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Preface

Since the rise of organometallic chemistry, marked by the discovery of the
molecular structure and unusual reactivity of ferrocene about five decades
ago, one of the principal driving forces behind it has been the application of
newly gained fundamental knowledge about metal-carbon bonds to improve
and extend the “tool box” for selective organic synthesis in a very general and
broad sense. Homogeneous catalysis is a true success story of organometallic
chemistry, a discipline that has structured and combined inorganic and organic
chemistry to an unprecedented extent. In parallel, the chemistry of metallo-
organic coordination compounds (MOCs) - molecular compounds without
direct M-C bonds but containing hydrocarbon moieties or substituents at the
ligator atoms - has developed along the lines of Werner-type classical coor-
dination chemistry and even developed beyond its relevance to biochemistry
and molecular biology. Across the borders of molecular chemistry, materials
research is bridging the molecular sciences with condensed matter and solid
state chemistry as well as physics and engineering disciplines. The advent of
the microelectronic industry and information technology, together with the
intrinsic demand for the miniaturisation of devices down to the ultimate limits
given by fundamental laws of quantum mechanics, has undoubtedly greatly
stimulated the merger of physics and chemistry in nanospace, which we are all
currently witnessing. One option that chemistry offers this self-accelerating
enterprise is certainly organometallic and metallo-organic molecular precur-
sors, compounds that are themselves particularly useful or even specifically
engineered for the fabrication and processing of materials and functional ar-
chitectures made therefrom, no matter if we are talking about micro- and
nanosized devices or about macrosystems. The sub-discipline of inorganic
molecular chemistry dealing with that option is called precursor chemistry.
Precursors are defined as molecular compounds containing one or more
atoms or groups of atoms that are constituents of the particular target mate-
rial and are selectively released upon decomposition of the precursors during
materials synthesis and processing. Precursors are thus not building blocks or
“molecular bricks” like monomers in polymer chemistry or subunits for the
assembly of supramolecular architectures. Typically, the molecular structures
of the precursors are completely destroyed rather than integrated to some
extent into the final material. In that sense, precursor chemistry has a long
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tradition within classical inorganic solid-state chemistry. Precursors are thus
a sort of molecular container for the delivery of the smallest possible unit for
chemical construction: the atom. It follows that the key problem in precursor
chemistry is the detailed understanding and control of the decomposition of
the precursor under the conditions defined by the requirements and limita-
tions of the particular engineering process of the target material or device.
Thus, organometallic and metallo-organic precursors are particularly inter-
esting because modification of composition, structure and the ligand shell,
e.g. the organic hydrocarbon-type wrapping of the atoms of interest, changes
the chemical reactivity and the physical properties of the precursor. Control of
these parameters is essential for rational precursor engineering. Simple inor-
ganic molecular precursors, such as the molecular elements, binary hydrides
or halides clearly do not offer similar degrees of freedom but are advantageous
because of their chemical simplicity. The introduction of complexity at the
precursor level is likely to complicate rather than simplify the overall chem-
ical complexity of materials synthesis. The goal of precursor engineering is
finding an optimum compromise between the demands of materials synthesis
and processing on one hand and the possibilities and limitations of precursor
chemistry on the other hand.

The study and development of organometallic precursor chemistry has
been intimately connected with thin film processes over the last few decades,
in particular with the development of chemical vapour deposition (CVD). This
began with the early work of H.M. Manasevit in the late 1960s on organometallic
CVD (OMCVD) of I1I/V and II/VI compound semiconductors using metal alkyl
compounds as precursors. Similarly, sol-gel chemistry related to the processing
of metal oxide-based advanced ceramics has been and continues to be a field of
application for metallo-organic precursors. Metal alkoxide compounds have
also been extensively studied as precursors. In the course of the discovery
of ceramic high-temperature superconductors of the type YBa,Cu3O7_x in
the 1980s, metallo-organic precursors for metal oxides suitable for sol-gel
processing and thin film deposition by CVD increasingly became the focus of
interest and the related need for improved precursors linked CVD and pre-
ceramic research closer together. The research on molecular precursors for
pure elementary metals, mixed metal alloys and non-oxide ceramic materials
(e.g. SiC) and protective, hard coatings (e.g. TiC and TiN) has lagged behind
compound semiconductors and metal oxide ceramic materials. However, this
is quite likely to change in the future and we wish to draw the attention of
the reader to a selection of review articles listed in the bibliography below,
covering the diverse fields of organometallic and metallo-organic chemistry
as well as inorganic molecular precursor chemistry in relation to thin film
research around CVD and applications in materials science.

The purpose of this volume of Topics in Organometallic Chemistry, how-
ever, is to highlight recent and emerging directions and aspects of molecular
precursor chemistry for advanced inorganic materials rather than give a sys-
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tematic and comprehensive overview of the whole field, which would be an
impossible task anyway. We will present a few examples of precursor chemistry
connected with thermally activated CVD and related techniques of materials
synthesis and processing. CVD employing organometallic or metallo-organic
precursors represents a non-equilibrium process highly dependent on the de-
tails of chemical kinetics and fluid dynamics exhibiting a complex coupling of
gas-phase and surface processes. This complexity goes far beyond the issues
of coordination chemistry, such as synthesis, structure and reactivity in the
homogeneous phase, e.g. in organic solution, as is typical in organometallic
chemistry, e.g. motivated by applications in homogeneous catalysis. In CVD,
precursors delivered in the gas-phase produce a variety of reactive intermedi-
ates in the course of both homogeneous and as well heterogeneous gas/solid
reactions (see Fig. 1, p. 3). A certain fraction of the species distributed in the
boundary layer over the substrate will adsorb at the surface where subsequent
surface reactions take place to yield the solid deposit and side products that
are desorbed and transported away.

The nature of the layer grown by CVD clearly relates to the selectivity of the
decomposition process, including the selectivity of the surface chemistry. In
the case of crystalline films or even epitaxial film growth, the quality of the de-
posited material also depends on nucleation and crystal growth kinetics, which
again depend on the coupling of gas-phase and surface effects. CVD is closely
connected with both heterogeneous catalysis and combustion chemistry. In
heterogeneous catalysis, gaseous starting compounds are catalytically trans-
formed into gaseous products by adsorption, surface reaction and desorption
processes, but without deposition of a solid residue and without a heavy cou-
pling of homogeneous gas-phase pre-reactions. In combustion, there is ideally
no solid deposit and the walls of the combustion chamber do not interfere with
the homogeneous gas-phase reactions.

Our first example that attempts to unravel this complexity is entitled “Gas-
Phase Thermochemistry and Mechanism of Organometallic Tin Oxide CVD
Precursors”. The authors, M. Allendorfand A.M.B. van Mol, describe the devel-
opment of quantum chemistry methods that can predict heats of formation for
a broad range of tin compounds in the gas phase, which need to be considered
when Sn(CH3)4 or (CH3),;SnCl, and other tin alkyls are used as precursors
together with oxygen and water for tin oxide deposition.

The second contribution by A. Devi, R. Schmid, J. Miiller and R. A. Fischer
entitled “Materials Chemistry of Group 13 Nitrides” reviews the organometallic
precursor chemistry of group-III nitride OMCVD. The authors discuss the
various efforts undertaken in the past decade to come up with alternative
precursors to compete with the classical system of Ga(CH3)3 and NH3 to grow
GaN, which is commercially employed in industry. The potential of the rather
exotic organometallic azide compounds as precursors for the nitride materials
is critically discussed, showing the limitations and prospects of that approach
as well as representing one of the few examples of comprehensive studies on
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single molecule precursors using combinations of different techniques, i.e.
matrix isolation IR spectroscopy and quantum chemical modelling, in order
to shed light onto the complex situation.

The third contribution is particularly devoted to the concept of so-called sin-
gle source precursors (SSPs). SSPs contain all the atoms of the different elements
necessary for the deposition of the desired material in one single molecule.
One motivation for using this concept is to simplify the accompanying gas-
phase reactions and thus reduce the process parameters to be controlled and
optimised. However, SSPs may offer a unique chance of depositing metastable
materials that cannot be derived by other methods. M. Veith and S. Mathur pro-
vide such an example in their paper entitled “Single-Source-Precursor CVD:
Alkoxy and Siloxy Aluminum Hydrides”.

The forth chapter by S. Schulz also deals with single-source precursors and
provides a study case on “CVD Deposition of Binary AlSb and GaSb Material
Films - a Single-Source Approach”. The article summarises recent studies on
the synthesis of M-Sb compounds and their potential application as precursors
in OMCVD processes. General reaction pathways for the synthesis of Lewis-
acid-base adducts R3M-ER} and heterocycles of the type [R;MSbR] ] (M = Al,
Ga) are described. The results of deposition studies are discussed.

The fifth contribution by M. Putkonen and L. Niinist6 presents an overview
of “Organometallic Precursors for Atomic Layer Deposition” (ALD). The key
principle of ALD in contrast to CVD is the exclusion of any gas-phase pre-
reaction allowing the thin film growth to be fully controlled by surface reac-
tions and adsorption/desorption kinetics. ALD is thus ideally suited for the
growth of ultra-thin layers and atomically abrupt interfaces needed in future
nanoelectronic devices. While CVD and ALD have many aspects in common,
precursors suitable for ALD generally need to be much more reactive than
those used for CVD. Another challenge is to combine low steric demand with
very high selectivity of the surface reactions.

The sixth chapter emphasises the role of surface defects, surface reactive
groups and autocatalytic phenomena at the very early steps of thin film growth.
The authors P. Serp, J.-C. Hierso and P. Kalck discuss the “Surface Reactivity
of Transition Metal CVD Precursors: Towards the Control of the Nucleation
Step”. Organometallic precursors have been used for the CVD preparation of
heterogeneous catalysts, i.e. the deposition of metal particles on the internal
surfaces of porous support materials. As a general conclusion, maintaining
ahigh supersaturation level of precursor in the gas phase is arequired condition
to achieve better control of the nucleation step regarding the controlled growth
of nanostructures on surfaces.

With the seventh chapter, we move away from CVD. M. A. Malik and
P. O’Brien present a review of “Organometallic and Metallo-Organic Precursors
for Nanoparticles”. Nanoparticles have been recognized as suitable systems for
studying the transition from the molecular to the macrocrystalline level and
exhibiting unusual chemical and physical properties. They have thus been
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extensively studied in recent years. Precursor chemistry comes into play, for
example, if these particles are synthesized in the condensed phase by wet
chemical methods and are stabilized as colloids by the addition of suitable
surfactants or surface capping ligands to prevent Ostwald ripening. Again,
heterogeneous nucleation and growth phenomena are involved. Nanoparti-
cles dispersed in a fluid medium (gas-phase or organic solvent) exhibit a high
surface to volume ratio. Particle growth by adsorption and decomposition of
precursors at the surface parallels thin film growth by CVD or ALD discussed
above. Many precursors, in fact, designed for CVD are also well suited for
nanoparticle synthesis.

These seven contributions span the diverse field of molecular precursor
chemistry for CVD and related techniques presenting a collection of different
perspectives for the use and prospects of organometallic and metallo-organic
compounds in materials science. Little research has been published in these
areas although there is a wealth of ongoing development. Particularly hot topics
relate to ALD, nanoparticles, nanostructures and composites. The current
trend in materials research is moving away from precursor synthesis and
development to the application of known and established precursors. The
understanding of the growth mechanisms on a molecular level, especially
at surfaces, will play a key role in the future. The bibliography given below
summarises a selection of review articles that we found suitable and instructive
to get a broad overview of the field of inorganic molecular precursor chemistry
related to CVD and nanomaterials research beyond the case studies discussed
in this volume.

Bochum, August 2005 Roland A. Fischer
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Abstract Organometallic compounds are commonly used precursors for the formation
of tin oxide films by chemical vapor deposition (CVD) methods. The high temperatures
(600-700 °C) used in CVD lead to chemical reactions in the gas phase that in some cases
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control the deposition process. Lack of data concerning both the thermochemistry and
kinetics of these reactions inhibits the development of predictive models that can be
used for process optimization. In this article, we review recent work in which a combi-
nation of experimental and theoretical methods are used to develop elementary reaction
mechanisms for the pyrolysis, oxidation, and hydrolysis of organometallic tin com-
pounds. A major focus of our work in this field is the development of quantum-chemistry
methods that can predict heats of formation for a broad range of tin compounds. In add-
ition to providing data needed to calculate bond energies, reaction enthalpies, and to
perform equilibrium calculations, the calculations identified several complexes between
chlorides of tin with water that may be key intermediates in the hydrolysis of chlorinated
organotin precursors during CVD. Based on the data from the ab initio and equilib-
rium calculations, a reaction pathway analysis has been carried out for the oxidation and
hydrolysis of dimethyltin dichloride and monobutyltin trichloride. Possible reaction path-
ways leading to tin hydroxides are identified, which equilibrium calculations show to be
the most stable tin-containing gas-phase species under typical deposition conditions.

Keywords Tin oxide - Chemical vapor deposition - ab initio calculations -
BAC-MP4 method - Coupled-cluster calculations - Gas-phase thermochemistry -
Equilibrium - Gas-phase mechanisms

1
Introduction

Deposition of thin films from organometallic precursors using chemical va-
por deposition techniques (MOCVD) is a very important class of industrial
materials synthesis processes. In particular, thin films of tin oxide (SnO;) de-
posited by MOCVD are finding a wide range of applications due to a number
of useful properties, including high transparency, low electrical resistivity,
high reflectivity for infrared light, high mechanical hardness, tight adhesion
to the substrate, and good environmental stability. Some common applica-
tions include:

Low-E coatings on glass windows [1-8]

Solar cells [9-15]

Gas sensors [16-19]

Heating elements in aircraft windows [20, 21]

Antistatic coatings on instrument panels [22, 23]

Transparent electrodes in electroluminescent lamps and displays [24-26]
Protective and wear-resistant coatings on glass containers [27]

Organometallic precursors generally provide faster deposition rates in
conjunction with O, than inorganic compounds such as SnCly and are thus
often used to deposit tin oxide in industrial processes (note, however, that
addition of water vapor can dramatically increase deposition rates from inor-
ganic compounds). This is particularly important when tin oxide is deposited
on flat glass, since this is a continuous process in which the deposition
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time is limited by the speed of the glass moving on the line [28]. Typically,
only 1-3s are available for depositing a coating ranging in thickness from
1000-3000 A. Although it is possible to deposit tin oxide from many different
organometallic precursors [29], the ones most commonly used industrially
are dimethyltindichloride ((CH3),SnCl,; DMTC) [30-34] and monobutyltin-
trichloride (n — C4HoSnCl3; MBTC) [35, 36].

The basic steps that can occur during a CVD process are illustrated in
Fig. 1 [37]:

1. Mass transport of the gaseous reactants from the reactor inlet to the depo-
sition zone

2. Chemical reactions in the gas phase leading to new reactive species and
by-products

3. Mass transport of the initial reactants and reaction products to the sub-

strate surface

Adsorption of these species onto the substrate surface

Surface diffusion of adsorbed species over the surface to the growth center

Surface reactions at the growth center

Desorption of byproducts

Diffusive mass transport of the byproducts away from the surface

Mass transport of the by-products to the outlet of the reactor

0PN

As is clear from the figure, CVD is a complex process, involving both gas-
phase and surface chemistry, as well as the hydrodynamics of the reactor
system. The design of CVD processes in industry is therefore rarely based on
a scientific approach, but rather on empirical results and experience and opti-
mal conditions do not always result. For example, low process yields and high
product rejection rates (usually due to optical nonuniformities) are common.
The lack of more fundamental understanding of the coating process was iden-
tified as one of the major problems in this industry at a recent road-mapping
exercise for the development of the glass coatings industry [38].

o (1) Bulk mass transport (9) Bulk mass transport
(Y S— ——3
‘o 0,0
o , o
(2) Gas phase reactions O ( J

O . (7)+(8) Desorption of by-

O . products and mass transfer

to the bulk gas flow

(3)+(4) Mass transfer to and
absorption on the surface °
(5) Surface (6) Surface °

diffusion\ reactiorQ

Q0 Q eeee

Fig.1 Schematic representation of the basic steps in a CVD process (adapted from [37])
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The need for substantial improvements in coating manufacturing pro-
cesses is illustrated by two examples:

e In the deposition of coatings, such as tin oxide on flat glass, a best-case
yield of around 70% is achieved using CVD, but this can be as low as
50%. If a coating is not applied, the yield is typically 75-80%. This means
that coating methods substantially reduce the overall productivity of the
glass manufacturing process, resulting in large amounts of rejected glass
that must be ground and remelted. Such high reject rates represent an
enormous cost in energy. On average, roughly 4 x 10'° k] /year, must be
expended to remelt this glass.

e The efficiency of reactant utilization in CVD on float glass can be as low as
10%, necessitating the installation of expensive chemical scrubbing units
or incinerators and requiring landfill of more than one million kg/year of
waste.

Because of the high cost of experimentally determining the effects of pro-
cess variables on deposition rates, detailed process models are seen as the
only economical method of making significant improvements in existing
industrial deposition methods. Fundamental knowledge concerning the re-
action chemistry is necessary to develop models that can effectively predict
deposition rates across a broad range of potential process variables.

Bonds between tin and carbon are weak by comparison with those be-
tween tin and other ligands, such as oxygen and chlorine. As a result,
organometallic tin compounds can decompose at the temperatures typically
used in MOCVD (400-650 °C). Precursor pyrolysis, oxidation, and hydrolysis
may be initiated by breaking the Sn — C bond, forming two radicals! that can
react further by either attacking unreacted precursor or by producing other
radicals, such as chlorine atoms, that initiate additional chemistry involving
other reactants in the system. Gas-phase reactions may therefore contribute
significantly to the production of species that react with the surface to form
tin oxide. Work by Gordon and coworkers on the kinetics of tetramethyltin
(TMT) decomposition even suggests that gas-phase reactions are the rate-
limiting factor in the CVD of tin oxide from this precursor [39, 40]. Develop-
ment of robust process models thus requires more than cursory knowledge of
the details of these reactions.

In this article we examine several important tin oxide deposition chemis-
tries that employ organometallic precursors. Using heats of formation ob-
tained from ab initio calculations, we analyze these systems in detail to iden-
tify likely reaction intermediates and potentially important kinetic pathways.
We also review recent work in which a combination of experiments and mod-
eling were used to develop elementary reaction mechanisms for the CVD of
tin oxide. A major focus of the discussion is recently developed quantum-

1 We use the term “radical” in its broadest sense here to refer to short-lived, reactive species of any
spin state (i.e., we do not limit its use to molecules with doublet ground states).
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Table 1 Selected heats of formation for Sn — H— C — O — Cl compounds at 298 K with esti-
mated error, and comparison with published values (where available), kcal mol~!. Unless
indicated otherwise, heats of formation were calculated at the BAC-MP4(SDTQ) level of

theory

Species A H}? (298 K) Literature Species AH}? (298 K) Literature
SnH, 3894+1.0 389405  Cl3SnOO - 86.91
SnH;3CH; 28.3+1.0 Cl3SnOOH -120.8+1.7
SnH, (CHs), 17.541.0 21.04+1.0° Cl3SnO -72.1+1.3
SnH(CH3)3 64+1.0 6.0+1.0° —0(SnCl;)0 - 4- 40.0!
Sn(CHj3)4 -494+1.0 -4941.0*  Cl3SnOH, -129.7+1.2
ClSn(CHs3)3 -3874+10 -41.4+48 Cl,SnOH, -1235+1.6
CL,Sn(CHj), -688+10 -70.9+5h Cl3Sn(OH;), -198.7+1.4
Cl3SnCH3 -9414+10 -957 Cl,Sn(OHy); -196.4+1.7
C4HoSnCl3 -108.4+1.9 Sn(OH)4 -2282+13
sec-C4HgSnClz -60.54+1.2 ClSn(OH); -201.54+1.1
C4Hgan13 -58.0+1.3 Clel’l(OH)z -173.5+£1.0
SnCly -1144+1.0 -114440.5>¢ Cl3SnOH - 144.6+£1.0
SnCl; -5924+13 -69.9+12>  Cl,Sn(CH3)0OH - 123.5+1.0
SnCl,(CH3) -339+1.2 Cl,SnO - 50.11
SnCl(CH3), -3.0+1.1 ClSnO - 42
Sn(CHs)s 31.0+1.2 31.1+4.1° SnO 9+4°¢ 52+1.0°
Cl,SnCH, -2246.6 Sn0, 10+4¢ 2.8+12b
SnClLiA; -452422 -4844+17° H,Sn0O 34+4¢
SnCI(CH3) -43+1.38 H;SnOH -20+4°¢
Sn(CHs), 362419 H 52.1f

CH; 349412

1-C4Hs 1.0+1.1

C4Hg 19.7+1.2

OH 9.5+1.1

0o(P) 59.4f

HO, 3.6+1.7

cl 29.0

a [41]. b [42]. © Coupled cluster calculation (see text). Data for SnO, SnO,, H3SnOH,
and H,SnO are from [49]. ¢ Cyclic compound. ¢ Reference value used to determine BAC
parameters. f [105]. 8 [106] ® Average of values cited in [107] i Unpublished results of
IMB Nielsen, CL Janssen and MD Allendorf using a coupled-cluster method similar to
that described in the text. Heats of formation were computed from isogyric reactions
using MP2 reaction energies extrapolated to the infinite basis set limit and adding an
MP2 — CCSD(T) correction computed with either the 6-31 G(d,p), CRENBL + ECP, or
(SDB-)cc-pVTZ basis set. ] Average of values, [108]. No error estimate given; we estimate
a minimum of 2 kcal mol™!

chemistry methods that can accurately predict heats of formation for a broad
range of tin compounds. In addition to providing data needed to calculate
bond energies, reaction enthalpies, and to perform equilibrium calculations,
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the calculations identified several complexes of tin halides with water that
may be key intermediates in the hydrolysis of chlorinated organotin precur-
sors during CVD.

2
Thermochemistry and Kinetics of Organometallic Tin Compounds
in the Literature

Little has been done until recently to provide the thermodynamic foundation
(heats of formation, entropies, and heat capacities) for the development of
chemical mechanisms involving gas-phase tin compounds. Although data for
some precursors can be found in the literature [41], those for key intermedi-
ates are almost totally unavailable. In particular, there are no data for Sn — O
species other than for SnO and SnO; [42], which are expected to be of rela-
tively minor importance to MOCVD. Since experimental efforts to measure
these data are virtually nonexistent today, the gaps can only be filled by the
application of theory. Quantum chemistry methods have a good track record
in predicting data for first- and second-row main-group compounds, but
there is little work describing their application to species containing heavy-
elements such as tin [43-49].

Rate constants for elementary reactions involving tin compounds are even
rarer. In an important recent investigation, Takahashi et al. performed shock-
tube measurements and RRKM analysis from which they obtained rate con-
stants for several important reactions involved in mechanism for SnCly pyrol-
ysis [50]:

SnCly(+ M) <> SnCl;3 + CI(+ M) (1)
SnCl,(+ M) <> SnCl + Cl(+ M) 2)
SnCl(+ M) <> Sn + Cl(+ M) (3)

Unfortunately, these reactions and those between tin atoms and various small
molecules that have been reported (see Takahashi et al. [50] and references
therein) are not expected to play a significant role in typical CVD processes.
One reaction that very likely is important to the decomposition of precursors
of the form RSnCl; such as MBTC is

SnCl3(+ M) <> SnCl, + Cl(+ M) (4)

Takahashi et al. were unable to determine a rate for R4 because the low Sn — Cl
bond energy in SnCl; makes this reaction fast relative to SnCly and SnCl,
decomposition.

The first measurements of organometallic precursor decomposition that
we are aware of were reported by Price et al. [51, 52], who used a flow tube
to measure the decomposition rates of TMT and DMTC. Although their re-
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sults are widely cited, their accuracy is in doubt, since more recent flow-tube
measurements indicate that wall reactions can play a dominant role in such
experiments [53]. Thus, there remain very significant gaps in the existing lit-
erature of gas-phase organotin thermochemistry and kinetics that must be
filled before detailed mechanisms can be developed.

