 0.43 < x < 0.95, phase segregation occurs with the formation of
onoclinic Ga2O3 and a separate mixed metal oxide phase based

n the In2O3 cubic lattice. This is not wholly consistent with the
ork by Cava et al. who only observed a monoclinic Ga2O3-type

attice for x = 0.50 [15].
Whilst well-defined single-source precursors to gallium indium

xide are unknown, the material has been made using a combina-
ion of single-source precursors for gallium oxide and indium oxide.

arks and co-workers used a mixture of [Ga(thd)3] and [In(thd)3]
n a dual-source LPCVD process to form films of InxGa2−xO3, where
.9 ≤ x ≤ 2.0 [100]. The precursors were kept separate throughout

he CVD process with [Ga(thd)3] being heated between 86 and 90 ◦C
nder a 5–20 sccm argon gas flow and [In(thd)3] heated between 98
nd 104 ◦C under a 50–80 sccm argon gas flow. Deposition occurred
n quartz and zirconia at temperatures between 400 and 650 ◦C and
he reactor pressure was maintained at 4.7 mbar. For deposition
Scheme 19. Synthesis of bimetallic precursors to indium gallium oxide.

on quartz, a substrate temperature of 500 ◦C was ideal, with lower
temperatures increasing the amount of carbon contamination in
the film.

XRD analysis of the films grown for film compositions ranging
from pure In2O3 to In0.9Ga1.1O3 indicated that they were based
on a cubic In2O3 lattice with substitution of some indium atoms
for gallium atoms. No phase separation was detected, contrast-
ing with the work of Edwards et al. who detected both a cubic
In2O3-type lattice and a monoclinic Ga2O3-type lattice for film
compositions of In0.9Ga1.1O3. However, for more gallium-rich films,
phase separation was detected. For all film compositions, annealing
the as-deposited film under a reducing atmosphere at 400–420 ◦C
increased the electrical conductivity. However, the film composi-
tion with the highest electrical conductivity was In1.88Ga0.12O3.

Thin films of indium gallium oxide were also grown utilising an
in situ CVD method [101]. A mixture of InMe3, GaMe3 and excess 2-
methoxyethanol in toluene were allowed to react for 10 min before
being passed into an AACVD reactor. The identity of the actual pre-
cursor is unknown, but based on previous work with MMe3 and
donor-functionalized alkoxides (M = Ga, In), it is thought a bimetal-
lic oxygen-bridged species is formed with each metal retaining two
methyl groups (Scheme 19).

No compounds were isolated and characterized from the reac-
tion, but it is likely that a statistical mixture of products has formed.
The mixed-metal precursor 66 should be the dominant product of
the reaction, with significant amounts of compounds 26 and 56 also
present.

Films were grown on glass substrates heated between
350–450 ◦C. It was found that the In:Ga ratio increased as
the substrate temperature increased, with film composition
In0.77Ga1.23O2.44 observed at 350 ◦C and In1.4Ga0.6O3.1 observed at
450 ◦C. The In:Ga ratio was determined by EDX, WDX and XPS anal-
ysis, with XPS data confirming that only one environment for each
metal was present in the film. The as-deposited films were amor-
phous, but annealing at 1000 ◦C for 16 h resulted in the formation
of crystalline films. XRD of the annealed film initially deposited at
450 ◦C revealed that the material was based on a cubic In2O3 lat-
tice with substitution of some indium cations for gallium – no peaks
corresponding to a monoclinic Ga2O3-type lattice were observed.
Concomitant with this was a contraction in the lattice parameter
from 10.12 Å (pure In2O3) to 9.84 Å, consistent with replacing larger
indium cations with smaller gallium cations.

4. Potential precursors

There are a range of gallium and indium complexes contain-
ing preformed M–O bonds which have been reported, but have
not been used to deposit M2O3 films (M = Ga, In). Comprehen-
sive reviews of gallium and indium alkoxides, aryloxides and

sesquialkoxides have been published [49,102], but the post-2006
literature has not been reviewed.

Herein we review gallium and indium compounds incorporat-
ing oxygen-based ligands that have been published since 2006,
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Table 1
Selected Bond Lengths and Angles for M–O (M = Ga, In) compounds.

No. Compound Framework M–O bond
length (Å)

O–M–O bond
angle (◦)

M–O–M bond
angle (◦)

Reference

69 [GaMe2(OCH2CH2CH2NHMe)] GaONR2 core, tetrahedral 1.875(6) [103]
72 [GatBu2(OCH2CH2CH2NHMe)] GaONR2 core, tetrahedral 1.870(2) [103]
73 [GatBu2(OCH2CH2NHtBu)]2 Ga2O2 ring, planar 1.955(2) 76.9(2) 103.7(2) [103]

1.956(2)
74 [GatBu2(OCH2CH2CH2NHtBu)]2 Ga2O2 ring, slightly folded 1.951(2) 77.1(1) 102.7(1) [103]

1.957(2) 76.9(2) 103.0(1)
1.967(2)
1.951(2)