3
Previous Investigations of MOCVD Chemistry

The work of several investigators suggests that gas-phase reactions play an
important role in the MOCVD of tin oxide. In this section, we review these
data for four precursor systems: TMT + O,, DMTC + O,, DMTC + O, + H;O0,
and MBTC + O; + H;,0. In the case of deposition from TMT, the gas-phase
processes are rate limiting, as shown by the work of Gordon and cowork-
ers [39,40]. Giunta et al. extended the TMT mechanism to DMTC [31], de-
veloping an analogous mechanism to describe gas-phase DMTC oxidation.
However, they did not examine the effects of H,O addition, which is known
to accelerate growth when both DMTC [31] and MBTC [36] are used. Whether
or not this effect is caused by a gas-phase reaction is unclear; heterogeneous
processes are suggested in the case of MBTC [36]. Nevertheless, as will be seen
in Sect. 4, the potential exists for tin compounds and their decomposition
products to react with water vapor in the gas phase, making these previous
investigations relevant to this discussion.

3.1
Sn(CH3)4 + 02

Tin oxide can be deposited from TMT and O,. Addition of water does not
increase the growth rate significantly as it does in R,SnCly_x precursors,
evidently as a result of the lack of chlorine ligands. The reported activa-
tion energies for this process range from 25-42 kcal mol™! (106-174 kJ mol™!)
[32,33,39,54,55]. These values are low enough to indicate that deposition
is not limited by cleavage of the Sn — C bond in TMT, whose strength is es-
timated to be 71 kcalmol™ from experiments [41], in agreement with the
value calculated by us (see below) using ab initio methods. As is shown
in Fig. 2, in some cases the deposition kinetics were obtained under mass-
transport-limited conditions, for which the temperature dependence of the
growth rate very weak (typically ~ T'”), leading to low values of the activa-
tion energy for deposition. Thus, the value reported by Borman et al. [39],
39.6 & 3 kcal mol ™!, appears to be the one most representative of the actual
activation energy of the reaction.
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Aleksandrov et al. were the first to suggest that the rate-limiting step oc-
curs in the gas phase with the cleavage of a methyl group from TMT [56]
Based on a mass-spectral analysis of the gas phase during deposition per-
formed at reduced pressures (6000 Pa), they proposed the following mechan-
ism:

(CH3)4Sn <> (CH3)3Sn" + CH3’ (5)
CH,. + 0, <> H,CO + OH’ (6)
(CH3)3Sn" + O3 <> (CH3),Sn0O + CH30° (7)
CH30" + (CH3)4Sn <> (CH3)3SnOCH,. + CH,. (8)
OH' + (CH3)4Sn <> (CH3)3SnOH + CH,- ©9)
(CH3)3SnOH <> CH, + (CH3),Sn0 (10)
(CH3)2Sn0 < 2 CH3~ + SnO (11)
OH’ <> chain termination at walls (12)

On the surface, intermediates such as SnO, are assumed to be rapidly oxidized
to SnO;. While the first step in this mechanism is reasonable, the remaining
reactions do not represent true elementary processes (i.e., gas-phase reac-
tions that occur in a single step).

Temperature [°C]

900 800 700 600 500 400
T LA T |<> T T T T T |
] & B Borman et al. [39], 99 ppm, 6x6mm
& O Borman et al. [39], 390 ppm, 6x6mm
i A Borman et al. [39], 390 ppm, 3.8mm
€ > A Ghoshtagore [32, 33], 310 ppm
£, 1 4 Ghoshtagore [32, 33], 117 ppm
o E <& Chow et al. [54], 8386 ppm
s A - ® Vetrone et al. [55], 2 ppm
£ ® A =
2 L e o~ =
= Y [ ] A
(&) * Py
0.14 O A
o2 [
¢ A
*® A
A ]
001 T T T T T T

0.9 1.0 1.1 12 13 14 1.5 1.6
1000/T [K]
Fig.2 Reported growth rate of tin oxide, prepared from (CH3)4Sn + O, as a function of
temperature. Borman et al. [39] used a hot wall reactor with various diameters shown in
the legend, [TMT] = 99-390 ppm. Ghostagore [32, 33] used a horizontal cold wall reactor
with [TMT] = 117-310 ppm. Chow et al. [54] used a stagnation-point flow reactor, and
Vetrone et al. [55] a horizontal hot-wall reactor with a tilted substrate
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A more realistic model resulted from experimental measurements of gas-
phase species by Borman and Gordon [39]. Using gas chromatography with
mass spectrometric detection (GC-MS) in a hot-wall laminar-flow reactor,
these investigators detected gas-phase products such as CO, CO,, CH,0, CHy,
H,0, C,Hy, C;Hg, and C,H; that could be the result of gas-phase free radical
reactions. They also observed that the highest growth rate was not at the gas
inlet of the reactor, where the concentration of precursor is highest. This im-
plies that the species responsible for film growth are not present in the input
gas stream, but are instead formed by gas-phase reactions. Varying the flow
velocities of the precursors led to a proportional variation of the spatial pos-
ition for maximum film growth. Like Aleksandrov et al. [56], they assumed
that the rate-limiting step for film formation occurs in the gas phase. Their
hypothesis is supported by the fact that the addition of compounds that in-
hibit gas-phase free-radical chain reactions also decreased the film growth
rate in their experiments.

Using these results, Zawadski et al. (ZGG) proposed a detailed kinetic
model for the formation of undoped SnO;, which is shown schematically in
Fig. 3 [40]. The mechanism comprises 96 chemical reactions, involving 27
gas-phase species. The rate-limiting chemistry is proposed to occur in the
gas phase, leading to species that diffuse to the film surface where they are
adsorbed and rapidly oxidized. The model is divided into three subsystems:
hydrogen oxidation reactions, hydrocarbon reactions, and alkyltin reactions,
the latter being by far the most poorly characterized. The assigned rate con-
stants in the mechanism were taken primarily from the combustion literature.
Only four of the model parameters were adjusted to fit the experimental data
of Borman and Gordon [40].

The initial step in the ZGG model, not shown in Fig. 3, is the pyroly-
sis of TMT, forming CHj3 radicals. Since this reaction is highly endothermic

CH,0

2
0O,

(CH,),Sn (CH,),SnCH,<—— (CH,),SnCH,00

Branching Organotin oxidation chain

OH
Hydrocarbon
o, oxidation chain
CH, «<— (CH,),SnOH
oz

(CH,),Sn0

SnO SnO,
Deposition
R /
SnO, film

Fig.3 Major reaction pathways in the oxidation of TMT by O, [40]
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and thus very temperature dependent, it is essential to have an accurate rate
constant for this reaction. ZGG used the rate constant of Johnson and Price
(JP) [51]. Radicals produced by the initial Sn — C bond-breaking reaction
rapidly attack TMT, resulting in a chain reaction whose effect is to substan-
tially lower the activation energy for TMT consumption. Rate constants for
these reactions in the ZGG model were estimated by comparison with analo-
gous hydrocarbon chemistry. These approximations appear reasonable, based
on calculated bond energies. However, the activation energy measured by JP
(64.5 kcal mol™') appears to be somewhat low, based on a comparison with
ab initio results (discussed below). This may be due to the occurrence of wall
reactions during the experiments, as previously discussed. Thus, this mech-
anism may over-predict the extent of gas-phase reaction.

The formation of CH3 not only accelerates pyrolysis, but initiates radical-
based oxidation of both TMT and its hydrocarbon decomposition products
(primarily CHy). In the ZGG model, the organotin radical formed by these
processes, Sn(CH3)3CH;, reacts with oxygen to form a peroxide species,
(CH3)3SnCH,00, which then undergoes f-elimination to form (CHjz)3SnO
and CH;0. (CHj3)3SnO subsequently abstracts hydrogen from HO;, CHy, or
CH;O to form the key intermediate, (CH3)3SnOH. This species decomposes
and oxidizes to SnO or SnO;, which are believed to be the film precursors,
because of a lack of carbon incorporation in the film [57].

The ZGG model also predicts that bromine-containing species and alkenes
inhibit film growth, which agrees with experimental results [39]. The pre-
dicted product distribution agrees reasonably well with experiments, except
for the specific concentrations of CO, CO,, and CH,O (Fig. 4). However, the
predicted sum of the CO and CO, concentrations does agree rather well with
the experiments. This may be caused by the fact that tin oxide surfaces catal-
yse the oxidation of CO [58].

The presence of peroxide species in the ZGG mechanism points to a po-
tential problem with the use of combustion mechanisms, and even individual
rate constants for elementary reactions relevant to combustion, in the mod-
eling of MCOVD. Although the gas-phase kinetics of hydrocarbon oxidation
under combustion conditions (i.e., high temperatures) are very well char-
acterized, not all such mechanisms are capable of accurately simulating the
low- to intermediate-temperature conditions typical of MOCVD. In the low-
temperature zone, which is relevant to the buildup of the radical pool prior
to ignition and is sometimes referred to as the “cool-flame” region [59],
peroxide species play a much more important role than is typical of high-
temperature oxidation processes. Not all combustion mechanisms include
this chemistry (for example, early versions of GRI-Mech did not include per-
oxide chemistry relevant to methane oxidation in intermediate temperature
regions [60]) and the relevant rate constants may not be as well characterized
as those needed for typical flame modeling. As a result, the extrapolation of
a reaction mechanism into a temperature regime well below that in which it
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Fig.4 By-product concentration distribution from 0.1% TMT + 21% O at T =741 K and
3.5 s reactor residence time [40]

was validated can potentially lead to serious error. Recent mechanisms that
include the appropriate peroxide chemistry include GRI-Mech 3.0 [61], Pope
and Miller [62], and Marinov et al. [63].

3.2
(CH3),8nCl; + O,

Adachi and Mizuhashi investigated the oxidation of dimethyltin dichloride
(DMTC) in a cold wall reactor [30]. They reported that the order of reac-
tion is about one half in both oxygen and DMTC, similar to what was found
by Ghoshtagore for the oxidation of SnCly [32,33]. Like Ghoshtagore, they
also proposed that the reaction was diffusion limited at higher temperatures
and surface reaction-limited at lower temperatures. They found an activation
energy of 34 kcal mol™! in the kinetically limited region.

Strickler used a cold-wall reactor to investigate the oxidation of DMTC
to form SnO; [64]. Using a GC/mass spectrometer, the gas-phase products
formed during deposition were measured. A variety of species including Hj,
CO,, CO, CHy, C,Hg, and CH;3Cl, were detected [64]. These results suggest
a complex mechanism for film formation involving not only surface reactions,
but also various radical reactions in the gas phase. Giunta et al. proposed
a model for this mechanism, as depicted in Fig. 5 [31], based on the mech-
anism developed by Zawadski et al. [40] for the oxidation of TMT with an
additional subset of reactions involving chlorine-containing species. The dis-
tribution of gas-phase by products at different process conditions obtained by
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this model follows the same trends as measured by Strickler, but the absolute
concentrations are often over- or underestimated. Figure 6 shows the results
of the model [31] and experiments [64].

The global activation energy calculated for the process, 21.8 kcal mol™!,
agrees well with the observed activation energy, 22.1 kcal mol~!. Sanders
investigated the gas-phase product distribution using a cold wall reactor
equipped with FTIR [34]. Almost the same products were found as Strickler
with the exception of H,, which is IR inactive, and C,Hg, which could not be
identified unambiguously. Formaldehyde and methanol were also detected.
Formaldehyde is predicted by Giunta et al. [31], but methanol is not. This
could mean that some radical reactions are more important than the mech-
anism of Giunta et al. suggests. Sanders deduced that the methanol formation
is independent from the formaldehyde formation by the fact that by reducing
the oxygen concentration, the product concentrations decrease but the ratio
of methanol to formaldehyde does not. However, a second interpretation of
these findings can be found in a rapid equilibrium between both species.

Strickler also probed the influence of the fluorine dopant CF3;Br, which is
used to increase the electrical conductivity of SnO; films [64]. Only a small
amount of CF3Br was used during the deposition process. He detected sev-
eral additional gas products: C;Fs, CF3H, CF,CH,, and CH3Br. Methyl bro-
mide could be accounted for by methyl radical abstraction of Br from freon:
CH3 + CF3Br — CH3Br + CF3. The recombination of the trifluoromethyl rad-
icals then gives hexafluoroethane. Strickler observed that the deposition rate
increases with increasing CF3Br concentration. CF; radicals may accelerate
the process by providing another route for DMTC decomposition by abstract-
ing hydrogen. Many other radical reactions are involved in the oxidation of
DMTC in the presence of CF3Br, which makes the mechanism very complex.

CH,O

2
(0]

(CH,),SnClI, CH,SNCI,CH, <> CH,SnCI,CH,00

Branching Organotin oxidation chain

OH

o T Hydrocarbon CH,SnCLO

oxidation chain

CH, «——— CH,SnCI,0H

Y

SnO SnO,
Deposition
R /
Sno, film

Fig.5 Major reaction pathways in the oxidation of DMTC by O, [31]
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(downstream effluent analysis by gas chromatography) and predicted concentration at
two positions along the flow direction [31]

33
(CH3)25nC12 + HzO/Oz

Adachi and Mizushima [30] studied the deposition system DMTC + Oy +
H,0 in the 400-500 °C temperature range. In the presence of water va-
por, the deposition rate dependence on DMTC concentration increased from
[DMTC]%4 to [DMTC]%. They suggested that in the reaction of DMTC +
0., the rate-determining step is the oxidation of Sn — Cl bonds, while in the
reaction of DMTC + O, + H,O, the oxidation of Sn — CH; bonds is rate de-
termining. As will be seen below, this description of the chemistry is almost
certainly incorrect (Sect. 5.2). They also reported an activation energy of
38 kcal mol™! for the hydrolysis of DMTC (Fig. 7) and asserted that the hy-
drolytic decomposition of Sn — Cl bonds is much faster at these temperatures.

Sanders also compared the DMTC + O, + H;O reaction with the separate
oxidation (DMTC + O;) and hydrolysis (DMTC + H,O) reactions, as is de-
picted in Fig. 8 [34]. The decrease of DMTC concentration during reaction
was monitored using FTIR. Sanders found that the oxidation and hydrolysis
reactions were interdependent: the presence of oxygen increases the extent for
DMTC hydrolysis while water increases the extent of oxidation. The loss of
DMTC in the DMTC + O, + H,O system was found at every temperature to
be greater than that produced by either DMTC + O, or DMTC + H, 0. Possible
explanations for this phenomenon put forth by the author include weakening
the Sn — Me bond by formation of a DMTC-water complex, promoting methyl
radical formation and allowing oxidation to be initiated at lower tempera-
tures; modification of rates of branching reactions in the oxidation process;
and acceleration of the hydrolysis process by production of low-coordination
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radicals via DMTC oxidation. The latter explanation appears plausible, based
on ab initio results (described below), suggesting that stable complexes be-
tween tin organometallics and water can form. The other two explanations
seem less plausible. In particular, coordination with water is more likely to
lead to HCI formation than a weakening of the Sn — C bond. Interpretation
of these results is also clouded by the possibility of wall chemistry in the
tubular reactor used; no evidence is presented to suggest that heterogeneous
chemistry is not occurring.

34
C4H9511C13 + H20/02

Very little work has been published concerning the deposition of tin oxide
from monobutyltin trichloride (MBTC). However, recent reports [35, 36, 65]
describe a dramatic increase in growth rate with water addition, which is the
same trend as observed for DMTC. Lee et al. report an apparent activation en-
ergy for tin oxide deposition of 8 kcal mol™! using MBTC and O, which they
assign to a kinetically limited deposition process [36]. Addition of 1.5 mol %
water to the precursor mixture of 1 mol % MBTC and 20 mol % O, increased
the reaction rate by more than a factor of 2 and the apparent activation en-
ergy decreased from 8 to 2 kcal mol~!. Similar results were obtained by Chae
et al. [65]. These low activation energies suggest surface-limited growth in-
stead of gas-phase limited growth. The authors suggest that the increase in
growth rate can be attributed to the hydrolytic decomposition of the Sn — Cl
bond. Interestingly, only carbon is deposited when MBTC/H,0 mixtures are
used without O; [66], in contrast with SnCly /H, O mixtures, from which rapid
film growth at temperatures as low as 250 °C can be achieved [32, 33]. In the
remainder of chapter we discuss the interaction of water with tin precursors
from a more theoretical point of view, providing results suggesting that gas-
phase reactions may also contribute to the deposition process.

4
Ab Initio Predictions of Tin Thermochemistry

4.1
Quantum Chemistry Methods for the Prediction
of Molecular Thermochemistry

As discussed above, accurate thermochemical data are an essential compon-
ent of the development of any gas-phase chemical mechanism. For the pur-
poses of this work, “accurate” generally means knowing heats of formation to
+2-3 kcal mol™'. It is evident that much of the speculation in the literature
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described above could be put on a firmer footing if such data were available
for all of the species of interest.

From a computational point of view, the heat of formation, which is de-
rived from the electronic energy of the molecule Epgjecyle, is the most difficult
thermochemical quantity to predict accurately. Entropies and heat capacities
are derived from vibration and rotational constants, all of which can be pre-
dicted with considerable accuracy using relatively low levels of theory. Thus,
the development of ab initio methods appropriate for a new class of com-
pounds focuses primarily on identifying a level of theory and the basis set(s)
needed to achieve sufficient accuracy in the electronic energy [67, 68].

Once the electronic energy has been calculated, the molecular heat of for-
mation AHJ? is calculated as follows:

A :tomization(o K) = Z Eatom - Emolecule + E(Zero_pOint) (13)
AH})(O K) = Z AI—I}J,atom(o K) - AH;tomization(0 K) (14)

where E represents an electronic energy (in hartrees) and the summations
are over all atoms in the molecule. For most molecules, very high levels of
theory and/or large basis sets are required to achieve the accuracy required
for thermochemistry. Composite approaches, such as G2 [69], G3 [70], and
the Complete Basis Set (CBS) method [71], can simulate higher levels of the-
ory by combining multiple calculations and empirical corrections to achieve
the required accuracy. These methods have been applied to relatively large
molecules (as many as 14 non-hydrogen atoms [71]), but can become very
time consuming or limited by available memory space. In the case of individ-
ual high-level methods, such as coupled cluster theory, the method may be
limited to species with no more than 4-5 non-hydrogen atoms. Thus, there is
a need for theoretical approaches that can produce sufficient accuracy with
minimal computational time for a broad spectrum of molecules, including
ones with realistic numbers of atoms. In the case of tin oxide CVD, the com-
mon precursor MBTC has eight non-hydrogen atoms and a total of 17 atoms.

A theoretical approach that we find predicts main-group thermochem-
istry quite successfully is the BAC method [67,72-74]. To date, BAC
methods have been applied to and thermochemistry reported for? com-
pounds of boron [75,76], carbon [73, 77], nitrogen [73], aluminum [76, 78],
silicon [72,79-86], and gallium [76]. The BAC methodology recognizes that

2 We recently determined that hindered rotor corrections were not fully implemented in published
BAC-MP4 and BAC-G2 data (76-82,86,87) Typically, the value of §°(298) fully corrected for hindered
rotors differs by less than 1 calmol™! K™! from the previously published value. Similarly, AGy dif-
fers by less than 2 kcalmol™ at 1500 K (the difference in the free energy is magnified by increasing
temperature). In some cases, larger differences are observed, particularly for molecules containing
several rotors. Thermodynamic data (including polynomial fits) that are fully corrected for hindered
rotors are now posted on the web site www.ca.sandia.gov/HiTempThermo/index.html, which pro-
vides a table of S°(T) and AG(T) for comparison with earlier values given in the references cited
above.
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errors in electronic energies are due to the use of finite basis set sizes and
limited ability to model electron correlation. These errors are systematic and
can be correlated with the number and type of bonds present in the molecule.
Thus, one can calibrate a theoretical method by applying corrections to the
energy that scale with bond type and length, given an accurate heat of for-
mation for a molelcule containing at least one of the bond type of interest.
While there are now several BAC methods based on different levels of the-
ory, the original approach calculated the electronic energy using fourth-order
Moller-Plesset perturbation theory (BAC-MP4) [67,72,73]. A modified ver-
sion developed to predict thermochemistry for tin compounds is discussed
below. At the time the BAC methodology was developed, the MP4(SDTQ) level
of theory represented a compromise between accuracy and practical limits on
computational time. With today’s considerably faster machines, higher levels
of theory are feasible. For example, thermochemistry obtained from BAC-
G2 predictions have also been published [74, 76, 78]. However, as will be seen
from the results presented below, in many cases this is not necessary.

There are two important limitations to this method. First, reference com-
pounds are needed to establish the BAC parameters for each bond type.
Although in general only one compound is needed (two or more may be re-
quired if multiple bonding is possible, as in the case of hydrocarbons), for
many CVD precursors, this proves to be an impediment. One can sometimes
work around the problem, however, by using very high levels of theory to pre-
dict the heat of formation for a small molecule containing the bond type of
interest.

A second limitation is that perturbation theory may not yield accurate re-
sults for molecules with “multireference” ground states, i.e., compounds in
which multiple electronic configurations mix in the ground state. In these
cases, higher levels of theory are required. For tin compounds, we find that
compounds containing unsaturated oxygen atoms are particularly problem-
atic, and for these cases we developed approaches using coupled cluster (CC)
theory to predict the electronic energy. Although CC theory is not a true mul-
tireference approach, it is found that using high levels of this theory including
at least a perturbative correction for connected triples (the CCSD(T) method)
can successfully correct for the effects of a multireference wave function in
weak to moderately multireference systems [87]. Both the BAC-MP4 method
and the coupled-cluster theory applied to tin compounds are described in
more detail below.

4.2
Introduction to the BAC-MP4 Method

The basic aspects of the BAC-MP4 method used to predict thermochemistry
for main-group molecules have been previously described [72] and a detailed
description of its extension to compounds containing tin has been published
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in a forthcoming paper [88]. However, a brief summary is presented here to
orient the reader. Electronic structure calculations reported here were per-
formed using Gaussian 98 [89]. Since the element tin is not included in the
standard split-valence basis sets used by the BAC-MP4 method (6-31 G(d) for
equilibrium geometries and frequencies; 6 - 31 G(d,p) for the electronic en-
ergy), the CRENBL relativistic effective core potential (ECP) of LaJohn et al.
was incorporated in the method [48].% In this ECP, the core consists of the
1s - 4p electrons; the valence 4d'%55%5p? electrons are modeled with an un-
contracted Gaussian basis set containing 3s, 3p, and 4d functions. Restricted
Hartree-Fock theory (RHF) is used to obtain geometries and frequencies for
closed-shell molecules and unrestricted Hartree-Fock theory (UHF) for the
open-shell molecules. It is well known that vibrational frequencies calcu-
lated at this level of theory are systematically larger than experimental values.
Thus, each calculated frequency is scaled by dividing it by the established
scaling factor of 1.12 [90].

To determine atomization enthalpies and thus heats of formation, the
effects of electron correlation are included by performing single-point calcu-
lations, using Moller-Plesset perturbation theory and the HF/6 - 31G(d) ge-
ometries. MP4(SDTQ) calculations (fourth-order perturbation theory using
the 6 - 31 G(d,p) basis set with single, double, triple and quadruple substi-
tutions) are performed to obtain electronic energies. Systematic errors in the
electronic energies obtained from these calculations are corrected using the
bond additivity correction (BAC) formalism:

Epac(Xi - X)) = fijgkij (15)
where

fij = Ajjexp(- ajjR;j) (16)

gkij = (L. = hixhij) (17)

hi = Bkexp{ - aik(Rix - 1.4 A)} (18)

Ajj and aj; are empirically derived parameters that depend on the X;-X;
bond type and Rj; is the bond distance (A). The factor By in Eq. 18 is used to
derive a correction for the effects of neighboring atoms on the X; - X; bond
(Eq. 17) and depends on the identity of atom k. Corrections for UHF insta-
bility and nonzero ground state spin are also applied; the form of these is
described elsewhere [72].

3 Basis sets were obtained from the Extensible Computational Chemistry Environment Basis Set
Database, Version 12/03/03, as developed and distributed by the Molecular Science Computing Fa-
cility, Environmental and Molecular Sciences Laboratory which is part of the Pacific Northwest
Laboratory, PO Box 999, Richland, Washington 99352, USA, and funded by the US Department
of Energy. The Pacific Northwest Laboratory is a multi-program laboratory operated by Battelle
Memorial Institute for the US Department of Energy under contract DE-AC06-76RLO 1830. Contact
David Feller or Karen Schuchardt for further information.
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There are two major sources of uncertainty in the BAC-MP4 heats of for-
mation. First, there are uncertainties resulting from incomplete knowledge of
the appropriateness of the chosen theoretical methods for a given molecule.
Second, systematic uncertainties exist that result from the lack of good ref-
erence compounds needed to establish the bond additivity corrections. The
magnitude of the first is estimated using an ad hoc method developed previ-
ously that uses the results from lower-level calculations (Table 1).

Error(BAC-MP4) ={1.0 kcal mol™ + (AHgac-MP4 - AHBAC—MP3)2 (19)
+ (AHpac-mpa — AHpac MpaspQ)*

. . 1/2
+0.25(EBAC(sp1n§) or EBAC(smeHF_I))z}/

The second and third terms on the right-hand side provide a measure of the
convergence from lower to higher levels of theory, while the last term ac-
counts for errors associated with spin contamination of the ground state or
UHF instability.

The second source of uncertainty can add a few kcal mol™! to the uncer-
tainty estimates and will scale with the number of bonds in the molecule. The
use of different reference values would shift our calculated heats of formation
as a group, with the consequence that calculated bond dissociation enthalpies
and reaction enthalpies are affected less than the heats of formation. Overall,
we believe that the uncertainties in the BAC-MP4 heats of formation lie in the
+2-5kcal mol™! range.

4.3
Coupled Cluster Method for Unsaturated Oxygen-Containing Compounds

Details of the computational procedure used to calculate thermodynamic
data for tin compounds with unsaturated oxygen ligands are presented
elsewhere [49]. Briefly, electronic energies are obtained using the coupled-
cluster singles and doubles method with a perturbative correction for con-
nected triple substitutions (CCSD(T)) and the Brueckner doubles method
with analogous corrections for triple and quadruple substitutions (BD(TQ)).
Correlation-consistent triple- and quadruple-zeta basis sets in conjunction
with the large-core Stuttgart-Dresden-Bonn relativistic effective core poten-
tial and a core polarization potential for tin are used to describe the molecular
electronic structure. A correction for basis set incompleteness, computed
from extrapolations to the infinite basis set limit, is also included. Heats of
formation are determined from isogyric reactions, in which the number of
electron pairs is conserved, rather than atomization reactions, since we be-
lieve the former to be more accurate for computing heats of formation. At
this time we have not formulated a method for estimating the error in these
calculations, so this is not given in Table 1 for the values determined by this
method.
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4.4
Heats of Formation for Tin-Containing Compounds

As discussed above, the BAC-MP4 method requires the user to select refer-
ence compounds whose heats of formation are well known so that the BAC
parameters can be established. When such compounds do not exist, we resort
to values predicted by high-level calculations, which naturally may introduce
some error. In the case of tin compounds, the Sn—H, Sn-C, and Sn - Cl
corrections were established using the heats of formation for SnHy [41],
Sn(CH3)4 [41], and SnCly [42] as references. No data for Sn — O compounds
could be found, other than for SnO and SnO, [42]. Such small molecules,
which are highly unsaturated and have multireference ground states, are
not accurately modeled by perturbation theory. Instead, the correction for
Sn — OH species is based on the coupled cluster prediction (see above) for
H3SnOH. These corrections and the MP4 level of theory yield results that are
both in reasonable agreement with the limited available data for compounds
with Sn — Cl and Sn — CHj3 ligands, but also give well-behaved trends in heats
of formation for ligand substitution.

Representative heats of formation predicted by the ECP/BAC-MP4 method
are given in Table 1 (the complete published [88] thermodynamic data set
used in the analyses below is available online [91]). Data are shown for
a range of compounds, including tetravalent, trivalent, and divalent coordi-
nation at tin. Values for the reference compounds SnCly, SnHy, and Sn(CH3)4
are also given. Finally, heats of formation for atoms and groups needed to
calculate reaction enthalpies are given. These results are used in the analysis
below to identify potential reaction pathways for MBTC and its decompos-
ition products.

Note that the error estimates obtained from Eq. 19 are, in the majority of
cases, less than +2 kcal mol™!. This indicates that the computational method
is converging well from the lowest level of perturbation theory through to
the highest. The only exceptions to this are the divalent singlet radicals
(compounds of the form XSnY), in which there is a nonzero correction for
UHF instability. In these cases, the ad hoc error estimation method indicates
a higher level of uncertainty because the presence of UHF instability is an in-
dication that the MP4(SDTQ) level of theory is not fully adequate to describe
the electronic ground state of the molecule (the same is true of a nonzero spin
contamination correction).

Trends in heats of formation can be used to build confidence in the theoret-
ical model as well as to make inferences concerning the nature of the chemical
bonding. In particular, a now well-established method for evaluating the reg-
ularity of thermochemical data in a homologous series of compounds plots
the heat of formation versus the number of ligands of a given type. This
method has been used extensively for hydrocarbons and has been applied to
organometallic compounds as well [41, 92]. In general, experimental investi-
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gations show that a plot of this type is usually quite linear. Such behavior is
often rationalized as an indication that the bonding between the central metal
atom and the ligand is localized, such that substitution of additional ligands
does not affect the bonding of the others of that type. In past investigations
we found that the BAC-MP4 method reproduces these trends for a wide range
of closed-shell main-group compounds, which we take as a strong indica-
tion that the method is working correctly. This is particularly helpful in cases
where the series of compounds is poorly characterized.

In the case of the various tin compounds examined here, several se-
ries display near-linear behavior, including H/Cl and CH3;/H. Data for
Sn(CH3),H4_, are shown in Fig. 9. The change in the heat of formation as
CH3 is substituted for H is - 11 kcal mol™!. The near-perfect linearity of this
plot is typical of substitutions for a number of ligand pairs in all of the main-
group compounds we have examined to date, including those of C, Si, B,
Al, and In. We are thus confident that the values given here are sufficiently
accurate to be used for the qualitative analysis below and that the low un-
certainties reported are a reflection of the high degree of convergence in the
calculations.

In contrast, methyl-for-chlorine substitution is decidedly nonlinear, a fea-
ture also displayed by the lighter Group 14 compounds. This curvature is not
an artifact of the BAC-MP4 predictions, since it is observable in the (admit-
tedly limited) experimental data for these compounds (Fig. 10). In fact, the
deviations from linearity are even greater in the experimental data. Such be-
havior is also observed in the analogous Si compounds and is related to the
negative hypercongugation (anomeric) effect, in which electron density from
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Fig.9 Heats of formation predicted for the series Sn(CH3)4-,H,, by the BAC-MP4 method.
The error bars shown correspond to the error obtained from the ad hoc method given
in Eq. 19
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the CH3 (a weak 7 donor) is transferred to the o system of the Cl (a o accep-
tor). These effects are well documented for geminal ligands (e.g. YMH;X) in
compounds in which the central atom is either silicon or carbon (see Hehre
et al. [68] and references therein).

Although experimental data available for comparison with these results
are very limited, they indicate that the ECP/BAC-MP4 method performs well
for classes of tin compounds containing H, OH, Cl, and organic ligands. In
the case of tetravalent compounds, the predicted heats of formation are in
good agreement with reported values for the series Sn(CHj3)4-,H,, (Table 1).
Similarly, the agreement with experiment for the series Sn(CHj3),Cls, is
also good. Maximum deviations from experiment in this case are less than
3 kcal mol™!. Unfortunately, there are almost no data for trivalent and divalent
species for comparision, but the available values agree with the predicted ones
within the error bars. Note that the large error estimate for SnCls derives from
the fact that this heat of formation is based the thermochemistry of analogous
compounds. In this case, we think it likely that the BAC-MP4 is more accurate
than the experimental value.

Results of applying the CCSD(T) method to selected tin compounds are
also given in Table 1. Again, there are almost no data available in the lit-
erature for comparison. However, the predicted heat of formation for SnO
is in reasonable agreement with experiment. Since data for Sn— O species
are so limited, it is difficult to fully validate this model chemistry. Thus, we
placed relatively high uncertainties on the calculated values. Nevertheless, we
are sufficiently confident of the results to use them to establish BAC param-
eters for Sn — OH bonds. The resulting BAC-MP4 predictions as well as the
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CCSD(T) results should be sufficiently accurate to allow qualitative evaluation
of reaction pathways involving them.

4.5
Bond Dissociation Energies in Tin Compounds

The availability of heats of formation allows one to calculate reaction en-
thalpies, knowledge of which provides useful insight into the thermal stability
and reactivity of a molecule. Bond dissociation enthalpies (BDE) in particu-
lar are quite valuable, since the breaking of the weakest bond in a molecule
is typically the first step in the initiation of gas-phase chemistry during CVD.
Thus, from a qualitative point of view, calculated BDEs allow the thermal sta-
bility of precursors to be compared. They are also critical to the calculation
of unimolecular reaction rates using RRKM or other transition-state theories.
The ab initio heats of formation reported here for tin compounds thus repre-
sent a starting point for understanding gas-phase chemistry occurring during
CVD. Since comparable data also exist for compounds of carbon, silicon, and
to a lesser extent, germanium, it is also possible to compare bonds between
tin and typical ligands (e.g., H, CH3, OH, and Cl), as well as evaluate trends
as the central atom is changed.

In general, tin compounds extend and mirror the trends exhibited by
their analogues higher in the periodic table, as seen in Fig. 11. In particular,
the strength of the Sn-ligand bond varies according to Sn — OH > Sn - CI >
Sn — H ~ Sn-alkyl. In all cases these bonds are weaker than those of the anal-
ogous C, Si, or Ge compounds.* Note that, although the Sn— OH BDE is
significantly stronger than the Sn—Cl bond, there is reason to believe that
tin hydroxides will be less thermally stable than chlorinated organometallics,
since the possibility for elimination of H,O from the molecule opens a poten-
tial low-energy channel.

More important from the point of view of developing new CVD precur-
sors is the lack of a strong variation in the Sn — C BDE as the organic group
varies from CHj to C4Hyg (Fig. 12). These values vary by only 42 kcal mol™!
for straight-chain alkyl groups (interestingly, there is a slight dip in the BDE
for R = C,H; regardless of the identity of the central atom). Significant weak-
ening of the Sn — C bond strength can be achieved by using branched alkyl
groups. For example, the Sn — CH(CH3), BDE is 61.3 kcal mol™!, while the
Sn — CH,CH,CHj3 BDE is 66.0 kcal mol™!. This trend is not surprising and is
mirrored by other Group 14 compounds [41, 93].

In the literature there are two widely cited reports of Sn — CH3 bond en-
ergies by Price et al., one for TMT [51] and one for DMTC [52]. These pub-
lications have been influential; for example, Giunta et al. [31] and Zawadzki

4 Note that although the calculated value of the Ge —Cl bond in GeCly is comparable to that in
SnCly, the uncertainty in this value is quite high due to the estimated heat of formation of GeCl3.
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et al. [40] used the results of Price et al. in their gas-phase oxidation mech-
anisms for TMT [51] and DMTC [52] oxidation, and Nash et al. [94] accepted
the Price et al. [52] value for the first Sn — C dissociation in DMTC to calculate
subsequent bond energies [94]. Both bond energies reported by Price et al.
are significantly lower than the BAC-MP4 predictions: 64.5kcal mol™! for
TMT vs 71 kcal mol™! predicted by BAC-MP4, and 56.1 kcal mol™! for DMTC
vs 70 kcal mol™' from BAC-MP4. These differences may result from several
factors: (1) inaccuracy in the theoretical predictions; (2) pressure fall off in
the gas-phase reaction rate; (3) radical reactions in the gas phase; and (4) wall
reactions. While all may contribute to some degree, we feel it likely that the
last two are the greatest contributors. The predicted errors in the BAC-MP4
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calculations are small; the estimated error for the bond-dissociation reac-
tion is only 43 kcalmol™! in both cases. Pressure falloff effects should also
be minimal, since unimolecular reactions such as bond fission for molecules
with large numbers of vibrational frequencies should be near their high-
pressure limit, leading to an activation energy close to the bond dissociation
energy [95]. As a result, we suspect that the onset of gas-phase reaction pre-
dicted by mechanisms using these bond energies will occur at somewhat
lower temperatures than is actually the case.

Previous attempts to calculate bond energies in tin compounds employed
levels of theory that were inadequate to provide accurate results. As discussed
above, accurate bond energies require the use of either composite ab initio
methods or methods employing a high level of electron correlation coupled
with isogyric reactions to minimize basis set truncation and other system-
atic errors. Consequently, the results reported by Basch [46, 96], which use
a number of uncorrected ab initio methods or with very simple corrections
(i.e., across-the-board energy corrections by finite amounts), are unlikely to
be particularly accurate.

4.6
Complexes with Water

In addition to providing thermodynamic data for known species, ab initio
methods can be part of the discovery process by predicting the stability of
postulated, but unknown compounds. An important example of this arises
in the development of mechanisms for tin oxide CVD involving water as
a reactant. As discussed above, it is well known that the addition of water in-
creases tin oxide deposition rates, but the mechanism for this effect is not
clear. It might be expected that tetravalent tin halides could react with gas-
phase water to produce five- or six-coordinate compounds, given the known
behavior of these molecules (and other Group 14 halides in general) toward
water: all Group 14 compounds of the form MCly fume in air and some, such
as SiCly, react violently with liquid water. Somewhat surprisingly, however,
ab initio calculations indicate that no stable gas-phase complexes of SiCly
with either one or two water molecules exist, although other halides are pre-
dicted to do so [97]. Anecdotal evidence from glass manufacturers who use
organometallics to deposit tin oxide as well as a patent concerning deposi-
tion from SnCly and H,O [98] suggest that if temperatures are maintained
above 180 °C formation of line-clogging solids can be avoided. Using the
BAC-MP4 method, however, stable geometries for complexes of both tetrava-
lent tin compounds and intermediate subchlorides with water were identified,
suggesting that gas-phase reactions involving water vapor might contribute to
the enhancement of deposition rates caused by the addition of water.

Figure 13 shows the calculated structure for a complex representative of
those that could form between tin oxide MOCVD precursors and water.
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This compound, Cl3Sn(CH3)(H;0);, contains two water molecules bound in
axial positions through oxygen in an approximately octahedral geometry. The
Sn — O bonds, which have inequivalent lengths, are considerably longer than
Sn— OH bonds (predicted to be ~ 1.91 A), suggesting that these molecules
are relatively weakly bonded Lewis acid-base complexes. The BAC-MP4 heat
of reaction for Cl3Sn(CH3)(H,0), supports this:

Cl3SnCH3 +2H,;0 < Cl3Sl’l(CH3)(H20)2 (20)
AHR(298 K) = - 15.3 kcal mol™

Tin compounds with coordination numbers greater than 4 are well
known [99]. Reactive groups such as OH must be shielded to isolate them,
however, suggesting that the water complexes predicted by theory may be
susceptible to internal reaction, such as loss of HCI. The reaction analogous
to Eq. 20 involving SnCl, is even more exothermic (- 23 kcal mol™). It is
therefore conceivable that tin oxide precursors such as DMTC react to form
complexes in the gas phase at temperatures below those required for pyrolysis
(> 450 °C for MBTC; see below). However, the stabilization resulting from in-
creasing numbers of electronegative ligands suggests that complexes between
tin oxide precursors such as Sn(CH3 )4 and water may not be thermodynami-
cally favored.

Reactions such as Eq. 20 could be followed by elimination of two HCI
molecules to yield a dihydroxide:

CI3SH(CH3)(H20)2 <> SHCI(CH3)(OH)2 + 2 HCI (21)
AHR (298 K) = 30.5 kcal mol™
Cl3Sn(CHj3)(H,0), + 2 Cl <> SnCI(CH3)(OH), + 2HCI (22)

AHR(298 K) = - 27.5 kcal mol ™!

Fig.13 Structure of the Cl3Sn(CHj3)(H,0); complex at the MP2/6 - 31G(d, p) level result-
ing from the BAC-MP4 calculation for this molecule. Distances are in
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which is equivalent to an average reaction energy of ~ 15 kcal mol™! for each
HCI molecule generated. Alternatively, the complex generated by Eq. 20 could
react exothermically with two gas-phase Cl atoms (Eq. 22) to produce the
dihydroxide. However, because the subsequent unimolecular decomposition
steps are endothermic (e.g., Eq. 21), the complexes may fall apart before they
reach the regions where sufficient thermal energy is available for them to
either decompose unimolecularly or undergo H-atom abstraction.

When MBTC and DMTC undergo pyrolysis, tin subchlorides form com-
plexes that can also react with water to form complexes that BAC-MP4 cal-
culations suggest are stable. When MBTC decomposes, SnCl;3 (see Sect. 5.3.2)
is formed, while DMTC initially reacts to form SnCl,CH3. Decomposition
of these two species leads to formation of SnCl,. Calculated heats of for-
mation for complexes between these tin subchlorides and one or two water
molecules suggest that the reaction is exothermic (e.g., Eqs.23 and 24). In all
cases, the water molecules are bound to the tin atom through their oxygen
atom. As an example, the complex Cl,(CH3)SnOH; is shown in Fig. 14. This
four-coordinate molecule has a very long Sn — OH, bond distance of 2.897 A,
unlike the much shorter Sn—O bond in the six-coordinate complexes de-
scribed above.

SnCl; + H,0 <> Cl3SnOH, (23)
AHS,, (298 K) = - 12.7 kcal mol ™!

SnCl,(CH3) + H,0 <> Cl;(CH3)SnOH, (24)
AH;,, (298 K) = - 9.1 kcal mol™!

The coordination number can be increased further by the addition of a sec-
ond water molecule; for example:

Cl3Sl’lOH2 + H,0 < Cl3sn(OH2)2 (25)
AH®. (298 K) =- 11.4 kcal mol™!

react

The O — H bond in these complexes is relatively weak, suggesting that forma-
tion of the hydroxide should occur at temperatures below those required to
crack the initial precursor.

C13 SnOH, <~ Cl3 SnOH + H (26)
AHS,, (298 K) = 36.6 kcal mol™

By comparison, all bonds other than Sn—C in the tin hydroxides are quite
strong. In Cl3SnOH the bond energies are 125 kcal mol!, 95 kcal mol™!, and
87 kcal mol™! for the O —H, Sn— O, and Sn — Cl bonds, respectively. Thus, it
appears likely that the hydroxide ligand is quite stable and could survive tran-
sit through the thermal boundary layer in a CVD reactor and form tin oxide.

We conclude from this analysis that reactions of water with both tin-
containing MOCVD precursors and their decomposition products may be
important pathways leading to the formation of thermodynamically stable
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Fig. 14 Structure of the complex Cl,(CH3)SnOH, at the MP2/631G(d, p) level resulting
from the BAC-MP4 calculation for this molecule. Distances are in

hydroxides. These qualitative results are supported by equilibrium calcula-
tions described in Sect. 5. Additional theory directed toward determining
transition states for possible HCI elimination reactions and experiments to
measure rate constants of reactions with water are needed, however, to pro-
vide a quantitative assessment of the importance of this chemistry.

5
Gas-Phase Reaction Pathways:
Equilibrium Calculations and Mechanism Analysis

Although the temperatures typically encountered in tin oxide CVD processes
are too low and the residence times to short to expect that the system will
come to thermodynamic equilibrium, calculation of the equilibrium compo-
sition using Gibbs free energy minimization techniques is a useful starting
point for the development of chemical mechanisms. Species in the highest
concentration at equilibrium are those for which there is the greatest free en-
ergy driving force for their formation. While the identity of these species is
often obvious for systems such as hydrocarbons, in the case of chemistries
that are less well characterized, such as the tin oxide CVD systems of inter-
est here, it is unclear which species are most stable. Two useful equilibrium
models are first, global equilibrium to determine ultimate chemical endpoints
(i.e., those species that will form given sufficient time at a given tempera-
ture) and second, partial equilibrium, in which some or all of the most stable
species are not included in the calculation. The latter case has the effect of
imposing an infinite kinetic barrier between those species and the precur-
sors, allowing a second tier of species to form that may represent short-lived
but important intermediates in the reaction process. In both cases, condensed
phases are excluded, since these are so much more stable than gas-phase
species that were they to be included essentially no gas-phase species would
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form, yielding little insight into the processes occurring in the gas prior to
deposition.

We present results for two standard tin oxide precursors, DMTC and
MBTG, as well as for tin tetrachloride. The latter compound is included in the
analysis to provide perspective on the thermal stability of the inorganic sys-
tem relative to the organometallic ones. All chemical equilibrium calculations
were performed with the EQUIL-code from the CHEMKIN-suite [100], using
the thermochemical data discussed in the previous sections. The temperature
range selected was 298-1023 K, the concentration of tin precursor was kept at
2 mol %, while the concentrations of oxygen and water were held at 20 mol %
and 5 mol %, respectively. The total pressure was 1 atm. These conditions are
similar to those used in commercial tin oxide CVD processes. Note that in the
following discussion of reaction mechanisms, all heats of reaction (AHy) are
given at 298 K.

5.1
SnCl4

Global equilibrium calculations for SnCly in N and with excess O; reveal that
SnCly is the most stable tin species over a wide temperature range. Experi-
mentally it is found that no deposition of tin oxide occurs from 1-3% SnCly
+ 20% O, mixtures at temperatures up to at least 923 K [101]. In contrast,
SnCly + H,0 mixtures with no additional O; can be used to deposit SnO; at
temperatures as low as 670 K. Under these conditions, global equilibrium cal-
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culations predict tin hydroxides such as Cl3SnOH become the most stable gas
phase species, rather than SnCly (Fig. 15). As described above, complexes with
water vapor, such as Cl4Sn(OH;);, may be intermediates in the formation
of these hydroxides. Although intramolecular loss of two HCI molecules to
form Cl,Sn(OH); is endothermic (AHyR = 34.6 kcal mol™), other kinetically
favorable pathways may exist that lead to tin hydroxides (see also Sect. 5.3.2),
which may be the actual gas-phase precursors to tin oxide. It is also pos-
sible, however, that SnCly is hydrolyzed on the surface without prior reaction
in the gas phase. The combined evidence from the experiments and equi-
librium calculations indicates, in any case, that SnO, deposition from SnCly
requires formation of HCl, which provides a thermodynamic sink to stabilize
the chlorine in the molecule.

5.2
SIIC12 (CH3 )2

5.2.1
Equilibrium Predictions

The equilibrium calculations for DMTC decomposition in N (Fig. 16) are
consistent with previously reported experimental investigations, which show
that DMTC decomposes above 670K into SnCl, and C;, and C; hydrocar-
bons [102]. The only discrepancy is the predicted formation of C¢Hg, which
has not been found during experiments. This is not surprising, since the
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higher hydrocarbons formed by recombination of methyl radicals (primarily
CyHg and CyHy) created by the initial decomposition of DMTC (see below)
are unlikely to recombine and form higher hydrocarbons.

Figure 17 shows the most stable species at equilibrium for the oxidation
of 2 mol % DMTC in the presence of oxygen (20 mol %) and water (5 mol %).
RSnCl; and SnCly species were excluded from the calculations, because these
species, although thermodynamically very stable, are unlikely to form due to
the very low concentration of gas-phase Cl atoms in the system and the strong
Sn — Cl bond in SnCl,. Including these species would thus unrealistically skew
the predictions of the equilibrium calculations. As in the case of SnCly, chlori-
nated tin hydroxides are the most stable species. The hydrocarbon ligands are
almost completely oxidized to CO, and H,O (not shown in the figure). Similar
results are found without the presence of water in the initial mixture, because
water is also a byproduct of DMTC oxidation.