75 [Ga(OC(CH3)2CH2OMe)Cl2]2 Ga2O2 ring, planar 1.9753(17) 77.98(7) 103.7(1) [104]
1.886(2) 76.30(9) 103.7(1)

79 [Ga{O2C(3,5-C6H3Me2)}{CH(SiMe3)2}]2 Ga2O2R core, tetrahedral 2.004(6) 93.7(3) [105]
2.004(6) 93.1(3)
2.027(6)
2.010(6)

81 [Ga2{CH(SiMe3)2}2(bzac)2] Ga2O2R core, tetrahedral 1.959(3) 91.1(1) [107]
1.948(3)

83 [GaCl(acac)]2 Ga2O2Cl core, tetrahedral 1.888(6) 95.3(3) [108]
1.889(6)

84 [GaCl(thd)]2 Ga2O2Cl core, tetrahedral 1.890(5) 94.5(2) [108]
1.886(5)

85 [GaMeCl(acac)] GaO2ClR core, tetrahedral 1.901(7) 96.3(3) [109]
1.878(7)

89 [GaCl{N(SiMe3)2}(acac)] GaO2ClN core, tetrahedral 1.888(4) 96.1(2) [109]
1.881(4)

92 [GaMe2(hfac)·NC5H5] GaO2R2 core, tetrahedral 1.971(8) 76.5(3) [110]
2.590(8)

100 [GaMes2(hfac)] GaO2R2 core, tetrahedral 2.008(11) 88.7(4) [110]
2.009(11)

102 [GaCl2(acac)] GaO2Cl2 core, tetrahedral 1.835(9) 99.3(6) [62]
1.835(9)

103 [GaCl2(thd)] GaO2Cl2 core, tetrahedral 1.849(4) 98.2(1) [62]
1.841(3)

106 [GaMe2{C(OC(4-OCH3Ph))2}] GaO2R2 core, tetrahedral 1.921(2) (av.) 93.89(14) [111]
108 [GaMe2(NOC13H9)] GaONR2 core, tetrahedral 1.899(2) 94.10(7)a [111]
127 [GaMe2{OC(Ph)CHC(Me)N(p-methoxyphenyl)}] GaONR2 core, tetrahedral 1.930(4) 93.5(2)a [112]
132 [GaCl3·{O(C(CH3))3NHDipp}] GaCl3O core, tetrahedral 1.864(5) [113]
133 [InMe2{OC(CH3)CC(CH3)N(CH2)2NEt2}] InON2R2 core, trigonal bipyramidal 2.238(2) 82.61(8)a [113]
27 [GaEt(OCH2CH2NMe2)2] GaO2N2R core, trigonal bipyramidal 1.8522(13) 114.94(6) [104]

1.8534(13)
134 [GaCl(OCH2CH2NMe2)2] GaO2N2Cl core, trigonal bipyramidal 1.841(2) 135.08(13) [115]

1.842(3)
135 [GaCl(OCH(CH3)CH2NMe2)2] GaO2N2Cl core, trigonal bipyramidal 1.8372(12) 118.91(6) [115]

1.8389(12)
136 [GaMe(OtBu)2]n GaO4R core, trigonal bipyramidal 2.095(1) 164.98(6) 104.47(6) [115]

1.886(1) 76.53(5)
94.70(5)

109.43(6)
137 [GaMe(OEt)2]n GaO4R core, trigonal bipyramidal 1.896(3) 165.7(1) 103.3(1) [115]

1.897(3) 109.1(2) 102.9(2)
2.089(3) 94.9(1)
2.094(3) 76.7(1)

77.1(1)
94.5(1)

139 [Ga(OEt)3] GaO5 core, trigonal bipyramidal 1.74(1) 176.8(9) 99.3(8) [115]
1.89(2) 101.4(8) 102.7(9)
1.98(2) 79.7(9)
2.00(2) 94.5(8)
2.01(2) 77.7(8)

97.6(9)
88.4(9)

108.7(9)
125.7(9)

b
a
u
u
o
t

a O–M–N bond angle (◦) for �-ketoiminate compounds.

ut have not been used as precursors to thin films of gallium

nd indium oxide. Because this section can be viewed as an
pdate of a previously published 2006 review, we have contin-
ed the format followed in that work. To this end, the discussion
f the structural and physical properties goes into greater depth
han is found in Sections 2 and 3 of this review. Addition-
125.2(9)

ally, Table 1 summarised the key bond lengths and angles of

crystallographically characterized compounds, which has been
organised into four areas: gallium and indium mono(alkoxides, �-
diketonates and �-diketoiminates); bis(alkoxides); tris(alkoxides
and �-diketonates) and finally cluster compounds of gallium and
indium.
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Both compounds 73 and 74 contain the expected Ga2O2 ring at the
heart of the molecule, but in compound 73 the centre of the ring lies
on an inversion centre in the unit cell. The gallium atoms in both
compounds are in a distorted tetrahedral geometry with the “arm”
Scheme 20. Synthesis of mon

.1. Mono(alkoxides, ˇ-diketonates and ˇ-diketoiminates)

The reaction of GaMe3 with donor functionalized alcohols
O(CH2)2NHR and HO(CH2)3NHR (Scheme 20) afforded the gal-

ium mono(alkoxides) [GaMe2(O(CH2)2NHR)] (67: R = Me; 68:
= tBu) and [GaMe2(O(CH2)3NHR)] (69: R = Me; 70: R = tBu).
he reaction of GatBu3 and the donor functionalized alcohols
O(CH2)nNHMe also resulted in the formation of compounds

GatBu2(OCH2(CH2)nNHMe)] (71: n = 1; 72: n = 2). Surprisingly,
hese compounds are monomeric in nature: this is thought to be
result of the presence of a hydrogen atom on the coordinating

mine. This enables hydrogen-bonding to a neighbouring alkoxide
xygen to take place, which occurs preferentially over the for-
ation of the Ga2O2 ring seen in other gallium mono(alkoxide)

ompounds (see Section 2.2). IR spectroscopy exhibited a broad
–H absorption, confirming the presence of bridging hydrogen
toms [103].

The molecular structure of compounds 69 and 72 were deter-
ined by X-ray crystallography, confirming the presence of

-coordinate, monomeric complexes with the gallium centre in
distorted tetrahedral geometry [bond angles at gallium range

rom 94.5(1)◦ – 122.0(4)◦ (69) and 96.5(1)–122.0(1)◦ (72), Fig. 12].
he Ga–O bond distances [1.875(6) Å (69); 1.870(2) Å (72)] are
omparable to other monomeric gallium alkoxide compounds.
oordination of the nitrogen atom to the gallium centre was
bserved in both cases [Ga–N bond distance = 2.049(7) Å (69);
.093(2) Å (72)]: these are much shorter than the Ga–N bond

engths observed for the dimeric gallium mono(alkoxides) with

nly two methylene units in the alkoxide (Section 2.2). The rea-
on for this apparent anomaly is not completely understood, but
t is believed to be a combination of factors such as the difference
n carbon backbone length (three methylene units for 69 and 72
s opposed to two methylene units for 24), sterics at the gallium
xides) containing NH groups.

centre (Me vs. tBu) and the electronic effect of the other ligands
attached to the gallium centre (methyl groups or chloride anions).

The combination of a bulkier R group on gallium (tBu) and a
bulkier donor functionalized ligand results in the formation of a
dimeric compound [GatBu2{O(CH2)nNHtBu}]2 (73: n = 2; 74: n = 3).
Fig. 12. ORTEP diagram showing the monomeric nature of 69. H atoms (bar NH)
omitted for clarity.
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Scheme 21. Synt

f the donor-functionalized alkoxide dangling free, presumably as
result of the steric bulk around the gallium centre. The Ga–O bond

engths [1.95(1)–1.96(1) Å] are significantly longer than those seen
n 69 and 70, which is a consequence of a dimeric structure being
dopted.

Gallium mono(alkoxides) can also be reliably synthesised
ia a two step mechanism (Scheme 21). Gallium trichloride is
eacted with one equivalent of lithium dimethylamide resulting in
he formation of dichlorogallium dimethylamide [Ga(NMe2)Cl2]n.
eaction with a single equivalent of the donor functionalized
lcohol HOCMe2CH2OMe afforded [GaCl2(OCMe2CH2OMe)]2 (75)
104]. The structure of 75 was determined by X-ray crystallography
hich revealed a dimer had been formed with the expected cen-

rosymmetric, planar Ga2O2 ring (Fig. 13). Each gallium atom was in
distorted trigonal bipyramidal environment with the centre of the
a2O2 ring lying on an inversion centre in the unit cell. The Ga–O
ond lengths within the Ga2O2 ring were 1.886(2)–1.975(3) Å, com-
arable to those seen in 73 and 74, and the dative Ga–O bonds were
uch longer at 2.161(3) Å.
The synthesis of a dimeric dialkyl gallium hydroxide com-

ound [Ga(OH){CH(SiMe3)2}2]2 (76) was reported by Uhl et al.

ia the reaction of [Ga2{CH(SiMe3)2}4] and water (Scheme 22),
nd the solid state structure was obtained [105]. The gallium
entres adopt a distorted four-coordinate tetrahedral geometry
ith Ga–O bond lengths of 1.963(4) and 1.976(4) Å, similar to

ig. 13. ORTEP diagram of compound 75. Hydrogen atoms omitted for clarity.
of compound 75.

the digallium halide 75 [106]. The carboxylato-bridged digallane
compounds [Ga(O2CR){CH(SiMe3)2}]2 (77: R = Ph; 78: 4-Br-Ph; 79:
3,5-C6H3Me2; 80: CMe3) were synthesised by reacting two equiv-
alents of the appropriate carboxylic acid with [Ga2{CH(SiMe3)2}4].
A single crystal of 79 was obtained and it was structurally char-
acterized, showing a dimeric compound had formed with the
gallium atoms in a distorted four-coordinate tetrahedral environ-
ment. Ga–O bond lengths [2.004(6)–2.010(6) Å] are consistent with
literature values.