If Sn(IV) hydroxides are excluded from the calculation, thereby creating
the equivalent of an infinite kinetic barrier to their formation, the results
indicate that SnCl, is the most abundant tin-containing species. Other gas-
phase tin oxides, such as Cl,SnO, — O(SnCl,)O — (cyclic), SnO, or SnO; do
not form. Also, species predicted by Giunta et al. [31], Cl,CH3SnCH,00 and
Cl,CH3Sn0, are not formed in any significant amount. This suggests that as
DMTC enters the thermal boundary layer above a heated substrate, it decom-
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poses into SnCl, and CHj groups, which subsequently oxidize to form CO,
and H;0. SnCl, might react further to form tin hydroxides, if kinetically fa-
vorable pathways exist, or instead react directly with the surface.

5.2.2
Reaction Path Analysis

As discussed earlier in this article, Giunta et al. published a mechanism de-
scribing the gas-phase oxidation of DMTC [31]. At the time of this work, very
little thermodynamic data were available for the tin species involved in their
mechanism. Consequently, many of the reactions they employed are irre-
versible (i.e., reverse reaction rates could not be calculated using the equilib-
rium constant). While much of the chemistry contained in this mechanism is
reasonable based on comparison with analogous hydrocarbon reactions (par-
ticularly the radical abstraction reactions), now that thermochemical data are
available for the tin species, it is possible to examine the heats of reaction to
determine whether the reactions used are in fact energetically favorable. The
oxidation of DMTC is considerably more complex than the chemistry of ei-
ther SnCly or MBTC (discussed below) and thus it is not possible to obtain
a clear picture of the relevant reaction pathways simply by looking at the ther-
mochemistry. Nevertheless, considerable insight can still be gained, pointing
to areas that require additional attention.

Mixtures used to deposit tin oxide from DMTC normally contain both oxy-
gen and water vapor. We are not aware of any evidence that DMTC can react
directly with oxygen in the gas phase. Previously published mechanisms (in-
cluding Giunta et al.) assume that gas-phase oxidation of DMTC is initiated
by pyrolysis of DMTC, with the first step being Sn — C bond scission (Eq. 27
below), requiring significant thermal energy to break the bond. This is rea-
sonable, since this is by far the weakest bond in DMTC. For comparison, the
C - H bond is 103.3 kcal mol™! and the Sn — Cl bond is 94.8 kcal mol™!.

(CH3),2SnCl, <> CH3SnCl, + CHj (27)
AHg, = 69.7 kcal mol™

Prior to the BAC-MP4 results for chlorinated organotin species reported here,
there were no data available for DMTC bond energies other than the ex-
perimental investigation by Price and Trotman-Dickenson [52], who found
56 kcal mol™! for the energy of Cl,(CH3)Sn — CHs. Giunta et al. employ these
results in their mechanism. As discussed earlier, there are good reasons to
believe the experimental bond energy is much too low, causing the onset of
gas-phase pyrolysis predicted by Giunta et al. to occur faster at low tempera-
tures than is realistic. Estimates of the Sn — C bond energy in nonhalogenated
compounds have been published, with values around 70 kcal mol™! reported
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for Sn — CH3 bonds [41, 46], in agreement with the BAC-MP4 results, as dis-
cussed above.

Although Eq. 27 appears to be the most likely initiation reaction, we can-
not rule out a process in which water vapor and DMTC react, based on the
ab initio results described in Sect. 4.6. If this does occur, however, it appar-
ently does not lead to homogeneous nucleation of particles, since anecdotal
evidence from the glass industry indicates that DMTC and water vapor can
be premixed prior APCVD of tin oxide without substantial buildup of solids
in delivery lines. Perhaps this is due to significant kinetic barriers to the
decomposition of the tin-water complexes that initially form, so that further
gas-phase reaction does not occur until the reactants enter the heated bound-
ary layer above the substrate.

Bond cleavage reactions subsequent to Eq.27 were not considered by
Giunta et al. The predicted bond energies suggest, however, that this reac-
tion is likely followed by rapid cleavage of the second Sn — C bond, for which
the bond energy is only 23.5 kcal mol™'. This rather weak bond is typical of
Group 14 trivalent radicals, as discussed previously for organometallic silicon
compounds [80].

CH3SnCl, <> SnCl; + CH3 (28)
AHg = 23.5kcal mol ™
Thus, two straightforward reactions lead directly to the thermodynamically
most stable tin compound at deposition temperatures, SnCl,. Both Eq. 27 and
Eq. 28 produce methyl radicals that can also react with DMTC, as given by
Giunta et al.:
(CH3),8nCl; + CH3 <> Clzsn(CH3)CH2 + CHy4 (29)
AHR =- 1.5 kcal mol™
Extraction of atoms or groups other than H by CHj3 is not expected to be ki-

netically favorable. The DMTC radical, Cl,Sn(CH3)CH;, formed in Eq. 29 has
relatively strong bonds to carbon:

Cleﬂ(CH3)CH2 <> ClzanHz + CHj3 (30)
AHg, = 50.2 kcal mol™
Cl,Sn(CH3)CH; < CH3SIIC12 + CH, (31)

AHg =77.3 kcal mol ™

However, if sufficient thermal energy is available in the system to break the
Sn - C bond in DMTC, then loss of CH3 from Cl,Sn(CH3)CH, via Eq. 30
should also occur. This leads to formation of Cl,SnCH,, which has a rela-
tively weak Sn — C bond (only 49.8 kcal mol™!) and may decompose further to
yield SnCl, and CH; (note, however, that since CH; has a triplet ground state,
this reaction may be kinetically unfavorable due to the intersystem crossing
required to form it from singlet Cl,SnCHj).
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Reaction of O, with SnCl, is discussed in detail in the section below
concerning MBTC. To briefly summarize, formation of the cyclic compound
—0(SnCl;)0 — is predicted by BAC-MP4 calculations. However, equilibrium
calculations predict that this species is not thermodynamically stable relative
to SnCl, at CVD temperatures. In addition, exothermic reactions with radi-
cals that could provide a sink for removal of — O(SnCl,)O — are rare, making
it unlikely that oxidation of SnCl, proceeds through this compound. Thus, it
seems unlikely that SnCl, reacts extensively with O;.

The oxidation of the methyl radicals formed by DMTC pyrolysis is well un-
derstood compared with the tin chemistry. Gas-phase mechanisms describing
this chemistry are readily available [61-63]. These reactions lead to the for-
mation of other reactive species that can attack DMTC, including H, O, OH,
and HO;. The OH radical in particular is a very efficient H-abstractor, and
will therefore quickly react with DMTC:

(CH3),SnCl, + OH <« Cl;Sn(CH3)CH; + H,0 (32)
AHg = - 15.9 kcal mol™
The radical Cl,Sn(CH3)CH; can react with oxygen via Eqgs. 33-35, which are

all quite exothermic, supporting Giunta et al’s model in which Cl,Sn(CH3)CH,
is are the principal chain carrier.

CleH(CH3)CH2 + 02 <> CleH(CH3)CH200 (33)
AHg =-22.7 kcal mol™
CleH(CH3)CH200 <> Clz(CH3)SnO + CH,0 (34)

AHg = - 37.5kcal mol™
(CH3)2SI1C12 + Clz(CH3)SnO <~ Clz(CHg,)SnOH + CleH(CH3)CH2 (35)
AHg = - 20.4 kcal mol™

Giunta et al. also propose that CH3SnCl, formed in Eq. 1 reacts with oxygen:

(CH3)SnCl; + O, — Cl;(CH3)SnO + O (36)
AHg, = 41.5 kcal mol™

CLSnCH; + 0, <> Cl,Sn(CH3)00 (37)
AHR = -24.7 kcal mol ™

Cl,SnCH3 + O, <> Cl,SnCH; + HO, (38)
AHg, = 59.9 kcal mol™

CL,Sn(CH;3)00 < Cl,S$n(CH3)0 + O (39)

AH, = 65.6 kcal mol ™

Reaction Eq. 36 is endothermic, suggesting a large kinetic barrier. Giunta
et al. estimated a 15 kcal mol™! barrier height, which is unrealistic based on
the predicted thermochemistry. Thus, this step probably represents a mi-
nor reaction channel. Peroxide formation from CH3SnCl,, however, is very
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exothermic (Eq. 37). Eq. 37 is a “chemically activated” process (as is Eq. 33),
in which the initially formed complex [Cl,Sn(CH3)00]T is energetically
hot and can undergo further decomposition [95] For example, Eq. 38 and
Eq. 39 may occur and other exit channels are conceivable as well, such as
Cl,Sn(CH;)O + OH. Determination of which channel dominates requires not
only the relevant thermochemistry, but also a master-equation approach to
the calculation of reaction rates, which we have not undertaken. However, the
high endothermicities of Eq. 38 and Eq. 39 suggest that these reactions are
unimportant. Several low-energy pathways are then available that eventually
lead to Cl,SnO:

Cl,Sn(CH3)00 + OH < Cl;Sn(CH3)0 + HO, (40)
AHg = 0.4 kcal mol™

Cl,Sn(CH;3)00 + H <> CL,Sn(CH3)0 + OH (a1)
AHg = - 36.6 kcal mol™

Cl,Sn(CH3)00 + CH3 <> Cl,Sn(CH3)O + CH30 (42)
AHg = -24.9 kcal mol™

Cl,Sn(CH3)O <> CL,SnO + CHj (43)

AHg, = 37.3 kcal mol™

Whether or not the peroxide formed in Eq. 37 can be stabilized after forma-
tion of the initial reactive complex and then react via Eqs. 40-43 is unclear.
The equilibrium calculations described above do not indicate that Cl,SnO
is a stable molecule under deposition conditions. Rather, SnCl, is the ther-
modynamically favored tin-containing fragment of DMTC. This species is
produced by Eq. 28, which therefore competes with Eq. 37. Since the number
of species decreases in the forward direction of Eq. 37, entropy favors SnCl,
formation over the peroxide (though negative at 298 K, AGY for Eq. 37 be-
comes positive at deposition temperatures). Furthermore, the enthalpy of the
reverse reaction (Eq.-37) is comparable to that of Eq. 28, suggesting that if
sufficient thermal energy exists to drive Eq. 28, then Eq. 37 should be near
equilibrium. Thus, we suspect that DMTC completely decomposes to SnCl,,
rather proceedings from Eq. 27 to Eq. 37. Two routes are then possible for
SnCly. It can react with H,O formed by oxidation of the methyl radicals,
thereby subsequently forming the hydroxides predicted by the equilibrium
calculations (see Sect. 5.3.2 below). Alternatively, it may react directly with
O — or — OH groups on the surface to form SnO,.

In the mechanism of Giunta et al. CH3SnCl,OH, formed by exothermic
reaction of CH3SnCl,O with CHy, H,CO, or HO,, is a key species whose
decomposition leads to gas-phase SnO and SnO;, formation. A potentially im-
portant pathway to form CH3SnCl,OH not considered by these authors is
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reaction with HCI:

CL,Sn(CH3)0 + HCl <> Cl,Sn(CH3)OH + Cl (44)
AHg =-20.6 kcal mol™

While not as exothermic as reaction with HO, or H,CO, HCI should be
present in much higher concentrations, such that (Eq. 44) may be the pri-
mary route to CH3SnCl,OH formation. This compound decomposes via two
nonelementary (and irreversible) reactions proposed by Giunta et al.:

CH3SnCl,OH — SnO + CH3 + Cl + HCl (45)
AHR, = 174 kcal mol ™
CH;3SnCl,OH + O, — SnO; + CHj3 + ClO + HCl (46)

AHg, = 176 kcal mol™!

These reactions are required in the Giunta et al. mechanism to reproduce the
DMTC consumption and tin oxide deposition rates, which are too low without
them. These steps are rate limiting in the mechanism and are thus crucial to
the understanding of the overall chemistry. However, their overall very high
endothermicity, coupled with the equilibrium calculations discussed above
indicating that SnO and SnO; are at least orders of magnitude lower in con-
centration than SnCl,, suggest that other chemistry must be employed to
account for the DMTC loss and tin oxide growth rates. Based on our ex-
perience in attempting to measure the gas-phase kinetics of organometallic
compounds, which are prone to react on surfaces, we suggest that DMTC con-
sumption and tin oxide growth via heterogeneous reactions are quite likely
and may be a major contributor to the growth rates observed by Giunta et al.
This is not to say that gas-phase chemistry is not occurring; on the contrary, it
may be quite important under the conditions Giunta et al. were attempting to
model (a horizontal laminar-flow reactor operating at atmospheric pressure
and temperatures of 793-893 K). However, the rate-limiting step may in fact
be a surface process.

When water vapor is also present, numerous exothermic pathways exist
that could accelerate DMTC oxidation in the gas phase and form alternate
precursors. Reactions involving water are not included in the mechanism of
Giunta et al. As indicated in Sect. 4.6, formation of complexes with up to two
H,O0 ligands bound to SnCl, (through the oxygen atom) is exothermic. (For
simplicity, we did not examine structures containing more than two water
ligands, but formation of these may be possible.)

SHC12 + H;0 < ClenOHz (47)
AHg, = -20.7 kcal mol™
ClenOHz + H,0 < Clzsn(OHz)z (48)

AHg, = - 15.3 kcal mol™
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Once these form, highly exothermic channels involving H, OH, and the rela-
tively abundant Cl radicals become available. For example, some pathways
leading to SnCl,(OH); (the hydroxide with the highest concentration at equi-
librium) are:

Cl,SnOH, + Cl <> Cl,SnOH + HCl (49)
AHR =-13.9 kcal mol™
Cl,Sn(OH;); + 2H —— Cl,Sn(OH), + 2 H, (50)
AHg = - 81.3 kcal mol ™
Cl,Sn(OH;); + 2 Cl —-— Cl,Sn(OH), + 2HCI (51)
AHg =-79.3 kcal mol™
Cl,SnOH, + OH <> CL,SnOH + H,0 (52)
AHg = - 30.5kcal mol™!
Cl,Sn(OH;); + 20H —— Cl,Sn(OH), + 2H,0 (53)

AH} =-112.6 kcal mol™

Stripping of chlorine from hydroxides such as Cl,Sn(OH); could eventually
lead to gas-phase SnO or SnO;. However, at the relatively low temperatures
typical of tin oxide CVD (~ 873-973 K), we do not expect these oxides to
form, based on the equilibrium calculations described above. Thus, the for-
mation of tin hydroxides is not only thermodynamically favored (i.e., based
on minimization of the Gibbs free energy), but there are also exothermic re-
action pathways that we expect to be kinetically favorable. The primary tin
carrier in the CVD process could therefore be a tin hydroxide. Complete con-
version to SnO; would most likely occur via reactions on the surface.

53
SnCl3 (C4H9)

5.3.1
Equilibrium Predictions

Figure 18 indicates that the most stable tin compounds for an input re-
action mixture containing MTBC with excess H,0 and O, (2% MBTC/5%
H,0/20% O,) are again tin hydroxides, with Cl3SnOH being the most stable
tin-containing species. MBTC itself is not present in significant concentra-
tions under these conditions. The hydrocarbon ligands are almost completely
oxidized to CO; and H;0 (not shown in Fig. 18) and chlorine reacts to form
HCI. Other tin-containing species, such as Cl;SnO, SnO;, and SnO, do not
form, nor do the peroxide compounds Cl3SnOO and Cl3SnOOH. The results
indicate that unsaturated tin species are not stable under these conditions and
that the primary tin-carrying precursors are tin hydroxides, as in the case of
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Fig. 18 Predicted equilibrium gas-phase species present in the oxidation of MBTC (2%) in
the presence of water (5%) and oxygen (20%)

DMTC. Similar results are obtained when the input mixture to the equilib-
rium calculation contains only MBTC and O,.

The removal of hydroxides from the calculation creates the equivalent
of an infinite kinetic barrier to their formation and allows potentially re-
active (i.e., short-lived) intermediates to be identified. Tin tetrachloride is
also excluded from the calculation, since it is such stable species that if in-
cluded it would be by far the dominant species, preventing identification
of much less stable intermediates. Excluding SnCly from these calculations
is not unreasonable, since its formation would occur either by recombina-
tion of SnCl; with Cl atoms, whose concentration relative to oxygen will be
extremely low during the early stages of decomposition, or by extraction
from HCI (SnCl; + HCI <> SnCly + H), which is endothermic by 19 kcal mol~.
In addition, extraction of Cl by SnCl; from other chlorine-containing tin
species is not expected to be very efficient due to high strength of Sn—Cl
bonds.

Results of such calculations are seen in Fig.19 for the mixture 2%
MBTC/20% O; (molar basis) in nitrogen. Now the tin compounds in high-
est concentration are Cl3SnOO and Cl3SnOOH at temperatures below about
725K and SnCl; and SnCl, at higher temperatures, although significant con-
centrations of tin-oxygen species still exist at temperatures > 725 K. The two
peroxide compounds are intermediates that could form as the initial product
of MBTC decomposition, SnCl3, reacts with oxygen in the heated boundary
layer above the surface. At the higher temperatures typical of the gases close
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Fig.19 Predicted equilibrium gas-phase species for MBTC/O, (2%/20% v/v) in nitrogen;
tetravalent tin hydroxides and tin tetrachloride were excluded from the calculations

to the substrate, these peroxides are not stable and revert to SnCl3 and SnCl,;
with sufficient thermal energy, however, they may react further to yield tin
hydroxides. The addition of 5% H,O to the input mixture does not shift the
predicted concentrations significantly, since H,O already forms in significant
amounts from MBTC/O, mixtures.

Figure 20 shows the species in highest concentration predicted for a mix-
ture of MBTC and water without oxygen (2% MBTC/5% H,0, molar ba-
sis). These equilibrium calculations include both tin hydroxides and SnCly.
However, SnCl, is now the dominant tin-containing molecule at tempera-
tures above 600 K. At lower temperatures, which premixed reactants would
encounter as they enter a CVD reactor, complexes of the tin subchlorides
SnClz and SnCl, with water, as well as SnCly and the hydroxide Cl3SnOH,
are predicted to form. Since little or no MBTC decomposition is expected
at these temperatures [66], formation of such species seems kinetically un-
likely. More plausible would be direct formation of a water-MBTC com-
plex, as discussed above (Sect. 4.6). Although we do not have thermody-
namic data for these complexes, the absence of SnCly(H,0),, which was
included in the calculations, suggests that analogous complexes involving
MBTC would not be stable at these temperatures. However, these com-
plexes might still function as intermediates, potentially leading to Cl3SnOH
formation. The absence of stable tin-oxygen intermediates at equilibrium
may explain why tin oxide cannot be deposited from MBTC/H,0 mixtures.
Only carbon can be deposited under these conditions [66], in contrast with
MBTC/O; mixtures, in which (Fig. 19) a number of oxygen-containing tin
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Fig.20 Predicted equilibrium gas-phase species present in the oxidation of MBTC/H,0
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compounds are present at temperatures around 723 K, where MBTC begins to
decompose [66].

5.3.2
Reaction Path Analysis, MBTC

Reactant mixtures used to make tin oxide from MBTC on an industrial scale
contain both water vapor and oxygen. As suggested for DMTC, reaction is
probably initiated by MBTC pyrolysis, since there is no evidence that MBTC
itself can react with O, in the gas phase. Thus, simple bond-breaking path-
ways are the likely initiation reactions; for example:

C4H951’1C13 <> Sl’lCl3 + C4Hyg (54)
AHj, = 68.9 kcal mol™
At 69 kcal mol™!, the Sn — C bond is the weakest in the MBTC molecule. For
comparison, the Sn — Cl bond in SnCly, which is expected to be similar to
MBTC, is 84 kcal mol~!. Similarly, C— C bonds are of order 90 kcal mol™! (in

ethane the bond energy is 91 kcal mol™!), making Eq. 54 the most probable
initiation pathway.
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Decomposition of the C4Hy radical is well understood [103] and occurs
rapidly as follows:

C4Hy <> CH, + CoHs (55)
AHR =21.5kcal mol™

C,Hs + Cl < C,Hy + HCI (56)
AHg = - 67.6 kcal mol™!

C,Hs; <+ CH4+ H (57)

AHR, = 35.6 kcal mol™

Rate constants for these reactions are available in the literature and all three
can be considered well understood for purposes of this discussion. The pri-
mary hydrocarbon product identified experimentally is C;Hy, which qual-
itatively confirms this mechanism (small concentrations of butene are also
found) [66, 104].

The SnCl; radical may proceed via the following reaction:

SnCl; <> SnCl, + Cl (58)
AHg = 42.9 kcal mol ™

The relative weakness of the Sn — Cl bond in this case reflects a trend ob-
served in all Group 14 compounds, in which bond dissociation energies
(BDE) in a series MX,, (n = 2-4) follow the order MX4 > MX3 and MX, >
MX3 [93]. For example, the bond energies in SnCly, SnCls, and SnCl, are
84.2,42.9, and 91.1 kcal mol~! based on our combined BAC-MP4 and coupled-
cluster results. The relatively weak bond in SnCl3 makes the rate of Eq. 58 fast
relative to Eq. 54, and thus not rate limiting.

Once SnCl3 and/or SnCl, form, additional reactions involving molecular
oxygen or water vapor may occur. SnCls can react exothermically with oxy-
gen to form peroxide, while peroxide formation from SnCl, is only lightly
endothermic:

SnC13 + O, < CI3Sn00 (59)
AHg =-27.7 kcal mol ™
SnCl, + 03 <> [C1;Sn00]T <> - O(SnCl,)O0 - (cyclic) (60)

AHR, = 5.3 kcal mol™

Unimolecular decomposition of Cl3SnOO is highly endothermic (reactions
Eq. 61 and Eq. 62 for example), but exothermic decomposition pathways in-
volving H-atoms exist (Eq. 64 and Eq. 65). Reaction with Cl atoms is en-
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dothermic (Eq. 63), however:

Cl3Sn0O0 <> CI3Sn0 + O (61)
AHg = 73.6 kcal mol ™

Cl3Sn00 <« — O(SnCl,)O0 - (cyclic) + Cl (62)
AHg =75.9 kcal mol™

Cl3Sn00 + Cl <+ — O(SnCl,)0 —(cyclic) + Cl, (63)
AHg = 17.9 kcal mol ™

Cl3Sn00 + H < — 0(SnCl,)0O —(cyclic) + HCL (64)
AHg =-27.3kcal mol™

Cl3Sn0O0 + H <> SnCl;0 + OH (65)
AHg = - 28.8 kcal mol ™

—0(SnCl,)0 — + Cl <> — O(SnC1)O — + Cl, (66)

AHg =-19.5kcal mol™

Reactions Eq. 64 and Eq. 65 may not make a major contribution to the overall
removal of Cl3Sn0O0, however, since H is present in such small concentrations
(much smaller than Cl, according to equilibrium predictions). Nevertheless,
formation of SnCl30 via Eq. 65 does provide an exothermic route to the most
stable tin hydroxide identified by the equilibrium calculations:

SnCl;30 + RH <> SnCl;0H + R(RH = HCL, H,O, or MBTC) (67)

AHZ, is negative for all R indicated in Eq. 67 (as much as - 24.6 kcal mol™!
when RH is MBTC) and since all RH are present in substantial amounts
during deposition, these pathways could be at least minor contributors to
hydroxide formation.

Ab initio calculations indicate that Cl,SnOO rearranges to the compound
—0O(SnCl,)O —. Abstraction of a chlorine atom from this heterocycle by H,
O, OH, or Cl is exothermic (e.g., Eq. 66 above). Eq. 66 in particular appears
to be a kinetically favorable path, since Cl atoms are in relative abundance.
However, equilibrium calculations predict that this cyclic compound is not
thermodynamically stable relative to SnCl,, since very little forms. Thus,
the initial peroxide complexes formed when the tin-containing fragments of
MBTC react with oxygen will likely fall apart via the reverse of their formation
reaction (unless they react with a hydrogen atom), leading to small steady-
state concentrations of these species.

In contrast, there are numerous exothermic pathways involving water va-
por. Ab initio calculations indicate that formation of complexes with up to
two H,O ligands bound to SnCl, or SnCls (through the oxygen atom) is
exothermic. For simplicity, we did not examine structures containing more
than two water ligands, but formation of these may be possible. For example,
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as discussed in Sect. 4.5:

SnC12 +2H,0 < Clzsn(OHz)z (68)
AHg, = -20.7 kcal mol™
Sl’lCl3 +2H,0 < Cl3Sl’1(OH2)2 (69)

AHg = - 12.8 kcal mol ™

Once these form, highly exothermic channels involving Cl (which is relatively
abundant and an effective H-atom abstractor), H, and OH radicals become
available. For example, some pathways leading to SnCl30H (the hydroxide at
equilibrium with the highest concentration) are:

Cl3SnOH; + H <> Cl3SnOH + H, (70)
AHg = - 67.7 kcal mol™!
Cl3SnOH, + Cl <> Cl3SnOH + HCl (71)
AHg = - 66.7 kcal mol™
Cl3SnOH; + OH <« Cl3SnOH + H,0 (72)

AHg = - 82.8 kcal mol ™

Stripping chlorine ligands from hydroxides such as Cl3SnOH or Cl,Sn(OH),
could eventually lead to gas-phase SnO or SnO,. However, at the relatively
low temperatures typical of tin oxide CVD, we do not expect this based on
the equilibrium calculations described above. Even intermediate decompos-
ition products such as Cl,SnO, which is thermodynamically quite stable in the
analogous silicon system, are not predicted to form, as evidenced by Eq. 73
below:

Cl3$nOH <> Cl,SnO + HCl (73)
AHg =73.2 kcal mol™

Thus, the primary tin carrier in the CVD process is again expected to be a tin
hydroxide, whose conversion to SnO, most likely on the deposition surface.

6
Conclusions

The results presented here show that quantum-chemistry methods, whose
accuracy and sophistication continue to increase, are capable of provid-
ing thermochemical data of practical value for modeling organometallic tin
chemistry. In particular, the relativistic effective core potential used here ap-
pears to provide an adequate description of the electronic structure at tin,
based on the favorable comparisons between experimental heats of forma-
tion and values predicted by the ECP/BAC-MP4 method. Trends in heats of
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formation and predicted bond energies are reasonable and consistent with
those displayed by other Group 14 compounds. Thus, this quantum chem-
istry model appears to be performing well for both stable four-coordinate
organometallics and for trivalent radicals. Compounds containing unsatu-
rated oxygen, such as those of the form XYSnO, are problematic, however,
and require a higher level of theory to account for the multireference char-
acter of their ground states. Unfortunately, there are very few experimental
data available to compare with these predictions, so their uncertainties must
remain relatively high at this point.

The heats of reaction and bond energies derived from these calculations
provide valuable qualitative insight into reaction mechanisms for tin oxide
CVD processes. Gas-phase processes appear to be initiated by Sn — C bond
cleavage, as in the case of MBTC, DMTC, and TMT. Alternatively, the exother-
mic reaction between SnCl;CH3 and H,O predicted by BAC-MP4 calculations
suggests that it may not be reasonable to neglect gas-phase hydrolysis path-
ways. Additional work, both experimental and theoretical, is necessary to
determine their importance, however. A thermochemical analysis of possible
pathways leads us to believe that DMTC decomposes further to SnCl,, which
can react either on the surface or with water to eventually form tin oxide. This
molecule also appears to be important in the gas-phase oxidation of MBTC.
Although SnCls is formed initially by MBTC decomposition, unimolecular
decomposition, expected to be rapid, leads to SnCl,. Thus, a better under-
standing of the reactivity of SnCl, through both experiments and theory
would be valuable next step toward understanding this chemistry. Both SnCl,
and SnCl; appear to be capable of reacting with O,, although only SnCls
has obvious exothermic pathways leading to tin hydroxides, which equilib-
rium calculations for both DMTC and MBTC indicate are the most stable
tin-containing gas-phase species.

Experimental investigations have already shown that addition of water to
the reaction mixture dramatically increases the growth rate. The ab initio cal-
culations presented here show that water easily forms complexes with both
SnCl; and SnCls. Some highly exothermic pathways exist by which these com-
plexes can form tin hydroxides. However, direct reaction between the tin
precursor and water at temperatures considerably below those required to
break Sn — C bonds cannot be ruled out.

Finally, the BAC-MP4 results support the conclusion that the early meas-
urements of organometallic reaction kinetics and M — C bond energies by
Price et al., which were attributed to gas-phase processes, may be in error.
In all cases we are aware of, including measurements of DMTC decompos-
ition, the bond energies reported by these authors are considerably weaker
than those predicted by ab initio methods. This suggests that either radical
chain pathways were active in their experiments (a possibility that might be
discounted since their measurements were performed in an atmosphere of
toluene, which is an effective radical scavenger), or that surface reactions with
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low activation energies represent a significant contribution to the observed
reaction rate. In our view, therefore, a reexamination of these data must be
performed to provide a clear picture of the gas-phase chemical reactions un-
dergone by these species during CVD processes.

Acknowledgements The authors wish to express their gratitude to their colleagues An-
thony McDaniel, Ida Nielsen, Yongkee Chae, and Carl Melius for their assistance in the
preparation of this article. The results presented here were funded in part by the US Dept.
of Energy Office of Industrial Technologies Glass Industry of the Future and Industrial
Materials for the Future programs.

References

. Lindner GH (1988) US Patent 4737388

. Gerhardinger PE, McCurdy R] (1996) Mat Res Soc Symp Proc, 426:399

. Neumann GA, Stewart-Davis RL (1996) US Patent 5395698

. Soubeyrand MJ, Halliwell AC (1997) US Patent 5698262

. Athey PR, Dauson DS, Lecocq DE, Neuman GA, Sopko JF, Stewart-Davie RL (1997)

US Patent 5464657

Goodman RD, Greenberg WM, Tausch PJ (1989) US Patent 4847157

. Henry VA (1989) US Patent 4853257

. Middleton DJ, Grenier JI (1985) US Patent 4548836

. Gordon RG, Proscia J, Ellis Jr FB, Delahoy AE (1989) Sol Energy Mater 18:263

. Plattner R, Stetter W, Kohler P (1988) Siemens Forsch.- u. Entwick. -Ber. 17(3):138

. Boiko BT, Kopach GI, Klochko NP, Kopach VR, Khripunov GS, Chernikov AI (1990)

Appl Solar Energy 26:40

12. Greenwald A, Bragagnolo ], Leonard M (1987) 19th IEEE Photovoltaic Spec Conf,
p 621

13. Saxena AK, Singh SP, Agnihotri OP (1986) Sol Cells 19:163

14. Sato K, Gotoh Y, Hayashi Y, Adachi K, Nishimura H (1990) Reports Res Lab Asahi
Glass Co Ltd 40(2):233

15. Singh K, Tamakloe RY (1996) Sol Energy 56:343

16. Berger E, Beche E, Berjoan R, Klein D, Chambaudet A (1996) Appl Surf Sci 93:9

17. Brown JR, Cheney MT, Haycock PW, Houlton DJ, Jones AC, Williams EW (1997)
] Electrochem Soc 144:295

18. Dimeo F Jr, Semancik S, Cavicchi RE, Suehle JS, Chaparala P, Tea NH (1996) Mater
Res Soc Symp Proc 415:231

19. Kim KH, Park CG (1991) J Electrochem Soc 138:2408

20. Clough TJ, Grosvenor VL, Pinsky N (1994) US Patent 5317132

21. Mukherjee A (1990) US Patent 4959257

22. Tong H, Hu C, Hsu M (1997) US Patent 5652477

23. Cahill JW (1994) US Patent 5284705

24. Houng KH (1982) Bull Inst Chem Acad Sin 29:19

25. GazdagR, Seyfried E, Ligeti Z (1981) Liq Cryst Res Appl, Proc 3rd Liq Cryst Conf Soc
Countries 2:1137

26. Kane J, Ling M (1988) US Patent 4728581

27. Nakagawa M, Amano T, Yokokura S (1997) J Non-Cryst Sol 218:100

28. McCurdy RJ (1999) Thin Sol Films 351:66

U W N

— O 0 ® N O

—_



46

29

30.

31.
32.

33.
34,

35.
36.
37.

38.
39.
40.
41.

42.

43.
44,

45.
46.
47.
48.

49.
50.
51.
52.
53.
54.
55.
56.

57.

58.
59.
60.
61.
62.
63.

64.
65.

M.D. Allendorf et al.

. Rees WS Jr (ed) (1996) CVD of Nonmetals. VCH, Weinheim

Adachi K, Mizuhashi M (1987) In: Cullen W (ed) Proc 10th Int Symp Chem Vapor
Dep, vol PV87-8. The Electrochemical Soc Proc Series, Pennington, PA, p 999
Giunta CJ, Strickler DA, Gordon RG (1993) J Phys Chem 97:2275

Ghoshtagore RN (1977) In: Donaghey LF, Rai-Choudhury P, Tauber RN (eds) Proc
6th Int Symp Chem Vapor Dep, vol PV77-5. The Electrochemical Soc Proc Series,
Pennington, PA, p 433

Ghoshtagore RN (1978) J Electrochem Soc 125:110

Sanders H (1997) In: Allendorf MD, Bernard C (eds) Proc 14th Int Symp Chem Va-
por Dep, vol PV97-25. The Electrochemical Society Proc Series (Pennington, NJ),
Pennington, PA, p 81

Buchanan JL, McKown C (1997) J Non-Cryst Sol 218:179

Lee S-M, Kim D-L, Youn H-J, Hong KS (2000) Japan ] Appl Phys 39:407

Hitchman ML, Jensen KF (eds) (1993) Chemical Vapor Deposition. Academic, Lon-
don

Allendorf MD (2001) Thin Sol Films 392:155

Borman CG, Gordon RG (1989) J Electrochem Soc 136:3820

Zawadzki AG, Giuna CJ, Gordon RG (1992) J Phys Chem 96:5364

Simoes JAM, Liebman JE, Slayden SW (1995) In: Patai S (ed) The Chemistry of Or-
ganic Germanium, Tin, and Lead Compounds. Wiley, New York, p 245

Gurvich LV, Veyts IV, Alcock CB (1994) Thermodynamic Properties of Individual
Substances. CRC Press, Boca Raton, FL

Nicklass A, Stoll H (1995) Mol Phys 86:317

Smart BA, Griffiths LE, Pulham CR, Robertson HE, Mitzel NW, Rankin DWH (1997)
JCS Dalton Trans 1997:1565

Kaupp M, Metz B, Stoll H (2000) Angew Chem Int Ed 39:4607

Basch H (1996) Inorganica Chim Acta 252:265

Buntine MA, Kosovel FJ, Tiekink ERT (1999) Phosphorous Sulfur Silicon 150:261
LaJohn LA, Christiansen PA, Ross RB, Atashroo T, Ermler WC (1987) J Chem Phys
87:2812

Nielsen IMB, Janssen CL, Allendorf MD (2002) ] Phys Chem A 107:5122

Takahashi, Roth PN (2000) J Phys Chem A 104:5246

Johnson RP, Price SJW (1972) Can J Chem 50:50

Price SJW, Trotman-Dickenson AF (1958) Trans Faraday Soc 54:1630

McDaniel AH, Allendorf MD (2000) Mat Chem 12:450

Chow TP, Ghezza M, Baliga BJ (1982) ] Electrochem Soc 129:1040

Vetrone J, Chung YW (1991) J Vac Sci Technol A 9:3641

Aleksandrov YA, Baryshnikov YY, Zakharov IL, Lazareva TI (1990) Kinetika Kataliz
31:727

Harrison PG, Ashworth A, Clark EN, McManus J (1990) ] Chem Soc Faraday Trans
86:4059

Fuller MJ, Warwic ME (1973) J Catal 29:441

Glassman I (1996) Combustion. Academic, San Diego, CA

Petersen EL, Davidson DF, Hanson RK (1999) Comb Flame 117:272

Available at www.me.berkeley.edu/gri_mech

Pope CJ, Miller JA (2000) Proc Combust Inst 28:1479

Marinov NM, Pitz W], Westbrook CK, Vincitore AM, Castaldi MJ, Senkan SM,
Melius CF (1998) Combust Flame 114:192

Strickler DA (1989) PhD thesis, Harvard University

Chae Y, Houf WG, McDaniel AH, Allendorf MD (2004) J Electrochem Soc 151:527



Tin Oxide CVD Precursors 47

66.

67.

68.

69.
70.

71.
72.
73.

74.
75.
76.
77.

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.
91
92.

93.
94.
95.

96.

van Mol AMB, Allendorf MD (2003) In: Allendorf MD, Maury F, Teyssandier F (eds)
16th Int Symp Chem Vapor Dep/EUROCVD-14, vol 2003-08. The Electrochemical
Society Proceedings Series, Pennington, PA, p 65

Melius CE, Allendorf MD, Colvin ME (1997) In: Bernard C, Allendorf MD (eds) Four-
teenth Int Symp Chem Vapor Deposition, vol 97-25. The Electrochemical Society
Proceedings Series, Pennington, PA, p 1

Hehre WJ, Radom L, Schleyer PvR, Pople JA (1986) Ab initio Molecular Orbital The-
ory. Wiley, New York

Curtiss LA, Raghavachari K, Trucks GW, Pople JA (1991) ] Chem Phys 94:7221
Curtiss LA, Raghavachari K, Redfern PC, Rassolov V, Pople JA (1998) ] Chem Phys
109:7764

Ochterski JW, Petersson GA, Montgomery JA (1996) ] Chem Phys 104:2598

Ho P, Melius CF (1990) J Phys Chem 94:5120

Melius CF (1990) In: Bulusu SN (ed) Chemistry and Physics of Energetic Materials
(NATO ASI Series), vol 309. Kluwer, Dordrecht, p 21

Melius CF, Allendorf MD (2000) J Phys Chem 104:2168

Allendorf MD, Melius CF (1997) J Phys Chem A 101:2670

Allendorf MD, Melius CF, Bauschlicher C Jr (1999) J Phys Fr IV 9:23

Zachariah MR, Westmoreland PR, Burgess DR, Tsang W (1996) ] Phys Chem
100:8737

Allendorf MD, Melius CE, Cosic B, Fontijn A (2001) J Phys Chem A 106:2629
Allendorf MD, Melius CF (1992) J Phys Chem 96:428

Allendorf MD, Melius CF (1993) J Phys Chem 97:720

Allendorf MD, Melius CE, Ho P, Zachariah MR (1995) J Phys Chem 99:15285

Ho P, Coltrin ME, Binkley JS, Melius CF (1985) ] Phys Chem 89:4647

Ho P, Coltrin ME, Binkley JS, Melius CF (1986) J Phys Chem 90:3399

Ho P, Breiland WG, Carr RW (1986) Chem Phys Lett 132:422

Ho P, Melius CF (1995) J Phys Chem 99:2166

Melius CF, Ho P (1991) ] Phys Chem 95:1410

Cramer CJ (2003) Essentials of Computational Chemistry. Wiley, Chichester
Allendorf MD, Melius CF (2004) J Phys Chem A 109:4939

Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BG, Robb MA, Cheese-
man JR, T Keith, Petersson GA, Montgomery JA, RaghavachariK, Al-Laham MA,
Zakrzewski VG, Ortiz JV, Foresman JB, Cioslowski ], Stefanov BB, Nanayakkara A,
Challacombe M, Peng CY, Ayala PY, Chen W, Wong MW, Andres JL, Replogle ES,
Gomperts R, Martin RL, Fox DJ, Binkley JS, Defrees D], Baker J, Stewart JP, Head-
Gordon M, Gonzalez C, Pople JA (1998) Gaussian 98. Gaussian, Pittsburgh, PA

Scott AP, Radom L (1996) J Phys Chem 100:16502

Allendorf MD, Melius CF, http://www.ca.sandia.gov/HiTempThermo/index.html
Cox JD, Pilcher G (1970) Thermochemistry of Organic and Organometallic Com-
pounds. Academic, London

Walsh R (1981) Acc Chem Res 14:246

Nash GA, Skinner HA, Stack WF (1965) Faraday Soc London Trans 61:640

Gilbert RG, Smith SC (1990) Theory of Unimolecular and Recombination Reactions.
Blackwell, Oxford

Basch H, Hoz T (1995) In: Patai S (ed) The Chemistry of Organic Gemanium, Tin,
and Lead Compounds. Wiley, New York, p 1



48

97.
98.
99.

100.

101.

102.

103.
104.

105.

106.
107.

108.

M.D. Allendorf et al.

Ignatyev IS, Schaeffer IIT HF (2001) J Phys Chem A 105:7665

Hurst SJ, Kirkbride BJ, Sheel DW (1997) Great Britain Patent EP0755902A2

Mackay KM (1995) In: Patai S (ed) The chemistry of organic germanium, tin and
lead compounds

Kee RJ, Rupley FM, Miller JA, Coltrin ME, Grcar JE, Meeks E, Moffat HK, Lutz AE,
Dixon-Lewis G, Smooke MD, WarnatzJ, Evans GH, Larson RS, Mitchell RE, Pet-
zold LR, Reynolds WC, Caracotsios M, Stewart WE, Glarborg P, Wang C, Adignun O
(2000). Reaction Design, San Diego, CA

van Mol AMB, Alcott GR, de Croon MHJM, Spee CIMA, Schouten JC (2000) In: Allen-
dorf MD, Hitchman ML (eds) Proc Fifteenth Int Symp Chem Vapor Dep, vol 2000-13.
The Electrochemical Society Proceedings Series, Pennington, NJ, p 765

van Mol AMB, de Croon MHJM, Spee CIMA, Schouten JC (1999) J Phys IV France
9:PR8

Knyazev VD, Dubinsky IA, Slagle IR, Gutman D (1994) J Phys Chem 98:5279
Allendorf MD, McDaniel AH, van Mol AMB (2002) In: Klages C-P, Gléser HJ,
Aegerter MA (eds) 4th Int Conf Coatings on Glass, Braunschweig, Germany, p 195
Chase MW, Davies CA, Downey JR, Frurip D], McDonald RA, Szverud AN (1985)
J Phys Chem Ref Data 1985:14

Baldwin JC, Lappert ME, Pedley JP, Poland JS (1972) JCS Dalton Trans 1972:1943
Gmelin L (1975) Gmelin Handbook of inorganic and organometallic chemistry. Sys-
tem number 46. Sn-Organotin compounds. Springer, Berlin Heidelberg New York
Spalding TR (1973) J Organomet Chem 55:C65



To(g) Organomet Chem (2005) 9: 49-80
DOI 10.1007/b136142

© Springer-Verlag Berlin Heidelberg 2005
Published online: 24 August 2005

Materials Chemistry of Group 13 Nitrides

Anjana Devi! - Rochus Schmid! - Jens Miiller? - Roland A. Fischer! (£7)

11 ehrstuhl fiir Anorganische Chemie II, Ruhr-University, Universitatsstr. 150,
44780 Bochum, Germany
roland.fischer@rub.de

2Department of Chemistry, University of Saskatchewan, 110 Science Place,
Saskatoon, Saskatchewan S7N 5C9, Canada

1 Introduction . . . . . ... ... ... .. 50
2 Growth of Nitrides by Organometallic Chemical Vapor Epitaxy . ... .. 51
3 Semiconductor Nanostructures . . . . ... ... ... ........... 53
4 The Role of Chemistry in OMVPE of the Nitrides . . . ... ........ 54
5 Theoretical Modeling of OMVPE . . . . ... ................ 57
6 Single-Molecule Precursors (SMPs) for OMVPE of the Nitrides . . . . .. 60
7 Single-Molecule Precursor Approach to Nanostructures . .. ... .. .. 70
8 SUmMmAary . . . . . o v v e e e 75
References . . . .. ... . . . 76

Abstract The OMVPE process has been used to grow thin films of group 13 nitrides,
namely GaN, InN, and AIN. In recent years there has been a great deal of interest in ob-
taining insights into the gas-phase and surface chemistry involved in this process, as well
as in developing various organometallic compounds used as precursors for depositing
the nitrides. Among them, single-molecule precursors containing the metal and nitro-
gen atoms in a single molecule, including amide- or azide-based compounds, are being
investigated as an alternative for the alkyls of Ga, Al, and In currently used. From a tech-
nological point of view, while there is no real substitute for actual practical application
in this field, some of the research work reported over the past decade or so has shown
promise. In this article, we discuss the various precursor chemistries that have been in-
vestigated in relation to the growth of group 13 nitrides, emphasizing epitaxial films
but also giving reference to interesting nanostructured morphologies of these materials,
obtained from molecular precursors.

Keywords OMVPE - Thin films - Group 13 nitrides - Single-molecule precursor (SMP) -
Nanostructures - Gas-phase reactions - Modeling
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1
Introduction

Advanced photonic and optoelectronic devices are of prime importance for
information processing technology [1]. Since the development of the first
optoelectronic solid state devices, there has been a continuous demand for
materials operating at short wavelengths, for example for blue and UV LEDs.
Pankove demonstrated the first LED based on GaN as early as 1971; how-
ever, he did not succeed in p-type doping, which is important for high ef-
ficiency LEDs [2]. MOVPE growth of high quality GaN layers on sapphire
was reported by Akasaki in 1986; using a buffer layer technique to overcome
the large lattice mismatch (14%) of the c-plane of Al,03 and the c-face of
wurtzite GaN [3]. The crucial advance then occurred in 1988/89 when p-
doping (Mg) was achieved using a post-growth treatment, such as irradiation
with low energy electrons or thermal annealing in an inert atmosphere (N3),
which activates the compensated dopant states Mg — H by hydrogen dissoci-
ation [4]. Since then, group 13 nitrides have become the most famous and
commercially-attractive new semiconductor materials [5-8]. It has been pre-
dicted that group 13 nitride-based devices will make up as much as 20% of the
compound semiconductor world market by 2006 [9]. Even the substitution
of the classical light bulb by electroluminescent nitride devices is a serious
proposition; for example, traffic flash lights or automobile stop lights based
on these technologies have already been manufactured. Nitride LEDs reach
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their full luminescence about 150 ms faster than ordinary light bulbs [10], ex-
hibit much longer life times (of more than 10000 h) [11], and are far more
efficient [Fig. 1]. The luminescence of nitride LEDs reaches about 10 cd at
2-3mW (20 mA and 3.6 V) at 450 and 520 nm, with an external quantum ef-
ficiency of 10%, which is 100 times higher than SiC-based LEDs [12]. The
first InGaN multiple quantum well (MQW) laser diode capable of operat-
ing at room temperature (1000 h) was presented by NICHIA in 1997 [13].
Nitride-based short wavelength lasers allow very high storage densities of
Digital-Versatile-Discs (DVD). CDs of about 165 GB are currently commer-
cially available. The wide direct band gap (1.9 eV InN; 3.45 €V GaN; 6.2 eV
AIN), the isomorphous miscibility, allowing band gap engineering as well as
radiation resistance, inertness, mechanical hardness and high thermal sta-
bility, and the large avalanche breakdown fields and large high-field electron
drift velocities of the AlGalnN quaternary alloy system make it uniquely
suited for numerous applications, especially for high power and high tem-
perature devices [14, 15]. The electron mobility decreases more slowly upon
increased doping compared with GaAs. The AlGaN/GaN material system is
capable of supporting sheet carrier densities of the two-dimensional electron
gas of up to 5 x 103 cm™? in doped channel structures, which is about 5-20
times larger than in the AlGaAs/GaAs material system. MOVPE of GaN on
SiC allows the combination of the superior transport properties of GaN with
the exceptional thermal conductivity of SiC. The large piezoelectric constants
of AIN and GaN can be used in piezoelectric and pyroelectric sensors. All of
this suggests that electronic devices based on GaN will reach the same promi-
nence as GaN-based blue/amber and white light emitters [16].

2
Growth of Nitrides by Organometallic Chemical Vapor Epitaxy

All commercially-available nitride semiconductor devices are currently pro-
duced using organometallic chemical vapor phase deposition techniques
(OMCVD), by growing the nitrides heteroepitaxially on mismatched sap-
phire or SiC and reducing the very high dislocation densities of about
10°-10'% cm™ to 10* cm™ by epitaxial lateral overgrowth (ELOG) on SiO,-
patterned (0.2 mm mask) GaN buffer layers [17]. OMCVD uses the chemical
reaction (Eq. 1) of electronic grade purity group 13 alkyls, such as MR3
(M = Al, Ga, In and R = CH3, C;Hs, ‘Bu) and ammonia (NH3) with hydrogen
and nitrogen as carrier gases at an atmospheric or reduced pressure of about
100 hPa [18, 19].