The compound [M2{CH(SiMe3)2}4] was also reacted with two
equivalents of Hbzac, resulting in the formation of compounds
[M2{CH(SiMe3)2}2(bzac)2] (81: M = Ga; 82: M = In) [107]. The com-
pounds were confirmed as dimers by spectroscopic analysis,
including single crystal X-ray diffraction for compound 81. The
molecule has a trans conformation with the crystallographic centre
of symmetry located in the middle of the Ga–Ga bond. The gal-
lium atoms are in a distorted four-coordinate tetrahedral geometry
and the Ga–O bond lengths average 1.959(3) Å, significantly shorter
than the value observed for compound 79. This is thought to be due
to the lack of bridge between the two Ga atoms atoms and also due
to less steric stress at the gallium centres.

Beachley et al. have synthesised a number of mono(�-
diketonate) compounds of gallium (83–103). Dimeric
[Ga2Cl4·2THF] was reacted with two equivalents of [Na(bdk)],
affording compounds of the type [GaCl2(bdk)] (83: bdk = acac;
84: bdk = thd; Scheme 23) [108]. Structural characterization of
compounds 83 and 84 was obtained, showing the dimeric nature
of 83 and 84. Both compounds have a direct Ga–Ga bond with
each gallium centre in a distorted four-coordinate tetrahedral
geometry. The Ga–O bond lengths are similar for both compounds
[1.888(6) Å (83); 1.889(6) Å (84)], in agreement with literature
values [49].

Products of formula [GaRCl(acac)] (85: R = Me; 86: R = Et; 87:
R = Mes) were synthesised from the reaction of two equivalents of
[GaRCl2] and Na(acac) (Scheme 24) [109]. Compounds of the type
[GaX{N(SiMe3)2}(acac)] (88: R = Me; 89: R = Cl) were also reported
via the reaction of [GaRCl(acac)] with [LiN(SiMe3)2]. Compounds
85–89 are monomeric in the solid state as confirmed by spectro-
scopic analysis, including single crystal X-ray analysis of 85 and
89. The gallium centres for both compounds are in a distorted four-
coordinate tetrahedral geometry with Ga–O bond lengths [1.901(7)
and 1.878(7) Å (85); 1.888(4) and 1.881(4) Å (89)], in close agree-
ment with literature values.

Beachley et al. also reported the synthesis of the gallium

�-diketonate compounds 90–101 using three different routes
(Scheme 25) [110]. It was found that the first route was the most
successful in producing pure and high yielding products, which
were also monomeric in nature. Compounds [GaMe2(hfac)·NC5H5]
(92) and [GaMes2(hfac)] (100) were obtained and analysed using
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pounds 105–125 were synthesised by the reaction of [GaMe2OH]
and the relevant ligand. The compounds were analysed using
spectroscopic methods and mass spectroscopy confirmed the
compounds to be monomeric in nature. Single crystals of 106
Scheme 23. Synthesis of compounds 83 and 84.

-ray crystallography. The gallium centre in both 92 and 100 was
n a distorted four-coordinate tetrahedral environment, but the
a–O bonding was different for the two compounds. Complex 92
as one Ga–O bond consistent with literature values [1.971(8) Å]
nd one much longer Ga–O bond [2.590(8) Å], which is consistent
ith a dative interaction, an unusual bonding mode for metal �-
iketonates. The Ga–O bond lengths in compound 100 [2.008(11)
nd 2.009(11) Å], are in agreement with literature values.

The reaction of gallium trichloride with one equivalent of
Na(bdk)] in benzene resulted in the formation of [GaCl2(bdk)]

102: bdk = acac; 103: bdk = thd; Scheme 26) [62]. X-ray crystal-
ographic studies show that both compounds exist as monomers,

ith the gallium atom in a four coordinate distorted tetrahedral
nvironment. Compound 102 is located on a mirror plane within

Scheme 24. Synthesis of compounds 85–89.
compounds 76–82.

the unit cell [Ga–O bond length 1.849(4) Å] whereas compound 103
is not, albeit the Ga–O bond lengths are the same within experimen-
tal error [1.835(9) and 1.841(3) Å].

The compound [GaMe2(acac)] (104) was synthesised by react-
ing trimethyl gallium with one equivalent of acetylacetone
(Scheme 27) [61]. Spectroscopic analysis revealed that compound
104 is monomeric in the solid state.

A range of monomeric gallium �-diketonate complexes
(105–107), gallium �-(2-pyridyl)acetophenone complexes
(108–110), gallium N-alkylaldimine complexes (111–115), gallium
N,O-bidentate complexes (116–117) and gallium N-arylaldimine
complexes (118–125) have been reported (Scheme 28) [111]. Com-
Scheme 25. Synthesis of compounds 90–101 via three different routes.
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Scheme 26. Synthesis of com
Scheme 27. Synthesis of compound 104.

Scheme 28. Synthesis of c
pounds 102 and 103.

and 108 confirmed a four-coordinate distorted tetrahedral envi-
ronment for the gallium centres. The average Ga–O bond lengths
[1.921(2) Å (106) and 1.899(2) (108)] are in agreement with
literature values.

Formation of the dimethyl gallium �-ketoiminate compounds
126–131 was accomplished by reacting MMe3 (M = Ga, In)
with a single equivalent of the appropriate �-ketoimine ligand
(Scheme 29) [112].
Compounds 126–131 were isolated as yellow solids, with mass
spectrometry indicating the monomeric nature of these complexes.
Single crystals of compound 127 were obtained and analysed by
X-ray diffraction, which confirmed the monomeric structure of
127. The gallium centre is in a distorted four-coordinate tetra-

ompounds 105–125.
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Scheme 31. Synthesis of compound 133.

lar. The Ga–O bond lengths [1.841(2) and 1.842(3) A (134); 1.837(3)
Scheme 29. Synthesis of compounds 126–131.

edral geometry due to the crowded environment around the
allium-bound O and N atoms. The Ga–O bond length [1.930(4) Å]
s consistent with literature values for sterically bulky compounds.
he Ga–N bond length [2.201(4) Å] is characteristic of a dative Ga–N
ond, as seen with gallium donor functionalized alkoxides.

The compound [GaCl3{O(C(CH3))3NHDipp}] (132) was synthe-
ised from the reaction of GaCl3 with the lithiated �-ketoiminate
Scheme 30) [113]. Salt metathesis is expected for these types of
eactions, but in this case a ligand-metal adduct was isolated as
ow yielding (20%) colourless crystals. The gallium centre is in a
istorted four-coordinate tetrahedral environment and the Ga–O
ond length [1.864(5) Å] is in agreement with literature values for
a–O bonds.

The reaction of a 1:1 ratio of InMe3 and the lithiated
-ketoiminate (Scheme 31) afforded colourless crystals of

InMe2{OC(Me)CHC(Me)N(CH2)2NEt2}] (133), which was charac-
erized using X-ray analysis. The indium centre is in a distorted
-coordinate trigonal bipyramidal geometry with direct bonds to
he two methyl groups and the central nitrogen [In–N bond length
.242(2) Å], a partial bond to the oxygen [In–O: 2.238(2) Å] and a
ative bond to the terminal nitrogen [In–N: 2.538(2) Å], which are
imilar to those reported in larger indium cluster compounds [114].

.2. Bis(alkoxides)

Gallium and indium bis(�-diketonate) and bis(�-ketoiminate)
omplexes are unknown, and bis(alkoxides) are rare in comparison
o the mono(alkoxide) complexes of these elements. A series of

ono, bis and tris gallium alkoxides were synthesised by Basharat
t al. and a number of the mono and tris gallium alkoxides were
sed for the deposition of Ga O (Section 2.2) [57].
2 3

The gallium bis(alkoxides) [GaEt(OCH(X)CH2NMe2)2] (27:
= H; 28: X = Me, Scheme 32) were not used to deposit gallium
xide thin films and resulted from the reaction of GaEt3 and excess
onor-functionalized alcohol. Compounds 27 and 28 were charac-

Scheme 30. Synthesis o
Scheme 32. Synthesis of compounds 27 and 28.

terized using spectroscopic methods and 27 was also characterized
by single crystal X-ray diffraction, which confirmed a monomeric
structure. The gallium centre is in a distorted five-coordinate
square-based pyramidal geometry with the apical ligand being the
ethyl group. The Ga–O bond lengths [1.8522(13) and 1.8534(13) Å]
and the Ga–N bonds [2.269(15) and 2.2675(14) Å] are in agreement
with other gallium bis(alkoxide) complexes.

As described above (Section 4.1), adding equimolar equivalents
of alcohol to MR3 (M = Ga, In) resulted in the mono(alkoxides)
[MR2(OR′)]n. However, the reaction of these species with two
equivalents of alcohol does not reliably afford the expected gallium
or indium bis(alkoxide) [MR(OR′)2]. A successful synthetic route
to gallium bis(alkoxides) is realised by first synthesising chloro-
gallium bis(dimethylamide), [Ga(NMe2)2Cl]2, before the addition
of two equivalents of donor-functionalized alcohol (Scheme 33)
affords the gallium bis(alkoxides) [GaCl(OCH2CH2NMe2)2] 134 and
[GaCl(OCHMeCH2NMe2)2] 135 [104].

The structures of 134 and 135 (Fig. 14) were determined by
single crystal X-ray diffraction. Both compounds are monomeric
in the solid state, with the gallium centre in a 5-coordinate, dis-
torted trigonal bipyramidal environment. The two oxygen atoms
and the chlorine atom occupy the equatorial positions in both com-
pounds, with the two nitrogen atoms in the axial positions. The
N–Ga–N angles [165.55(11)◦ (134) and 168.80(6)◦ (135)] are simi-

˚

and 1.838(9) Å (135)] are consistent with other gallium alkoxides.
The Ga–N bond lengths [2.161(3) and 2.118(3) Å (136); 2.151(6)
and 2.168(1) Å (137)] are also consistent with previously observed
compounds.

f compound 132.
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Scheme 33. Synthesis of compounds 134 and 135.