MR; + NH3 — MN + 3RH (1)

The growth necessitates substrate temperatures above 823 K to activate the
ammonia because of the high N - H bond strength of 4.1 éV. The cracking



52 A. Devi et al.

efficiency of ammonia is below 5% at 1000 K [20]. Typical temperatures are
> 1250 K, which falls within the range of the decomposition temperatures of
GaN and InN (Eq. 2) [21].

1
MN— M+ N, (2)

Mainly for this reason, the ammonia to group 13 component ratio must
be very large (> 10°) during the OMVPE process. As a consequence, hy-
drogen incorporation into grown nitride thin films is high and the OMVPE
grown materials are difficult to p-dope controllably [22]. The growth of the
important indium-containing ternary phases In,Ga;_xN is a particular prob-
lem [23,24]. Due to the low-lying onset (> 850 K) of the decomposition of
InN, formation of indium droplets on the surface of the layer is likely [25].
Physical vapor deposition techniques such as MBE (molecular beam epitaxy)
and plasma-assisted methods allow milder conditions (800 K) but are no al-
ternative to OMVPE with respect to the mass production of devices, due to
the very low growth rates of 0.04-0.4 um h™!, limited by the available flux of
N atoms produced by conventional plasma sources.

The high growth temperatures necessary to activate the ammonia as well
as to provide sufficient surface mobility of the adsorbed species, allowing
epitaxial growth, ultimately leads to N-defects in the crystals. Also, intrinsic
defects [26, 27] and incorporation of impurities—mainly oxygen [28] (arising
from the significant residual water content of the UHP ammonia)—add to the
high native n-type background carrier concentration of 10'-10%° cm= with
a low mobility of 10-20 cm? V! 57!, Optimized growth conditions allow elec-
tron mobilities of unintentionally doped GaN films as high as 900 cm? V! s7!
with a residual background carrier concentration of 2 x 10!® cm™ [29], ex-
tremely narrow line widths of a few meV at 4K in photoluminescence,
and high resolution X-ray diffraction (FWHM = 50 arcsec rocking curves
for the (0002) GaN reflection). In OMVPE, magnesium is typically used as
a dopant [(ns-MeC5H4)2Mg as Mg source]. However, a resistive material
(p = 10* Q cm) is primarily formed due to the hydrogen compensation of the
Mg doping sites. A special temperature treatment (773-973 K) or electron
irradiation of the doped layers in the absence of any hydrogen source is re-
quired to activate the Mg doping sites [30, 31]. Because of the low efficiency of
this activation step (< 1%), unusually high levels of the Mg dopant (10> ppm)
are required to achieve reasonable p-type carrier densities. By employing
MBE in the absence of hydrogen sources, growth of nitrides with very low
n-type background carrier concentrations of below 5 x 10" cm™ and high
p-type mobility > 400 cm? V~! s7! is possible.

A central problem with nitride growth by any technique is the lack of suit-
able lattice-matched substrates. Gas phase heteroepitaxy is currently done
with 6H-SiC [32], 3C-SiC [33], MgO [34], and Al;0s. Single-crystal SiC is
quite expensive to use as substrate. Despite the large lattice mismatch of 14%
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and the different thermal expansion coefficients, c-plane (0001) sapphire is
still the prominent substrate material. The use of buffer layers and thin SiO,
patterns with a 0.2 mm mask (ELOG-process [35]) greatly improves the crys-
tal quality and the morphology of the layers, and consequently the optical and
electronic properties. Buffer layers are thin (~ 20-50 nm) amorphous layers
of AIN or GaN that are grown at low temperatures (823 K). The buffer layer is
then crystallized by tempering (solid state epitaxy), forming columnar crys-
tallites perpendicularly oriented to the sapphire (0001) surface. Larger single
crystal domains grow by coalescence of these primary crystallites. The de-
sired pseudo two-dimensional growth is then achieved at high temperature,
taking advantage of the high density of nucleation sites at the surface of the
buffer layer.

Because of the large equilibrium dissociation pressure of nitrogen over the
nitrides at necessary growth temperatures (for example 10° atm at 1100 K for
InN), it is not easy to grow large high-quality single crystals from the melt like
silicon or other III/V semiconductors, such as GaAs. Thick GaN films or sub-
strate crystals would clearly be of great interest for use as the base structure
for device fabrication. Four methods are currently being investigated and de-
veloped: high-pressure crystal growth, chloride-hydride vapor-phase epitaxy
(HVPE), the sublimation sandwich technique (SST), and liquid phase epitaxy
(LPE) [36-40].

3
Semiconductor Nanostructures

Nanoscale one-dimensional materials such as nanowires/nanowhiskers,
nanorods and nanotubes have stimulated great interest due to their impor-
tance in basic scientific research and potential technological applications.
These nanostructures are attractive building blocks for nanoelectronics, since
their morphology, size, and electronic properties make them suitable for
fabricating both nanoscale devices and interconnects [41]. For example, nan-
odevices such as FETs, bipolar transistors, inverters, light emitting diodes
(LEDs) and even logic gates have been assembled from well-defined semi-
conductor nanowires [42]. Low dimensional nanostructures of compound
group 13 semiconductors are ideal building blocks for future nanoelectronics
and optoelectronic devices. One dimensional nanostructures of semicon-
ductor materials have been synthesized using different techniques. Physical
methods such as laser ablation, arc discharge, thermal evaporation and chem-
ical methods such as chemical vapor transport and chemical vapor deposition
can be used to generate the vapor species required during the nanowire
whisker growth.
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Investigations on one-dimensional structures of group 13 have been
limited due to the difficulties associated with their synthesis. However, semi-
conductor whiskers such as Si, Ge, GaP, GaAs, InP and InAs, fabricated by
selective growth using the conventional MOVPE process, have been widely
studied over the last two decades because of their unique growth behaviour
and crystal structures. These investigations yielded much new information
on the fundamental processes of whisker growth and on the crystal struc-
tures and optical properties of these materials. Recently, one-dimensional
nanostructures of GaN, like nanowires and nanorods, were synthesized by
different techniques [43,44]. Han et al. synthesized GaN nanorods through
a carbon nanotube confined reaction. Subsequently Han et al. produced GaN
carbon composite nanotubes and nanorods by arc discharge in a nitrogen
atmosphere [45,46]. Duan et al. formed single-crystal GaN nanowires by
laser-assisted catalytic growth [47], while Chen et al. produced wire-like
nanostructures using polycrystalline indium powder as a catalyst [48]. Li
et al. fabricated GaN nanorods by sublimation of GaN powder under an
NH;3 flow [49]. In a parallel effort, Cheng et al. formed GaN nanowires in
anodic alumina membranes through the gas-phase reaction of Ga,03 va-
por with flowing NH3 [50]. Self-organized GaN nanocolumns were grown
on Al,O3 substrates by rf-radical-source molecular beam epitaxy [51]. One-
dimensional GaN structures were prepared by direct reaction of Ga vapor
with flowing NHj3 above 900 °C [52].

4
The Role of Chemistry in OMVPE of the Nitrides

The growth of group 13 nitrides using conventional precursors MRz and am-
monia requires the activation of ammonia and the cleavage of three M —C
bonds per precursor molecule.

According to Scheme 1, this can take place via four different reaction
modes: a) homolytic M — C cleavage, producing hydrocarbon radicals (e.g. for
MesGa); b) B-hydrogen elimination, producing M — H species and an olefin
(e.g. for Et3Ga); c) ammonolysis, producing M — NH, species and alkanes
(RH) via adduct formation; and d) alkane elimination. These reactions can
occur either in the gas phase or on the surface, as well via a combination of
both. The relatively well understood mechanisms of the growth of GaAs in
MOVPE involve surface chemistry: the formation and the adsorption of ac-
tive species like GaCH3, AsH, and AsH; and their incorporation at kinks and
steps in order to build GaAs. In contrast to this, in-depth analyses of the sur-
face chemistry (based on experimental and computational data) associated
with the growth of the nitrides are still almost absent, in particular for GaN
and InN. However, information on the (related) gas-phase chemistry recently
became available [53-55]. The gas-phase composition of the Me3;Ga/NHj3
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Scheme 1 Cleavage of three M — C bonds per precursor molecule using conventional pre-
cursors MR3 and NH3

system close to the substrate was monitored as a function of the substrate
temperature using a molecular beam sampling technique and quadrupole
mass spectrometry as well as REMPI spectroscopy [137]. At low substrate
temperatures (300 K to 700 K), gallium-nitrogen-containing molecules such
as Me3Ga—NHj (Lewis-base adduct), [MesGay(NH;),] and other related
gallium-nitrogen-containing species and fragments were detected. As adduct
concentration decreased, an increase in the dimeric gallium-nitrogen species
was observed, with a maximum at about 650 K. At higher temperatures these
species disappear, and above 1000 K no gallium-nitrogen-containing species
were detected.

The gas phase was dominated by Ga atoms [137]. From these data, it
was concluded that adducts and gallium-nitrogen molecules may indeed be
important for the low temperature growth of GaN, but at the typical high tem-
perature growth conditions of above 1200 K necessary for epitaxial growth
on sapphire, gallium atoms are mainly responsible for the gallium flux onto
the substrate. These gallium atoms may then react with dissociatively surface-
bound ammonia, i.e. [NHy],qs (x =0-2) species, to form the nitride layer.
Very few related studies have been carried out, but pre-deposition reactions
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involving Me3Ga — NH3 adducts have been observed [57-59]. AIN seems to
be different. The formation of (Me,AINH;)3 amides in the gas phase as well
as the surface-bound adducts [Me, AINH3],45 was observed [60-62]. Nothing
is known about InN growth.

The main difficulty with the MOVPE process for the nitrides is the effi-
cient release of atomic nitrogen or nitrogen species that are favorable for the
growth. Efficient N-incorporation at milder conditions is especially important
for the growth of IR-active GaInNAs materials for optical fiber communica-
tion [63] and for more efficient p-doping. A number of alternative sources
for the N-component have been studied as a substitute for ammonia [64]. Al-
kylamines R,NHj_, (R = hydrocarbon), such as NEt; or H,N’Bu [65], exhibit
N - C bond strengths of about 300 kJ/mol (3.1 V) and should give growth
active N-species, such as NH, radicals (x = 1, 2) or even atomic N, at lower
temperatures. However, unacceptably high C-incorporation of 3-9 at. % [66]
was observed due to unselective fragmentation of the hydrocarbon residue.
The low N — F bond dissociation energy of NF3 (250 kJ/mol, 2.6 éV) in com-
bination with its low Lewis basicity, which suppresses undesired parasitic
gas-phase reactions (III/V adduct formation), are attractive features of this
N-source, but the obtained layers were heavily F-contaminated [67]. Good
quality GaN with Hall mobilities of 50 cm? V! s7! (n-type, 6 x 10! cm™) was
grown with hydrazine (N — N bond: 290 kJ/mol, 3 €V) at 425-960 °C using
a much lower excess of the N-component of 50 : 1 [68]. One drawback, how-
ever, is the high toxicity of hydrazine (TLVy, = 0.01 ppm) and the tendency
toward explosive decomposition, which is catalyzed by traces of oxidants
and various metals. Less dangerous alkyl derivatives of hydrazine, such as
(CH3),N — NHj, have also been studied, but again gave unwanted carbon im-
purities at 550-650 °C and a V/III ratio of 160 : 1 [69-71]. Using hydrogen
azide HN3, which is an even more dangerous compound [72], very good ni-
tride films were grown at low temperatures using either OMVPE or MBE
techniques [73]. A study on nitrogen precursors including NH3, NyHy, and
NEt; showed that, whatever the N precursor is, thermal decomposition does
not produce significant amounts of the active species N, NH or NH;, and
a large excess of the N source is still needed [74].

Metalorganic vapor phase epitaxy of the nitrides is thus complicated by
the extensive and pervasive complex gas-phase chemistry within the growth
system. This gas-phase chemistry leads to the high sensitivity of the material
properties to the detailed fluid dynamics within the system. Computational
fluid dynamics (CFD)-based reactor modeling, combined with gas-phase ki-
netics studies, are therefore needed to determine the transport and reaction
behavior within a given MOVPE reactor in order to optimize the complete
process. The high gas flow rate typically employed in GaN MOVPE results
in a very thin high-temperature flow sheet above the growth front, leading
to an extremely high thermal gradient. Within this thin high-temperature
flow sheet, a stratified chemical structure of various species is formed as
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a result of the unique thermal fluid environment. This stratified structure is
closely related to the transport and reaction behavior within GaN MOVPE
processes, and forms part of the engineering guidelines for GaN MOVPE re-
actor design [75].

5
Theoretical Modeling of OMVPE

For CFD modeling a detailed chemical mechanism for the relevant gas phase
and surface reaction steps is necessary. Due to the difficulty involved in de-
termining kinetic and thermodynamic parameters for the elementary steps,
these are often based on empiricism and even guessing. Here, theoretical
first-principles methods can be very helpful.

CFD modeling of the physical transport phenomena in a CVD reactor,
which is necessary because of the large temperature and concentration gra-
dients, must be grounded in the correct chemical mechanism, including
accurate rate constants for both gas phase and surface reactions. The decom-
position of the precursor molecules is a cascade of elementary reactions, and
it is usually not sufficient to model the decomposition by some effective re-
action, because different elementary steps can become rate determining in
certain parts of the reactor with different temperature ranges. This contri-
bution focuses upon the chemical aspects of CVD, and so we concentrate on
theoretical modeling of these elementary reaction steps at an atomistic level.
However, we must bear in mind that modeling such a complex process really
requires a “multiscale simulation” technique [76]. Especially when small fea-
tures (such as trenches with high aspect ratios or whiskers) on the surface are
included, and the continuum approach is no longer valid, a true multiscale
simulation must be performed, bridging the length scales from Angstroms to
microns to millimeters [77].

The previous section, reviewing experimental insights into the reaction
mechanism of the classical nitride precursor system MMes/NH3, described
how difficult it is to resolve the decomposition mechanism at the level of
elementary steps under growth conditions. High temperatures make labile in-
termediates very difficult to observe. Often only the rate constants for the
overall process can be measured. As a consequence, and also due to the
significant increase in their numeric efficiency, computer-based theoretical
investigations of CVD processes have become an important tool used to sup-
port this research [78]. The development of density functional theory (DFT)
as an efficient electronic structure theory has made this even more popu-
lar [79]. In the following we refrain from a complete review of the status of
theoretical investigations in the field of group 13 nitride OMVPE. Instead
we pinpoint certain aspects concerning the development of a viable reaction
mechanism for the GaMe3; /NH3 system. The intention is to show some ex-
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amples of the application of theoretical methods to the CVD process, and to
highlight the “missing links” that are needed to complete the picture. Most
of the current work is dedicated to the decomposition of molecular species in
the gas phase. At the end of this section we will briefly address calculations of
surface reactions.

One of the fundamental problems, which remains largely unresolved, is
the question of the route by which nitrogen is incorporated into the growing
GaN film. One possibility is the direct activation of ammonia on the sur-
face, whereas another possibility is the pre-formation of nitrogen-containing
gallium species in the gas phase. Therefore, the majority of computational
investigations have dealt with the chemistry of ammonia adducts and their
decomposition products. A wealth of thermodynamic information has been
calculated at the DFT level by Timoshkin et al. [80-82]. The structures and
relative energies of a number of possible non-radical gas phase species have
been calculated, including gallium amides R,GaNR', (with R, R’ = Me, H) and
their oligomers. The authors focused on an analysis of the relative strengths
of Ga—C, Ga—N and Ga - H bonds, and the implications of this on the cor-
responding equilibria in the gas phase. Unfortunately, under CVD growth
conditions most reactions are under kinetic control and a thermodynamic
equilibrium is rarely established. As a consequence, the activation energies
for the transformations would be required in order to finally determine the
relevance of certain species for the decomposition mechanism.

In contrast to this, the group of Jensen and others have proposed rather de-
tailed chemical mechanisms for GaN (and GaAs) formation, with Arrhenius-
type parameters used to define temperature-dependent rate constants [83-
86]. These mechanisms were applied in CFD simulations in order to study
the actual species concentrations under growth conditions [83-87]. Scheme 1
gives a highly simplified summary of the gas-phase mechanism. In the follow-
ing we will briefly discuss theoretical investigations of the reactions shown
here.

For the pyrolytic decomposition of GaMes, to our knowledge all pub-
lished reaction mechanisms rely on experimental data determined in 1963
by Jacko and Price using a hot wall tube reactor and the so-called “toluene
carrier” method [88]. Early ab initio calculations by Oikawa et al. gave
significantly higher bond energies for the first Ga— C bond cleavage than
the experimentally-determined activation energy of 249 kJ/mol [89]. Re-
cent high-level G2 calculations by Allendorf et al. gave a bond enthalpy of
AH?® =321 kJ/mol [90]. A reinvestigation of the similar pyrolysis of InMes,
for which the same discrepancy between the experimental and theoretical
values was observed, has been performed by McDaniel et al., again using the
“toluene carrier” method [91]. They found a substantial surface effect, and
could prove that the measured activation energies are lower due to an au-
tocatalytic surface mechanism, that most probably also comes into play for
GaMes. These findings have the rather intriguing consequence that all simu-
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lations with the above-mentioned mechanisms are incorrect in terms of the
production rate of GaMe; radicals in the gas phase. On the other hand, the
surface catalytic mechanism, which is not understood yet, might be opera-
tional as well in real CVD reactors, and it is also not covered by the usual
mechanisms. A “variational transition state theory” (VTST) approach was re-
cently used to theoretically predict the Arrhenius parameters for the pure gas
phase Ga— C bond cleavage of GaMes, including the entropic contributions
affecting the pre-exponential factor [92].

Accurate values for the equilibrium constants have been determined ex-
perimentally for donor-acceptor adduct formation (step ¢ in Scheme 1) [93],
resulting in a AH = —63.946.3 kJ/mol. In addition, a rather extensive inves-
tigation of both DFT and correlated wave function-based methods, includ-
ing a basis set extrapolation, was performed. A best theoretical estimate of
AH = —66.5k]/mol was derived from the latter. This demonstrates the accu-
racy of available theoretical methods. However, the authors mention a slight
deviation in the entropic contributions compared to the experimental results.
DFT methods were found to give reasonably accurate interaction energies.
However, the widely-used hybrid functional B3LYP performed less well than
the less extensively tested MPW1PW91 (with a deviation of about 12 k] /mol).
This shows the principal disadvantage of DFT calculations, since they lack
the potential for systematic improvement. The accuracy of a given functional
can only be assessed by comparing the results with either experimental or
high-level ab initio calculations.

Methane elimination from the adduct (step d in Scheme 2) has also been
investigated by theoretical DFT calculations by a number of groups. Both
Simka et al. [78] and later Kuech et al. [94] found a barrier to the in-
tramolecular hydrogen transfer from ammonia to one of the methyl groups
of about 134kJ/mol. In addition, both investigations revealed lower en-
ergy pathways for intermolecular transfer pathways involving additional NH3
(E, = 63 kJ/mol [78]) or Me,GaNH,; (E, = 71 kJ/mol [93]), which could ex-
plain low temperature methane elimination, which is observed experimen-
tally. More recently, Sengupta pointed out that the exothermic adduct forma-
tion leads to a chemically-activated process for the intramolecular methane
elimination, especially at reduced pressures. He used a QRRK treatment to
derive an effective Arrhenius-type rate law for the combined reaction [95].

Despite the increasing number of theoretical studies of individual steps,
a full picture of the gas-phase chemistry has not yet been deduced. Both the
physical transport effects as well as the gas-phase chemistry have to be taken
into consideration. Even the most elaborate mechanisms [83-86] rely on the
possibly erroneous experimental activation energies for GaMes pyrolysis in
the gas phase. Neither GaN etching [96] at high temperatures nor pressure-
dependent rates [95] have been included in the mechanisms. In addition, the
cyclic oligomers [Me,GaNH; ], with x = 2, 3 are taken either as “dead ends” or
as direct precursors to GaN via further methane elimination, whereas a rad-
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ical decomposition of these compounds has not been investigated. Another
problem is the fact that there is a discrepancy between the reaction energies
given by the best DFT level and highly accurate correlated ab initio methods
of the order of 10% or ~ 30 kJ/mol for the homolytic Ga— C bond cleavage
reaction [90,92]. This reveals potential problems with the DFT method, at
least for the radical reactions. As a bottom line, one can conclude that the-
oretical investigations already play an important role in the determination of
the gas-phase chemistry that occurs during MOVPE processes, and it is espe-
cially valuable for shedding light on experimentally unobservable processes
and intermediates. However, further work, and possibly improvements in the
numerical efficiency of theoretical methods, will be needed for the full picture
to emerge.

Another aspect, completely neglected in the discussion up to this point,
is the corresponding surface chemistry. DFT plane wave calculations have
often been used to study the electronic structure of the final bulk gallium ni-
tride. Surface reconstruction effects have been investigated using the same
methods [97, 98]. On the other hand, theoretical calculations of potential re-
action steps involved in the CVD mechanism are rare, with the exception
of the diffusion mechanism of single adatoms on the surface [97]. Nitro-
gen was found to have a much larger diffusion barrier compared to gallium
adatoms. This has important consequences for the etching mechanism [96],
since the diffusion of N-adatoms becomes rate-limiting for the formation of
N, molecules, and thus for the decomposition of bulk GaN. However, under
growth conditions, the surface is most probably not a pure (reconstructed)
GaN surface. The theoretical treatment of reactions of molecular, chemically
adsorbed precursors and their fragments on “real” surfaces has not really
been tackled yet, because of the enormous amount of numerical effort that
is necessary to treat these complex systems. However, one very interesting
work not related to nitride synthesis is the combined experimental and theor-
etical investigation of Me, AIH decomposition on a pure Al surface by Willis
et al. [99,100], which nicely shows the direction theoretical investigations
should take in the near future.

6
Single-Molecule Precursors (SMPs) for OMVPE of the Nitrides

One of the potential strategies for the synthesis of compound semiconductors
is the pyrolysis of a single-molecule precursor that incorporates the elem-
ents of a compound into a single molecule. For a number of binary materials,
predominantly metal oxides but also compound semiconductors, such as
GaAs [101] or metal alloys [102-104], it has been demonstrated that the use
of single-molecule precursors (SMPs), which contain both components for
the respective material in one molecule rather than applying two independent
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molecular sources, allows elegant molecular control over the composition of
the deposited binary thin films, leading to stoichiometric growth and reduc-
ing the complexity of the involved gas-phase chemistry [105-107].

[R;M — NH,]3 — 3MN + 6RH (3)

In some cases, the use of SMPs has been shown to simplify the process control
and allow the growth of the material with even rather inexpensive equipment,
because the exact adjustment of the mass flow of different species in the gas
phase is not necessary. Another issue is that SMPs offer the potential to lower
the growth temperatures. The apparent activation energy of the overall pro-
cess is lowered due to the presence of pre-formed bonds, which are relevant
for the growth of the material. However, there are some general drawbacks of
the use of SMPs for OMVPE and related applications. Firstly, the vapor pres-
sures at ambient conditions are usually lower (< 1 Torr) compared with the
conventional sources (> 10 Torr) due to the increased molecular weight of the
compound. A special reactor design including heated transfer lines and bub-
blers as well as valves and mass-flow controllers or direct liquid injection and
flash evaporation techniques may be necessary in order to achieve reasonable
growth rates (> 1 nms™!). Secondly, SMPs often exhibit a more complex mo-
lecular structure compared with the conventional precursors. This eventually
gives rise to unselective fragmentation of the ligand sphere and the organic
residues attached to the atoms of interest, leading to intrinsic impurities in
the growing material. A special precursor design is needed, based on detailed
knowledge of the fragmentation, to circumvent this problem. The most sig-
nificant drawback of SMPs, however, is the following. Chemical gas-phase
epitaxy is typically achieved at conditions close to the transition between
kinetic- and mass-transport-controlled growth at temperatures high enough
to allow good surface mobility of the growth species. Adjustment of the mo-
lar fractions of the individual precursors for the components of the material
in the gas phase above the substrate is crucial to reach this regime. In the
case of group 13 nitrides, it is the N-effusion from the nitrides at the high
temperatures necessary for epitaxial growth as well as the complex chemistry
involved when standard precursors are employed that necessitates the free ad-
justment of the V/III ratio as a very important parameter for optimizing the
whole system. This option appears to be lost when SMPs are used, as these
precursors exhibit a fixed ratio of the components of the material, typically
close to 1: 1. Exactly this problem arose with the work on SMPs for GaAs and
InP. It was found that SMPs with a 1: 1 ratio of group 13 and group 15 elem-
ents tend to give non-stoichiometric growth due to the formation and loss of
stable low molecular weight group 15 species [108, 109]. Consequently, SMPs
with a ratio V/III > 1, such as Ga(AsNMe; )3 with As: Ga =3:1, have been
shown to give better quality GaAs materials [110].