The reaction of trimethyl gallium with two equivalents of ROH
n hot toluene (Scheme 34) resulted in the formation of the dimeric
allium bis(alkoxides) [GaMe(OR)2]2 (136: R = tBu; 137 and 138;
= Et) [115]. When R = tBu, only the trans isomer is formed (136),
owever when R = Et, both the trans (137) and the cis (138) isomers
re formed in a 1.2:1 ratio. In the solid state, crystals of 136 and
37 were obtained and analysed using X-ray analysis. Compounds
36 and 137 exist in a polymeric form where each gallium centre

s in a distorted 5-coordinated trigonal bypyramidal environment,
onding to four bridging OEt groups and a single methyl group.
he Ga–O bond lengths [2.095(1) and 1.886(1) Å (136); 1.896(3),
.897(3), 2.089(3) and 2.094(3) Å (137)] are consistent with other
ompounds of this nature [103].
.3. Tris(alkoxides) and ˇ-diketonates

A range of simple gallium tris(alkoxides) (1, 30, 138–140) have
een synthesised via an electrochemical method, utilising a metal-

ig. 14. ORTEP diagram of [GaCl(OCHMeCH2NMe2)2] 135. H atoms omitted for clar-
ty.
Scheme 34. Synthesis of compounds 136–138.

lic gallium anode and the appropriate alcohol (Scheme 35) [116].
This resulted in the formation of [Ga(OR)3]n (138: R = Me; 139:
R = Et; 1: R = iPr; 140: R = nBu; 30: R = CH2CH2OMe). The cathode
was a platinized platinum plate and Bu4NBr, Et3BzNCl or LiCl were
used as an electroconductive additive in the alcohol. X-ray diffrac-
tion patterns were obtained for powders of 139, in addition to single
crystal X-ray diffraction analysis. This showed a 1D-polymer of
zig–zag chains of gallium centres, each in a distorted 5-coordinated
trigonal bipyramidal geometry which was bound to four bridging
and a single terminal OEt group. The Ga–O bond length for the ter-
minal OEt group [1.74(1) Å] and the longer, bridging Ga–O bond
lengths [1.89(2), 1.98(2), 2.00(2) and 2.01(2) Å] are all consistent
with previously observed compounds.

A series of metal tris(�-diketonate) compounds have been
reported over the years and many of these have been used to
deposit gallium and indium oxide thin films (see Sections 2.3
and 3.3). A range of gallium and indium tris(�-diketonates) were
synthesised (compounds 38, 39, 61–63, 141–168) via the reac-
tion of metal nitrate with stoichiometric amounts of �-diketonate
(Scheme 36) [117].

Compounds 141, 152 and 165 were isolated as oils and char-
acterized using spectroscopic methods, the remaining compounds
were all isolated as solids. No single crystal X-ray analysis was
carried out.

4.4. Clusters
Multinuclear metal alkoxides could be used as precursors to
metal oxide films because they contain preformed metal–oxygen
bonds, although they do not necessarily have the correct M:O ratio.

Scheme 35. Synthesis of compounds 1, 30, 138–140 via an electrochemical method.
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and the structure confirmed by single-crystal X-ray diffraction. The
structure shows the self-assembled cluster to have a cylindrical
geometry where each gallium atom defines a distorted trigonal
antiprism, in which six ligands make up the equatorial faces of the
cylinder with a hole at the bottom and the top.
Scheme 36. Synthesis of com

iemkowska et al. reported the formation of trinuclear gallium
169) and indium (170) metal alkoxide clusters from the synthe-
is of MMe3 (M = Ga, In) with benzopinacol (Scheme 37) [114]. The
tructure of 169 was determined by single crystal X-ray diffraction
nalysis.

The structure has two Ga2O2 four-membered rings and two
aO2C2 five-membered rings that make up a tetracyclic centre.
he central Ga atom has a distorted five coordinate square based
yramidal geometry. The oxygen atoms form the basal coordina-
ion plane and the methyl group occupies the apical position. The
erminal Ga–O bond lengths [1.965–1.994 Å] are consistent with lit-
rature examples which have large steric bulk around the gallium
entre. Presumably due to crystal packing effects, the coordina-
ion environment around the central gallium cation is distorted
way from ideal. This is manifested in the central Ga–O bond
engths whereby two of the trans bond lengths are elongated [Ga–O
.013(3) and 1.986(3) Å] and two are compressed [Ga–O 1.924(3)
nd 1.932(3) Å].

Although the indium cluster 171 was not crystallographi-
ally characterized, the reaction of benzopinacol with InMe3 and
InMe2OMe] in a 1:1:1 ratio afforded compound 171 (Scheme 38).
he centrosymmetric, tetranuclear molecule 171 has three In2O2
our-membered rings and two InO2C2 five-membered rings mak-

ng up a pentacyclic structure. The central indium atoms are in a
ve-coordinate square-based pyramidal geometry with the oxygen
toms in the basal positions and the methyl group in the apical posi-
ion. The In–O bond lengths vary between 2.155–2.219 Å, longer
han other literature examples, but bond elongation is expected

Scheme 37. Synthesis of compounds 169 and 170.
ds 38, 39, 61–63, 141–168.

where the metal centre experiences steric crowding from sur-
rounding ligands [74,118,119].

Compound 172 is an example of a self-assembled, supramolec-
ular, high-symmetry metal-ligand cluster (Scheme 39) [120].
Equimolar quantities of [Ga(acac)3] are added to ligand H3L and
after a period of 16 h at 90 ◦C, a microcrystalline material 172 was
isolated. The compound was analysed using 1H NMR and 13C NMR
Scheme 38. Synthesis of compound 171.
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Scheme 39. Synthesis of compound 172.

Albrecht et al. have synthesised gallium bis(bdk) compounds
a2(L1)3 (173) [121] and Ga2(L2)3 (174) and [Ga9(L2)8(OH)10]NO3

175) [122] via the reaction of gallium nitrate with �-diketones
Scheme 40). For compound 173 the reactants self-assemble in
olution and form the dinuclear helicate-type cryptand regardless
f the M:L ratio. The three ligands in 173 bridge the gallium centres,
esulting in an octahedral coordination geometry at gallium. The
a–O bond lengths [1.935–1.975 Å] are consistent with literature
alues for gallium compounds with bulky ligands. Following the
ame method with bis-�-diketonate L2, compound 174 is formed.
t was characterized by mass spectrometry and NMR spectroscopy,
ut could not be isolated as a pure product indicating it does not
orm by strict self-assembly. The reaction was repeated in wet

ethanol and resulted in the formation of 175, which was crystal-
ographically characterized. The solid state structure revealed the
ompound has an inner nonanuclear gallium hydroxide cluster sur-
ounded by eight ditopic ligands of L2 where two gallium centres
re bridged by hydroxyl groups and two ligands wrap around the
etal atoms. The Ga–O bond lengths for 175 [1.91–2.05 Å] are char-

cteristic of gallium atoms affected by sterically bulky ligands. The
arger range in bond length discrepancy can be caused by packing
ffects in the solid state.

Suslova et al. reported the attempted synthesis of [Ga(OEt)3]
ia the metathesis of GaCl3 with NaOEt/EtOH in a 1:3 ratio.
owever, crystals of [Ga5(�5-O)(�-OEt)8Cl5] (176) and [Ga12(�4-
)2(�3-O)5(�-OEt)10Cl12(py)4] (177) were isolated rather than the
xpected gallium tris(alkoxide) [123]. Compound 176 was recrys-
allised from a toluene/MeCN mixture and was characterized by

ingle crystal X-ray diffraction (Fig. 15). The cluster is composed of
flattened tetragonal pyramid of metal atoms, Ga5, with an octa-
edrally coordinated [Ga(�5-O)(�-OEt)Cl] in the axial position and
he trigonal bipyramidally coordinated [Ga(�5-O)(�-OEt)Cl] in the
quatorial plane of the pyramid. A pentadentate oxo group is sit-

cheme 40. Diagram showing ligands H2L1 and H2L2 reacted with gallium nitrate
o produce compounds [Ga2(L1)3] (173), [Ga2(L2)3] (174) and [Ga9(L2)8(OH)10]NO3

175).
Fig. 15. ORTEP diagram of compound 176. H atoms omitted for clarity.

uated in the centre of the pyramid and all its edges are capped
by bridging OEt groups. The Ga–O bond lengths [1.931–2.162 Å]
are vastly different, which can be explained by the different envi-
ronments of the gallium atoms. Compound 176 was recrystallised
from a toluene/pyridine mixture and characterized by single crystal
X-ray diffraction. The structure comprises two octahedrally coor-
dinated gallium atoms, seven trigonal bipyramidally coordinated
gallium atoms and three tetrahedrally coordinated gallium atoms.
These different gallium atom environments account for the large
differences in the Ga–O bond lengths [1.804–2.367 Å].

A series of tetrahedral indium-containing complexes have been
reported by Saalfrank et al. which include mixed metal complexes
and indium cationic species which are unsuitable in group 13 metal
oxide precursor chemistry [124]. Compound 177 [In4(L)4] was syn-
thesised via the reaction of [In(ClO4)3] with H3L and triethylamine

(Scheme 41). Spectroscopic and X-ray analysis indicated that in
the solid-state, the structure of 177 consists of four indium metal
centres in a tetrahedral arrangement. Each indium centre is in an
octahedral coordination environment, coordinating to three lig-

Scheme 41. Synthesis of compound 177.
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nds via one of the �-diketonate groups. The In–O bond lengths
2.104(3)–2.161(3) Å] are consistent with other indium cluster
ompounds.

. Conclusion

This review has covered the synthesis and characterization of
ingle-source precursors to gallium and indium oxide, and the
ethods used to deposit gallium and indium oxide thin films. Also

ncluded in this review was a section on potential precursors to
allium and indium oxide films, which updates a review previously
ublished in 2006.