Nevertheless, SMPs containing the nitrogen component in a chemically ac-
tivated form directly attached to the group 13 metal, thus circumventing the
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problem of the inefficient activation of ammonia, are still attractive [111, 112].
Strong covalent M — N bonds are preferred over the weak donor-acceptor type
bonding of adducts. However, this concept may only be good as long as the
growth temperatures are below the onset of the decomposition of the respec-
tive nitride. An ideal SMP for group 13 nitrides would be a non-pyrophoric,
non-explosive, non-toxic, air-stable, liquid compound with a high vapor
pressure (> 1 Torr at moderate conditions), exhibiting a molecular struc-
ture with strong covalent M — N bonds and no or at least only few M—C,
C-C,C-H, N-C, or N-H bonds, and no other types of chemical bonds.
To ensure stoichiometric growth, the precursor should be as nitrogen-rich
as possible in order to deliver as much active nitrogen to the surface as
possible.

Because they are intermediates of the conventional OMVPE growth of
the nitrides, Lewis-base adducts and dimeric or oligomeric amide precur-
sors have thus been investigated as SMPs for nitride growth in some detail
(Table 1). However, films of reasonable quality have only been deposited for
AIN using Me3 Al — NH3 and (Me; AINH;)s.

According to the decreasing bond M —N bond strength in the series
Al-N >Ga—-N >1In— N, related gallium and in particular indium species are
too unstable and dissociate in the hot zone, thus giving non-stoichiometric
poor-quality films. This is exactly what is expected from the analysis of
the MesGa/NH3 gas-phase chemistry discussed above. At a low pressure of
1072 hPa, the trimeric amide (Et,GaNH,)3 gave very poor quality GaN films
with gallium droplets on the surface. However, polycrystalline almost stoi-
chiometric GaN films were obtained at about 100 hPa and 923 K [113].

Table 1 Adduct and amide precursors

Precursor Growth Temp. (°C)  Substrate Comments
[MesAl(NH3)] 400-800 Si(100) Polycrystalline AIN films
800-1050 Al O3 Epitaxial AIN films
[Me,AINH, |3  400-800 Si(100) AIN films were deposited
without additional ammonia
[Me3;Ga(NH3)] 200-700 Si(100) Ga droplets formed
[Ga(NMey)s],  100-400 Al O3 Amorphous GaN formed with

additional ammonia and high
growth rates obtained
[Me,Ga(NH;)]; 600 Si(100) GaN/Ga deposited
[Et,GaNH; |3 650 Al O3 Poor quality GaN with
Ga droplets on surface
at low pressure. At higher
pressures 100 hPa,
polycrystalline GaN formed
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This again shows the importance of the flow characteristics and the deposi-
tion conditions. The amide [Ga(NMe;)3], only gave GaN films in the presence
of additional ammonia; however, very high growth rates of 100-150 nm min~!
were found at impressively low temperatures of 100-400 °C [114].

[Ga(NMe;)s3], + 2NH3 — 6HNMe, + 2GaN (4)

In addition the films were amorphous, but this result indicates that the ac-
tivation energy of the deposition may be lowered significantly when amide
precursors are used. The reason is facile transamination reactions. In this
sense, the amide [Ga(NMe;)s3]; is not a true SMP for GaN but a good choice
for depositing amorphous GaN at very low temperatures.

There are not many choices for introducing suitable nitrogen species into
SMPs, especially if sufficient volatility is a major concern. It is rather straight-
forward to think of azides as the ultimate choice. Hydrazoic azide (HN3) has
been used as an alternative N-source for the nitride growth. The interaction
of AlMe; with HN3 in the gas phase has been shown to produce Al(N3)s,
which deposits as a thin film on the walls of the reaction vessel. These thin
films were heated to 400 K and amorphous AIN was obtained [115,116].
The reaction of gaseous HN3 with surface-bound GaMe, species gives azide-
substituted gallium compounds at the surface. When gaseous mixtures of
HN3 and GaMe; over the substrate are irradiated at A = 253.7 nm, the re-
action is dramatically accelerated and GaN films are obtained at 400 K. The
mechanism of the reaction is thought to involve NH species that insert into
Ga — C bonds at the surface. The insertion products eliminate CHy to leave
GaN [115,116]. The triazides M(N3)3 of aluminum, gallium, and indium
would undoubtedly meet some of the above criteria for good single-molecule
nitride precursors.

The fragmentation of the azide group into dinitrogen and a reactive
nitrene intermediate is a well known decomposition pathway of covalent
azides [117]. Using group 13 metal azide compounds, it is likely that the
species MN may be directly formed in the boundary layer above the substrate,
which is then delivered to the surface for nitride growth. Compared with hy-
drocarbons or alkylamines, dinitrogen appears to be the optimum leaving
group with respect to achieving very high purity materials.

HN3; — HN + N, (5)
MN3; — MN + N, (where M = Al, Ga, In)

In the presence of ammonia, the metal-azide unit can possibly undergo facile
ammonolysis in the same way as alkyl-amide type precursors, but it produces
HN3; instead of alkylamines. Hydrogen azide itself acts as a very efficient
source for the N-component (see Eq. 5). In the case of ammonolysis of metal
azides in the gas phase, HN3 would be produced in situ only in the reac-
tor close to the substrate surface, thus circumventing the intrinsic problems
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associated with the use of explosive HN3 as a separate source for nitrogen.
Formally, the azide group can be regarded as a pseudo halogenide, so M(N3)3
resemble the trichlorides MCls, which are volatile compounds and are suc-
cessfully used as sources for HVPE (hydride vapor phase epitaxy) of the
nitrides [118]. However, the compounds M(N3)3 are extremely dangerous, en-
ergetic, and explosive materials (temperature and shock sensitive), as well
as being non-volatile solids [119]. In 1989 Beach et al. [120] and Gladfelter
et al. [121] demonstrated the potential of some organometallic derivatives of
the parent triazides M(N3)3, such as [R;M(N3)]s, for the growth of the ni-
trides MN (M = Al, Ga). The chemistry of group 13 azides in general has
remained rather undeveloped since the early work of E. Wiberg et al. in the
mid 1950s and the contributions of Dehnicke et al., N. Wiberg, and Prince
and Weiss in the late 1960s. It has been Cowley et al. [122, 123], Kouvetakis
et al. [124-126] and ourselves [127-135] who have independently start to
study the coordination chemistry of group 13 azides in more detail, with the
aim of developing a suitable chemistry for azide precursors for OMVPE of
the group 13 nitrides. A significant problem associated with SMPs such as
[M(NR3)3]2, (RzMNR3)2, [R;M(N3)]3 and [(Me;N),Ga(N3)], (M = Al, Ga) is
the polynuclear nature of the compounds, and thus the generally very low
vapor pressure (< 1 hPa, 25 °C). This necessitates the heating of source con-
tainers and reactor inlet lines and the use of very low pressure or vacuum
CVD equipment in order to achieve reasonable growth rates. Intramolecu-
lar adduct formation stabilizes group 13 compounds against oligomerization.
The prototype of a series of these type of organometallic azide precursors
is bisazidodimethylaminopropylgallium (BAZIGA), [(N3),Ga(CH;)3NMe;],
which is indeed a monomer in the gas phase and only weakly associated in
the solid state (Fig. 2). The compound melts at about 35 °C and the liquid can
easily be distilled at 150 °C under vacuum. GaN films were grown on sapphire
substrates using BAZIGA under various conditions either in an isothermal
vacuum reactor [93a] or using a horizontal cold-wall reactor and carrier gases
in the absence of ammonia [136]. Transparent colorless films were grown
on pre-nucleated sapphire substrates (30 min nitridation with ammonia at
900 °C) at 8 bar. The films were crystalline above 973 K (Fig. 3) and epitax-
ial films with a FWHM of the (0002) reflection of 90 arcsec were obtained at
temperatures above 1073 K. Rutherford back-scattering (RBS) data indicate
a stoichiometry of 1:1 within the accuracy of the method (£5%). Com-
plete coverage of the substrate (AFM studies) with a dense film with a rms
roughness of about 16 nm was found. Films grown without using ammonia
contained small traces of incorporated carbon, while the presence of ammo-
nia during deposition prevented the incorporation of carbon into the films.
A strong photoluminescence at A = 365 (1) nm was observed at 300 K and at
low temperatures (Fig. 4). High growth rates of 3-5 umh~! were obtained at
1150 K. The GaN films obtained from BAZIGA are of superior quality to all
other reported GaN films grown from SMPs so far.
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Fig.2 Crystal structure of Bisazidodimethylaminopropylgallium (BAZIGA), (N3);Ga-
(CHz)3NMe,
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Fig.3 XRD patterns of GaN thin films grown from BAZIGA on (0001) Al,O3 substrate at
different temperatures, reactor pressure 8 bar, vaporizer temperature 90 °C

In order to get information on the decomposition pathways of BAZIGA,
the composition of the gas phase in the boundary layer above the sub-
strate was monitored using molecular beam sampling and a quadrupole mass
spectrometry/REMPI technique similar to the above-mentioned analysis of
the Me3;Ga/NHj3 system [137]. Within this investigation, the species HyGaN,
(x=0,1; y=1-6) were detected, such as HGaNs (154), GaNg (153), HGaN,
[138], and GaN; [137]. The data give clear evidence for the production of
nitrogen rich species in the boundary layer. The maximum of the relative
concentration of the species HyGaN), at 700 K correlates with the maximum
in the growth rate of 10 umh™!, giving amorphous layers. At 800-900 K, the
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Fig.4 Low temperature PL spectra (5.5 K) of (a) a GaN thin film with a thickness of 450 nm
deposited at a substrate temperature of 900 °C and a reactor pressure of 5 bar at a 345-fold
excess of NH3 using N as carrier gas (100 sccm) and (b) a commercial GaN thin film with
a thickness of about 2 um deposited in a standard process using TMG and NHj3

growth rate decreased to a value of 4 umh™!, corresponding to lower rela-
tive concentrations of HyGaN and, as in the case of Me3;Ga/NHj3, the relative
amounts of Ga atoms increased rapidly above 700 K. At typical conditions of
1100-1200 K, where the best layers were grown, again no gallium-nitrogen
containing molecular species were detected in the gas phase, similar to the
MesGa/NHj system. Surprisingly, the temperature dependence of the species
H,GaN, did not change when ammonia was present as an additional N-
source in a separate experiment. This finding corresponds to the observation
that ammonia has almost no effect on the growth rate but leads to some-
what less oriented films. In this respect BAZIGA behaves differently compared
to [Et,Ga(N3)]s. A possible reason might be the kinetic protection of the
Lewis-acidic Ga center by means of the intramolecular adduct in the case of
BAZIGA. Nevertheless, the presence of ammonia allowed the C-impurities to
be reduced to below the XPS-detection limit.

In principle, one expects two major fragmentation pathways for the loss of
the chelating ligand (CH;)3NMe;: homolysis of a Ga— C bond or 8-hydrogen
elimination. However, an investigation using quadrupole mass spectrom-
etry was not able to reveal how the organic ligand was eliminated from
the Ga moiety [137]. The fragmentations of intramolecularly coordinated
compounds of the type X;M(CH;)NMe, (M = Al, Ga) were investigated by
matrix-isolation techniques [138-143]. Since the early investigation of Pi-
mentel et al. [144, 145], matrix isolation (MI) has become a well-known tech-
nique, applicable in many different areas of physics and chemistry; a tech-
nique that is particularly suitable for investigations of reactive species [146].
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Within this method, a carrier gas/precursor mixture is transported through
a small reactor (Al;O3 tube), where it undergoes pyrolysis [147]. Reactive
intermediates emerging from the pyrolysis tube are quenched onto a CsI
window at ca. 15 K. Using this technique, gas-phase species are embedded
in the solidified, chemically inert carrier gas argon. Under these conditions,
trapped species are prevented from diffusion and therefore cannot undergo
bimolecular reactions. Subsequently, these species are analyzed by Fourier
transform infrared (FTIR) spectroscopy. The reactor used for the MI experi-
ments can be thought of as a miniature CVD apparatus with an Al,O3 tube
acting as a substrate. As revealed by these investigations, the stabilizing or-
ganic ligand is either lost via B-hydrogen elimination or via homolysis of
an M — C bond. The preferred route depends on the nature of the additional
substituents X of the compounds X;M(CH;)3NMe;,. For the gallane with
X = Me, allyldimethylamine and Me,GaH were found among the thermoly-
sis products. That these species actually result from a -hydrogen elimination
was experimentally proven by an investigation into the selectively deuter-
ated precursor Me,GaCH,CD,CH;NMe,, which resulted in the formation of
Me,GaD [142]. However, similar MI experiments with BAZIGA (X = N3) re-
vealed that a B-hydrogen elimination does not occur, and that the organic
ligand is supposedly lost through homolysis of the Ga — C bond [141]. Under
MI thermolysis conditions, the fragmentation of BAZIGA starts at tempera-
tures above ca. 720K, yielding the gallium monoazide GaNs. This reactive
intermediate has been identified by FTIR spectroscopy supported by DFT cal-
culations. The amount of GaN3 decreases as the temperature increases, so
that above ca 870 K it is below the detection limit. In addition to GaN3, no
other gallium azides or nitrogen-rich species were detected. Against the back-
ground of the results from the mass spectroscopy (MS) and MI, the nature of
the growth active N species is still an open question. However, it might be the
case that gallium monoazide is a key intermediate in MOCVD processes with
BAZIGA.

From the two experimental investigations, it is clear that the organic in-
tramolecular donor ligand is lost in the first step, and thus the Ga — C bond is
obviously broken. However, some puzzling contradictions between the differ-
ent experiments remain. Firstly, it is not quite clear how hydride compounds
are formed during the MS experiment if -hydrogen elimination can be ex-
cluded due to the MI investigation of BAZIGA. Secondly, the key intermediate
GaN3 identified in the matrix could not be identified by mass spectrometry. In
the latter case, the majority of species had an even number of nitrogen atoms.
One reason for this could be a further decomposition after ionization, which
cannot—despite a careful set-up—be completely ruled out in the MS study.
As a consequence, further experiments would be necessary in order to ex-
actly pin down the individual reaction steps involved in the actual gas-phase
decomposition of BAZIGA in the CVD process, which are, however, rather
difficult to carry out.
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An alternative in this situation is the theoretical calculation of thermo-
dynamic and kinetic parameters by means of ab initio calculations. Wol-
bank et al. have calculated a full scenario of possible decomposition path-
ways for a model system of EtGa(N3), as a model system for the BAZIGA
molecule [148,149]. The pre-dissociation of the Ga— N donor bond is as-
sumed to be the first step and thus the ethyl ligand replaces the dimethyl-
aminopropyl fragment, still allowing investigation of the B-hydrogen elim-
ination. State-of-the-art density functional theory (DFT) calculations at the
B3LYP/cc-pVDZ//BLYP/DZVP(A1) level of theory were used, and the usual
static rotor and harmonic oscillator approximation were used to approximate
the partition functions after a full frequency analysis of each species.

On this basis, free energy (AG) values for typical growth conditions
(1000 K and 800 Pa) were determined in order to include the important en-
tropic and finite temperature effects. In Scheme 2, the investigated reaction
steps, starting from the model precursor at the top, are given.

In the following, the steps are discussed from left to right. The non-radical
nitrogen elimination (NE) reaction, which is prototypical for azides, leads via
a concerted activation of the second azide directly to EtGa. The S-hydrogen
elimination (BH) involves, as expected, a cyclic transition state resulting in
the hydride HGa(N3),. This intermediate can further react via a reductive
elimination of HN3 to the key intermediate GaN3 already discussed (not
shown in Scheme 2). In addition, homolytic reactions, breaking the Ga— N
and Ga — C bonds in different sequences, can also lead to the two Ga(I) species
EtGa and GaNs. In contrast to the previous two reactions, radical byproducts
are formed. It should be noted that the Ga(I) species are both closed-shell
singlet molecules, since the triplet state is higher in energy for both. In Table 2

N N3
non-radical Ga radical
N3
NE2 Bj/ R‘N
+
¥ ~H
N2~ Léa—m N3 o Ny
GaN N —Ga *N;  eGa  +Et
N. 3 ° N3
N
RNN \RNC |RCN
NEb BHb
¥ N3 \ \ . °
Gal +3N, H-Ga ~ + H,C:CH, —Gal +2N;  1Ga—N; +Nj +Et
N

3

Scheme2 Scenario of calculated decomposition pathways of the model precursor
EtGa(N3)2
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Table2 Calculated energies and free energies at the B3LYP/cc-pVDZ//BLYP/DZVP(A1)
level of theory (in kJ/mol; p = 800 Pa; T = 1000 K)

AEp3Lyp - TASvib = T AStrans+rot AHcorr AGlOOO K
NEa 250.6 —-25.0 -0.9 0.4 225.2
NEa/b —266.2 240.1 —1359.9 —41.3 —1427.3
BHa 204.6 -10.4 0.9 5.4 200.4
BHa/b 107.8 92.7 —300.8 0.0 —100.3
RN 283.8 80.6 —259.8 2.5 107.2
RC 266.7 111.3 —-304.4 -33 70.4
RN/RNC 341.5 215.3 —555.1 -10.3 -8.6
RN/RNN 452.2 207.3 —515.8 -5.0 138.9
RC/RCN 341.5 215.3 —555.1 -10.3 -8.6

the relative energies (with respect to the initial model precursor) of all inter-
mediates and products of the reaction scheme are given.

The first column is the zero-point corrected DFT energy, whereas the
next three columns are the entropic contributions to the free energy and
the finite temperature corrections. The last column gives the free energy at
1000 K. NE is the only exothermic reaction, which is also very exergonic due
to the formation of four independent stable molecules. It clearly represents
the thermodynamic sink of the system, which is however kinetically blocked
by the highest barrier (NEa). The system is obviously kinetically controlled
since a complete conversion of the azide nitrogen atoms into inert nitrogen
molecules would render any film growth impossible without an additional ni-
trogen source. The B-hydrogen elimination appears to be a viable route, but
because of the entropic favor for radical reactions (compare energies and free
energies in Table 2), radical reactions should be dominant, especially at high
temperatures.

Here, the Ga — C is found to be weaker than the Ga — N bond, which results
in the sequence RC/RCN being the most favorable pathway, corroborating
the results found by matrix isolation: GaN3 is formed by the most kinetically
favorable pathway but not via 8-hydrogen elimination. These results also cor-
relate with the fact that no organometallic species have been found in the
MS investigation. Despite the fact that the decomposition of BAZIGA is more
complicated due to the intramolecular donor function, it seems plausible
from the experimental and theoretical investigations that a species containing
both gallium and nitrogen (presumably GaN3; and/or its triplet decompos-
ition product GaN) is formed in the gas phase at high temperatures. As
a consequence, the nitrogen would really be “carried” to the surface by the
gallium species. It should be noted, however, that a catalytic effect of the hot
surface could not be excluded in either the MS or the MI investigations and
the detected gas phase species could be desorbed products of surface reac-
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tions. The theoretical results show that decomposition in the gas phase is
possible, but only demanding theoretical investigations of the complete sur-
face chemistry can finally establish whether this is the case.

Taking the results together and comparing them with those from other
investigations discussed above, it appears that BAZIGA is the first SMP
for GaN which offers a serious potential for application in conventional
OMVPE growth reactor systems. Further developments are being dir-
ected towards combining the advantages of azide and amide groups as
N-sources with the concept of intramolecular adduct formation, aiming
at a fine-tuning of the decomposition characteristics of the precursors
such that the relative concentration of nitrogen rich mononuclear species
like HyGaN, are increased and the temperature-dependent maximum of
production better matches the minimum temperature required for epi-
taxial growth. Intramolecular adduct stabilized bisazidoamides such as
(N3),Ga[RN(CH;),NR';] (where R = C;Hs and R’ = CH3) are thermally more
stable than BAZIGA and can possibly be developed in the desired way. As
in the case of BAZIGA, the gas-phase composition above the InN growth
from the single molecule precursor organoindium azide, N3In[(CH;)3NMe;],
(azidobis[3-(dimethylamino)propyl]indium, AZIN) was monitored, giving
evidence for species HyInN), (x = 0, 1; y = 1-3) at moderate conditions (500 K)
using N3In[(CH;)3NMe;], [150]. At higher temperatures, the gas phase was
dominated by In atoms. The In—N bond energy of indium azides or in-
dium amides as well as the dissociation energy of the diatomic species InN
is significantly larger than for In — C or weak donor acceptor adducts such as
MesIn — NH3. Therefore, conventional indium precursors preferentially pro-
duce indium atoms at the usual growth temperatures. In addition, under
these conditions, interaction between ammonia and indium alkyls (such as
MesIn) to give adducts or amide intermediates has never been reported,
and is very unlikely. In order to suppress the production of indium atoms
and instead enhance the formation of InN species at the growth site, SMPs
with suitably pre-formed InN bonds such as N3In[(CH;)3NMe;], are a good
choice.

7
Single-Molecule Precursor Approach to Nanostructures

Single molecule precursors for group 13 nitrides have been designed and
developed by many research groups on the basis of volatile group 13
amide, azide and hydrazide compounds, and these have been investigated in
MOCVD studies [151,152]. Synthesis of nanocrystalline GaN was reported
via the solid state pyrolysis of cyclotrigallazane [H,GaNH,]3, [Ga(NH)3,2] o0
and the thermolysis of [Ga(NH)3,2 ] in tryoctylamine [153]. Controlled det-
onations of Lewis base adducts of Ga(N3)s yielded quantum confined GaN
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particles [154]. Thermal decompositions of [H,GaN3], and [H(Cl)GaN3],
yielded nanostructures of GaN [155]. Solution synthesis of colloidal GaN at
low temperatures using azide-based precursors was reported [156]. The single
molecule precursor (SMP) BAZIGA (1) and its ethyl congener E-BAZIGA (2),
which have been extensively studied for GaN epitaxial growth, yielded nano-
structures of GaN in the absence of any additional nitrogen source [157, 158].
Arrays of ordered or self-organised GaN nanostructures were grown when
nitrogen was used as the carrier gas [Fig. 5]. It should be noted that in the
absence of additional ammonia, SMPs 1 and 2 decompose by a radical pro-
cess (homolysis) to form the important intermediate GaN3, which appears
to be the relevant species for the growth of GaN material [141]. XRD meas-
urements for the nanostructures grown from SMP 1 and 2 confirmed the
hexagonal modification of GaN nanopillars, which are highly crystalline and
show a strong preference for being oriented by the existence of (0001) reflec-
tions [Fig. 6]. SEM reveals a dispersed and dense distribution of nanopillars
as well as ordered growth [Fig. 5]. The pillars grown from the two SMPs
were tapered in the initial nucleation stage and became broader as they grew.
TEM studies revealed the presence of droplets on the upper parts (5-15nm
from top) of the nanopillars, with a diameter of 50 (£10) nm, which can
be attributed to elemental gallium by the analysis of d-spacings by HRTEM
[Fig. 7]. The overall growth regime leading to either self-organised growth
or randomly-oriented nanostructures strongly but systematically depends on
the process parameters. Randomly-grown nanowires with smaller diameters
result when Hj is used as an additive gas as well as a carrier gas for the two
SMPs [Fig. 8]. The nanostructures grow by an autocatalytic vapor liquid solid
(VLS) growth process, whereas in the presence of Hj, faults induced by H; on
the surface might allow nanorod and nanowire growth. The nanostructures
showed room temperature PL signals with a broad emission at 2.7-3.0 €V,

500 nm

Fig.5 SEM images of ordered GaN nanopillars grown at a substrate temperature of
950 °C. a Reactor pressure of 8 bar with N as carrier gas (100 sccm) using SMP 1 in a ho-
rizontal flow reactor and b at a reactor pressure of 4 bar with N, as carrier gas (100 sccm)
in a vertical flow reactor. Inset: side view of nanopillars
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Fig.6 a XRD patterns of GaN nanopillars covering (0001) Al,O3 substrate. b Inset: Rock-
ing curve of the (0002) reflection (similar for SMP 1 and 2)

Fig.7 a TEM image of the GaN nanopillar resolved from the substrate grown using SMP 1.
b SAED pattern of a GaN nanopillar grown from SMP 1 resolved from the substrate

indicating structural defects such as surface states and most likely nitrogen
vacancies [157, 158].