Most commonly, metal alkoxide and �-diketonate compounds
ave been used as precursors to these materials, with commercially
vailable precursors receiving much attention. The composition
nd structure of the deposited film is greatly affected by the type,
ature and purity of the precursor employed since the key step

or the formation of the film is the decomposition of the precur-
or. The type of ligand in the precursor is therefore very important
ince ideally the ligands associated with the precursor should be
leanly lost in the gas phase during the decomposition process.
ore complex ligands can result in a complicated fragmentation

rocess taking place during decomposition. A range of gallium and
ndium singe-source precursors have been described above and

ost have been successfully employed for the deposition of thin
lms of indium and gallium oxide. Many of the indium precursors
re rather involatile and must be heated to high temperatures to
chieve vaporisation of the complex. Indeed, many single-source
recursors have low volatilities, however this can be overcome
ither by using solution-based deposition methods or via chemical
odification. Common methods of deposition using single-source

recursors include chemical vapour deposition (CVD), sol–gel and
pin coating methods.

A comparison of precursors is difficult since most were used
nder different conditions, for example LPCVD versus spin coat-

ng. However, the common methods of deposition were successful
n producing stoichiometric metal oxide thin films. These methods

ill continue to be used to improve film qualities, such as con-
uctivity and transparency, as new single-source precursors are
ynthesised and reported. This review has also shown that there is
o one compound which acts as a general “ideal” precursor because
ach deposition technique has different requirements which are
est met by different precursors, e.g. volatility, solubility. A com-
ound that affords clean, stoichiometric films under the conditions
f one technique may not even undergo deposition when used in
different technique. Ideally precursors should be able to be syn-

hesised in as few a synthetic steps as possible and be adaptable
o larger scale production without major cost implications. Based
n these requirements the deposition of gallium and indium oxide
lms via the in situ reaction of trialkyl-gallium or indium with
onor functionalised alcohols via solution-based CVD represents
straightforward route since it involves commercially available

eagents and could be compatible with a range of deposition tech-
iques. The deposition conditions, such as temperature, precursor
oncentration and reaction time will all play an important role in
etermining the morphology of the resulting material and the level
f contamination (e.g. from carbon) in the metal oxide. This can
ave a crucial effect on the gas sensing and TCO applications of the
aterials.
Precursor design represents a significant challenge which will
e important in the future of thin film production: there is a
eed to create compounds with preformed M–O bonds, but also
ompounds that will undergo clean decomposition under the depo-
ition conditions. Another consideration is if the precursors are
o be employed in solution based processes, then they should be
y Reviews 255 (2011) 1293–1318 1317

highly soluble. However, these precursors should also be easily
synthesised in high-yielding reactions to be suitable for scale-up in
industrial processes. Careful consideration of both the nature of the
oxygen-containing group(s) and the other ligands attached to the
metal centre should lead to exciting reports of new and optimised
single-source precursors appearing in the near future. Further-
more, initial results have indicated that single-source routes could
be extended to the formation of doped-gallium or doped-indium
oxide, such as the formation of gallium-doped indium oxide.

As more flexible devices are required to incorporate into a range
of applications, such as flexible displays for e-readers and OLEDs,
flexible barrier layers such as TCOs will be in demand. Currently,
TCOs are widely used for rigid devices but the technology used to
coat rigid substrates (i.e. glass) is not always applicable for coating
flexible substrates. Solution-based processes are ideal for coating
flexible substrates and here the development of soluble single-
source precursors will play a crucial role. Given the importance of
gallium and indium oxide films for TCO applications the formation
of precursors is anticipated to continue with the objective of devel-
oping cost-effective routes with lower temperature processing.

Acknowledgements

We would like to thank the EPSRC for funding (LGB and DP),
grant no. EP/F035675/1.

References

[1] M.G. Blamire, J.L. MacManus-Driscoll, N.D. Mathur, Z.H. Barber, Adv. Mater.
21 (2009) 3827.

[2] K. Seshan, Handbook of Thin Film Deposition, 2nd ed., Noyes Publications,
Norwich, 2002.

[3] S. Basharat, C.J. Carmalt, R. Binions, R. Palgrave, I.P. Parkin, Dalton Trans. (2008)
591.

[4] M. Fleischer, H. Meixner, Sens. Actuators B 13 (1993) 259.
[5] Z. Liu, T. Yamazaki, Y. Shen, T. Kikuta, N. Nakatani, Y. Li, Sens. Actuators B 129

(2008) 666.
[6] M. Fleischer, H. Meixner, Sens. Actuators B 5 (1991) 115.
[7] M. Fleischer, H. Meixner, Sens. Actuators B 4 (1991) 437.
[8] H.L. Ma, D.W. Fan, Chin. Phys. Lett. 26 (2009) 117302.
[9] S.C. Vanithakumari, K.K. Nanda, Adv. Mater. 21 (2009) 3581.

[10] S. Daniele, D. Tcheboukov, L.G.H. Pfalzgraf, J. Mater. Chem. 12 (2002) 2519.
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