In comparison with single molecule precursors of GaN, very few re-
ports exist on single molecule precursors for InN. One of the main rea-
sons for this is that the In—N bond is weak compared to the Ga-N
or Al-N bonds, and the equilibrium vapor pressure of N, over InN is
much higher than that over GaN and AIN. The intramolecular adduct stabi-
lized single molecule precursor organoindium azide, N3In[(CH;)3N(CHz3);]»
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Fig.8 SEM images of GaN nanowires grown at a substrate temperature of 950 °C a using
SMP 1 at a reactor pressure of 0.035 mbar using H, as carrier gas (15sccm) and b using
SMP 2 at a reactor pressure of 1000 mbar using N, as carrier gas (100 sccm) and H; as
additive gas

(azidobis[3-(dimethylamino)propyl]indium, AZIN), and its application for
the growth of InN films by MOCVD at low temperatures in a hot wall reactor,
was reported [159]. Recently InN nanowires were synthesized from a mixture
of In and In,03 in a constantly flowing NH3 atmosphere [160]. Selective area
growth of InN nanowires on gold-patterned Si(100) substrates was reported
using a simple thermal evaporation method [161]. There are currently no im-
portant applications of pure InN. However, a significant amount of In must
be incorporated into a GaN layer to obtain blue light emission, and it is quite
clear that InN quantum dots (QDs) in the InGaN active layer are responsible
for high brightness LEDs.

The growth of InN nanostructures was only achieved using the SMP N3In-
[(CH2)3NMe; ], when the CVD growth run was conducted on bare c-plane
sapphire substrates [Al;03(0001)] [162]. Normally the growth of group 13 ni-
trides is carried out by nitridating the sapphire substrates with ammonia at
high temperatures (900 °C) in order to grow buffer layers (AIN) with thick-
nesses of 20-50 nm, in order to have a close lattice match with the group
13 nitrides. When the deposition was conducted on nitridated substrates
using the same precursor AZIN in the presence of ammonia, it was pos-
sible to achieve a complete coverage of the substrate, leading to InN films
that were dense, preferentially oriented, and with a different surface morph-
ology [159]. The whiskers that were grown when analyzed by XRD revealed
that the reflections correspond to hexagonal wurtzite InN (Fig. 9). There
were also reflections corresponding to metallic indium, although they were
of weaker intensity than the InN reflections. From the SEM analysis (Fig. 10),
it was observed that InN whiskers with diameters 10-200 nm and lengths of
10-100 pm cross each other and are randomly distributed on the surface of
the sapphire substrate. The TEM image (Fig. 11) shows that the InN whiskers
grow out of the In droplets, as confirmed by EDX analysis, and this is in agree-
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Fig.9 X-ray diffraction pattern of InN whiskers grown from N3In[(CH;)3NMe;],, which
corresponds to a wurtzite structure, grown by CVD at 500 °C (8 mbar; N, 50 sccm; NH3
50 sccm) on c-plane Al O3 substrates. Unmarked peaks from In metal droplets are also
weakly visible at 20 values of 36.4°, 39.2°, 54.5°, and 67.1°
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Fig.10 SEM image (higher magnification) of InN whiskers grown from N3In[(CH;)3-
NMe; ], on c-plane Al,O3 substrates by CVD at 500 °C (8 mbar; N, 50 sccm; NH3 50 sccm)
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Fig.11 a TEM image of single InN whisker with an In metal droplet at the tip of
the whisker grown at 500 °C. Selected area electron diffraction (SAED) patterns of InN
whiskers grown from N3In[(CH,)3NMe;,], taken along b [1120] and ¢ [0001] zone axis

ment with the XRD results. EDX analysis reveals that the whiskers contain
mainly In and N along the whisker length, while only In was detected in the
droplet attached to the tip of the whisker. The selected area electron diffrac-
tion (SAED) patterns taken along the [1120] and [0001] zone axis confirm
that the whiskers are hexagonal InN [Fig. 11]. From the growth process con-
ditions and the presence of In metal droplets at the end of each nanowhisker,
it is believed that the metal droplets catalyze whisker and fiber growth under
high-temperature CVD conditions in a process known as the vapor liquid
solid (VLS) mechanism, which was first described by Wagner and Ellis in
1964 [163]. Moreover, these whiskers were grown on bare sapphire substrates
and may act as a kind of catalytic site, promoting thermal decomposition of
precursor molecules for nanowhisker growth.

The nanostructures grown by SMPs were easily detached from the sub-
strate by ultrasonic treatment, so the material can be dispersed into organic
solvents and may be used for further preparation, chemical modification
(etching), assembly and other nanochemical modifications. The SMPs seem
to be promising candidates for the controlled growth of nanostructures, al-
lowing us to circumvent the complexity associated with multi-parametric
situations.

8
Summary

The organometallic chemistry used for the synthesis of precursors of group
13 nitrides has certainly played a major role in the field of OMVPE. Alterna-
tive precursors for these materials are still sought, and the important factor
would be to design and develop novel precursors that are nitrogen-rich and
also of high purity. The scope for single molecule precursors is promising for
the growth of group 13 nitrides. Molecules containing the nitrogen compon-
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ent in a chemically activated form directly attached to the group 13 metal,
thus circumventing the problem of inefficient activation of ammonia, make
attractive candidates for group 13 nitride SMPs. There is a larger selection
of precursors, and the choices made, as well as the processing conditions,
have a significant impact on the resulting film properties. The SMPs also seem
to be promising candidates for the controlled growth of nanostructures. It
is important to study the nature of the molecular mechanisms involved in
the precursor decomposition in order to be able to rationally develop new
precursors. Gas phase studies using matrix isolation-FTIR techniques is one
alternative that may be used to look into the decomposition mechanisms in-
volved. Due to the difficulty involved in observing individual reaction steps in
both gas phase and surface reactions using experimental techniques, theoret-
ical methods (and especially Density Functional Theory) have evolved into an
important tool to aid the investigation of CVD mechanisms. Many of the elab-
orate mechanisms used in CFD calculations of group 13 nitride deposition
rely in part on calculated activation energies. For single molecule precursor
systems with a complex gas phase chemistry that have not been investigated
experimentally in depth, theoretical methods play an even more important
role in rational design. However, some systems, especially the reaction mech-
anisms of molecular species on a surface, are still too complex to be routinely
treated by theoretical methods. Thus, despite the advances made, further de-
velopment will be necessary to allow us to simulate the whole multi-scale
problem purely through first-principles theoretical methods.
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Abstract Aluminum compounds with hydrogen as well as alkyl-oxy (alkoxy) or alkyl-
silyl-oxy (siloxy) ligands (AlH3_,(OR), with n=1, 2 and R=alkyl, Si(alkyl)s) may serve
as valuable precursors for chemical vapor deposition (CVD). With bulky substituents on
the oxygen atoms, the aggregation of the alkoxy alanes or siloxy alanes is reduced, mostly
forming dimeric species, and volatile molecules are obtained. The CVD process of the
precursors with n =1 (for example mono alkoxy alanes RO — AlH;) leads either to meta-
stable glass like phases like (HAIO)o, or to nanometer-scaled composites Al/Al;O3. When
instead of RO — AlH; the di-alkoxy alane (RO),AlH is used, the product obtained is alu-
minum oxide, Al;03. The processes are distinctly different when a siloxy alane is used
instead of an alkoxy alane. Whereas in the case of the alkoxyalane RO — AlH;, the forma-
tion of di-hydrogen together with the reduced alkyl group is observed in the gas phase
of the CVD process, and in the case of the corresponding siloxy alane R'3Si— O — AlH;
the gaseous by-products mostly consist of the silane R'3Si— H. Another remarkable dif-
ference compared to the alkoxy compounds is the formation of aluminum films when the
silyl homologues are used.

Keywords Alkoxy alanes in CVD - Siloxy alanes in CVD - Meta-stable phases -
Nanocomposites - Mechanisms in CVD
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1
Introduction

Recently we published a short review of the single source precursor concept
in chemical vapor deposition (CVD) and in the sol/gel process [1]. In this
article we described in which way several constituent elements of a targeted
material can be assembled in a precursor molecule and how this assembly
has an effect on the properties of the final material. Three types of precur-
sors have been distinguished: (1) Precursors which contain the correct ratio
of metallic elements (SSP-I), (2) precursors which besides the correct ratio
of metallic elements also have ligands which interact with one another to
form only few side-products (SSP-1I), and (3) precursors with a surplus of one
metallic element compared to a thermodynamically stable phase and which
form biphasic mixed-materials on a nanometer scale (SSP-III) [1].

To illustrate the use of the second precursor (SSP-II) in CVD we have
chosen the low-temperature degradation of H,Al(OtBu),Mg(OtBu),AlH; to
the spinel MgAl;,O4 [1,2]. In this reaction only two major molecular by-
products are formed: di-hydrogen and iso-butene (see also Sect. 4.1). As these
molecules are generated from the precursor at moderate temperatures by
presumably intramolecular rearrangements, the temperature of the CVD pro-
cess can be maintained rather low, which has an important impact on the
crystalline size distribution of the spinel phase. As can be shown by dif-
ferent spectroscopic techniques, the crystals are in the nanometer range.
Furthermore, the molecular by-products are very volatile and can easily be
pumped off from the target spinel, which simplifies the process and reduces
the contamination of the ceramic spinel phase to a minimum. In the present
article we add new findings to this single source precursor concept (SSP-II)
describing more generally the syntheses and thermal degradations in CVD
of aluminum-hydrido-alkoxides and the corresponding aluminum-hydrido-
trialkylsiloxides. We have chosen this class of compounds because (a) it is an
actual theme of ongoing research, (b) it could be of general impact to other
metal hydrides, (c) it can be used to produce biphasic systems like Al- Al, O3,
and (d) it could reveal new strategies for further CVD research. Finally we
would like to point out that, recently, an excellent and comprehensive review
on main-group metal hydrides has appeared [3], which adds to our know-
ledge on the well known transition metal hydrides [4-6].
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2
Synthetic Routes to the Molecular Precursors:
Aluminum Hydrido Alkoxides and Aluminum Hydrido Trialkylsilyloxides

There are several procedures to access alkoxy and siloxy substituted
alanes [3], the most important ones being the metathesis reaction of an
aluminum alkoxy halide with silanes or the reaction of AlH3; with alco-
hols or silanols. As the second one is more generally applicable, we will
describe it in more detail. Solvent-free [7,8] and solvent-stabilized alu-
minum hydrides [9, 10] with different voluminous alkoxy ligands have been
described recently, whereas the simple (1BuO)AIH, and (#BuO),AlH (both
being dimeric [11]) have been known for almost 40 years [12]. Compared
to the rather huge number of alkoxy alanes known [3], it is surprising
that only a small number of alkylsiloxy alanes have been described un-
til now: these are Me3SiO — AIH, (the synthesis being reported by Roberts
and Toner [13], while its molecular structure could be established only re-
cently [14]), the mixed alkoxy/siloxy compound (tBuO)(Me3SiO)AIH [14],
the chloro compound [(Me3;SiO)AI(CI)H], [15] and the borane adduct
[Me3SiOAIH; - 4 BH3] [16]. Further siloxy alanes have been added recently to
this list by our group: (tBuMe,SiO)AIH;, (tBuMe;SiO),AlH and the adducts
{[(Et3Si0)AIH,]5AIH3} and [(tBuMe,SiO), AIH*(tBuMe,SiO)3Al] (see next
chapters) [17].

The general procedure to synthesize alkoxy and siloxy alanes using the
alcohol or the silanol as starting materials is shown in Eqs. 1 and 2.

3 LiAlH, + AICl; + 4nDo — 3 LiCl + 4 AlH31Do (1)
(Do = donor solvent)
AlHj3; nDo + xHO - Y — H3_,Al(O-Y), + xH, + nDo 2)

x=1-3;Y=R3C or R;3Si

Generally, during the first step, a diethyl ether adduct of the alane is synthe-
sized, which should not be isolated and can be used for the next step (Eq. 2)
“in situ”. This method to generate the alane has the advantage with respect
to other procedures to start from the easily available lithium alanate (which
should be purified before use). The reaction with the alcohol or silanol can
be followed by the evolution of gaseous hydrogen. Depending on the acidity
of the alcohol or the silanol the reaction mixture has to be cooled.

3
Properties of H, AI(OEIR3);_, (El = C, Si) and Related Molecules

Hydrido aluminum alkoxides and siloxides are primarily Lewis acids due to
the three-valent aluminum atom and therefore tend to compensate the elec-
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tron deficiency by forming intermolecular aggregates. In these aggregates,
either the hydrogen or the oxygen atom can act as the bridging atom between
two acidic aluminum centers. In the first case, the bridge can be described
as a two-electrons-three-centers bond while in the second case the bonding
is of the Lewis acid-base type; the bridge thus disposes of a four-electrons-
three-centers bond. Until now no alkoxy or siloxy alane has been described
with a three-coordinated aluminum atom, which means that none of these
molecules is monomeric. As a general rule it may be stated: the more bulky
the organic ligand is, the less of a tendency to form large aggregates. On the
same line, it is obvious that a smaller molecular entity will generally be more
volatile, which has an important impact on the CVD process.

Some of the molecular structures of alkoxy alanes or siloxy alanes have
been obtained from single-crystal X-ray structure determination. In order
to demonstrate the diversity of agglomeration of the monomeric species to
oligomers or polymers, we will discuss some typical structures.

While (tBu),(Me)C — OAIH, forms dimers of the formula [(¢Bu),(Me)
C — OAlH;]; in the solid phase, the corresponding and less bulky (tBu)(Me)
(H)C-OAIH, forms independent tetrameric units [(tBu)(Me)(H)C—
OAlH;]4 [7]. In Fig.1, the two structures are shown and may easily be
compared. In the dimeric [(tBu);(Me)C — OAIH;], the two entities are held
together by oxo bridges, the hydrogen atoms displaying exclusively terminal
bonds. The tetrameric [(tBu)(Me)(H)C — OAIH;]4 is similar with respect to
the four-membered Al,O; rings, but has additional hydrogen bridges forming
a central Al,H, ring. While the compound with the bulkier organic ligands
has aluminum atoms with coordination numbers of four displaying a dis-

‘v~1—4.

Fig.1 Comparison of molecular structures of [(tBu),(Me)C — OAlH,], with [(tBu)(Me)
(H)C - OAlH;]4 [7]. As in the following figures the smaller non-labeled atoms repre-
sent the hydride positions, the bigger ones stand for carbon atoms. The hydrogen atoms
attached to carbon are not drawn
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torted tetrahedral H,O,-coordination sphere around the aluminum atoms,
the tetramer [(tBu)(Me)(H)C — OAIH; |4 has four coordinated and five coordi-
nated aluminum atoms. The five ligands around the central aluminum atoms
are arranged in a trigonal bipyramidal fashion, the oxygen atoms occupying
equatorial and axial positions (in accordance with the small O — Al- O angle
of 79.9(1)°) leaving two hydrogen atoms in equatorial (Al — Heerminas = 1.49+
4 A, Al- Hpriage = 1.60 =4 A) and one in an axial position (Al—H = 1.85+
5A). As expected the bridging hydrogen atoms show longer bonds than the
terminal ones. The two molecules discussed so far clearly show that the steric
crowding of the organic substituent at the oxygen atoms has an important
impact on the molecular aggregation of the alkoxy aluminum hydrides.

In Fig. 2, two other alkoxy aluminum hydrides are sketched. The com-
pound [(tBuO),AlH]; is chosen as a representative example of a dialkoxy
aluminum hydride, the molecular structure being similar to the one of the
dimeric sterically-encumbered mono-alkoxy aluminum hydride with the typ-
ical Al;O, four-membered ring and hydrogen in a terminal position [11].
Interestingly, the hydrogen atoms are disposed at opposite sites of the ring,
which is generally observed [3], but which should not be taken as a rule
(see Fig. 2). The second molecule is formally built up of two iPrO — AlH; en-
tities and a (iPrO), AlH species forming the compound Al3(OiPr)4Hs [7]. It is
one of the examples of mixed species which has no simple monomeric coun-
terpart. The molecule Al3(OiPr)4Hs has almost C, symmetry, two terminal
tetrahedrally coordinated aluminum atoms disposing of two hydrogen and
two oxygen ligands and a central aluminum atom which has a trigonal bipyra-
midal coordination sphere of four oxygen and one hydrogen atoms. The
oxygen atoms are in axial/equatorial positions due to the acute O — Al - O bite
angle of the ring leaving the hydrogen at the central aluminum atom in an
axial position. Interestingly, the Al — H distance of the central aluminum atom
(Al-H =1.5244 A) is almost equal to the hydrogen aluminum distances of
the tetrahedrally coordinated aluminum atoms (Al — Hyean = 1.50 -4 A). The
compound Al3(OiPr),Hs also forms a second crystalline phase, in which all
molecules are linked to one another by Al— H — Al double bridges like in the

Fig.2 Comparison of molecular structures of [(tBuO),AlH], [11] with Al3(iPrO)4Hs [7]
(see also caption to Fig. 1)
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tetramer [(tBu)(Me)(H)C — OAIH;]4 forming a one-dimensional polymer [7].
The possibility of the same molecule to exist as hydrogen-bridged polymers
or as isolated units in crystal structures demonstrates that there is not much
energy difference between the two crystal phases.

Compared to the great variety of structures known for alkoxy alanes there
are only a few known of siloxy alanes [3]. In Fig. 3, the molecular struc-
tures of tBu— O — AIH, and Me;Si — O — AIH, are shown: as can be seen, the
two compounds which differ in one atom (silicon in the place of the ter-
tiary carbon atom of the tert-butyl group) have different structures [11, 14].
Whereas the carbon homologue forms a discrete dimer in the crystal with-
out any further interactions between the molecules apart from the van der
Waals forces, the related silicon compound forms a one-dimensional polymer
of dimeric units through double Al—H — Al bridges. The interactions of the
molecules in the chain compound (silicon derivative) are very similar to the
interactions found in the center of the tetrameric [(¢Bu)(Me)(H)C — OAIH;]4,
which has been discussed before (see Fig. 1). As a consequence, the Al-H
bond lengths and coordination polyhedra of the two compounds are com-
parable (Al — Hiermijnal = 1.47 £ 3 A; Al-H-Al bridges: Al — Hyxja1 = 1.61+3 A,
Al - Heguatorial = 1.92£3 A) (see also above for [(tBu)(Me)(H)C — OAIH;]4).
The different structures of tBu— O — AlH, and Me3sSi— O — AlH, may be ex-
plained by two effects: (1) in the silicon derivative, the Si— O bond length
is 0.231£ 8 A longer than the corresponding C— O bond distance which re-
duces the steric requirement of the trimethyl silyl group compared to the

Fig.3 Comparison of molecular structures of [(CH3);C— O — AlH;], [11] with [(CH3)3
Si— O - AlH;]x [14]. The two compounds differ in just one atom (see also caption to
Fig. 1)
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tert-butyl group (neglecting in a first approximation the different Si— C and
C - C bond lengths), and (2) silicon is less electronegative than carbon [18].
The second difference leads to a partial charge enhancement on the oxygen
and the silicon atoms, which compensate each other in a certain sense (back
donation of charge from oxygen to silicon) reducing the basic properties of
the oxygen atoms in favor of the partly negatively-charged hydrogen atoms
on aluminum [18]. Nevertheless, the different structures of tBu— O — AlH,
and MesSi— O — AlH;, also have an impact on the volatility of the com-
pounds in the gas phase: under similar conditions the sublimation point of
[tBu— O — AlH;]; is around 35 °C lower than the one of [Me3Si— O — AlH; ],
which in the gas phase is presumably dimeric.

In Fig. 4 the dimeric {[tBu(Me),Si— O],AlH}, is displayed, a structure
which was established only recently [17]. The formation and structure of
the molecule may have its origin in acid-base interactions between the
monomeric units through aluminum-oxygen bridges like in the alkoxy com-
pounds (see above). Interestingly, the molecule does not have an inversion
center (point symmetry C;), but the point symmetry C,: as a consequence
the two hydrogen atoms are on the same side of the ring and not on dif-
ferent sides like in [(tBuO),AlH]; (compare Fig.2). The Al-H bond dis-
tances in the two molecules, [(tBuO),AlH], and {[tBu(Me),Si — O], AlH},, are
equal (AI-H=151+£3 A in both cases) [11,17]. Figure 4 contains another
molecule with only one hydrogen atom on the aluminum centers: it is the
mixed alkoxy/siloxy compound [(tBuO)(Me3SiO)AlH], [14]. The structure is
similar to the one of [(tBuO),AlH], with a four-membered Al,0; cycle and
C; point symmetry. As expected, the oxygen atoms bonded to the tert-butyl
groups are more basic than the oxygen atoms bonded to the trimethylsilyl
groups (an effect we have discussed above).

Recently, when attempting to isolate Et3Si—O — AlH,, we have discov-
ered a new compound and a new type of siloxy alane structure. The siloxy
alane Et3Si— O — AlH; crystallizes as an adduct [Et3Si— O — AlH;]4 - Al,He,
the structure of which is shown in Fig. 5 [17]. The compound is polymeric

Fig.4 Comparison of molecular structures of [(tBu)(Me),C — OAlIH;], [17] with [(¢BuO)
(Me3SiO) - AlH], (see also caption to Fig. 1)
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Fig.5 Part of the crystal structure of {[Et3Si— O — AlH;]4- AlHs}oo [17] (see also caption
to Fig. 1)

with two [Et3Si— O — AlH;], dimeric units being interlinked by hydrogen
Al —H — Al bridges. Within this tetrameric [Et3Si— O — AlH;]4 unit, all alu-
minum and oxygen atoms together with two bridging hydrogen atoms and
the silicon atoms are arranged almost in a plane. While four hydrogen atoms
are terminally linked to the outer aluminum atoms and two are involved
in bridging within the plane, the last two hydrogen atoms coordinate to an
Al,Hg alane dimer. Above and below the plane of the [Et;Si— O — AlH;]4
tetramer two such Al,Hg dimers are present serving as linkers to the next
[Et3Si— O — AlH;]4 tetramer in the crystal. Amongst the six aluminum atoms
of centro-symmetric [Et3Si— O — AlH;]4- Al,Hs, two always have coordina-
tion numbers 4 (AIH,0,), 5 (AlH5) and 6 (Al0,H,4) with distorted tetrahedral,
trigonal bipyramidal, and octahedral coordination polyhedra. The Al-H
bond lengths reflect the positions of the bonds in the polyhedra or the co-
ordination numbers of the aluminum (4, 5, 6) and hydrogen atoms (1, 2):
the longest bonds are found for hydrogen atoms involved in Al—-H - Al
bridges and bonded to aluminum atoms with a maximum of direct neighbors
(mean distances: Alyy—H =15142A, Als)-H=170+2A, Al -H=
1.72+2 A) [17].

4
The CVD Processes

The apparatus used for the CVD processes [19-21] described below is a cold
wall reactor, the principal features of it are described in a former publi-
cation [22]. It consists of a vacuum line to which a cylindrical glass tube
is connected, the tube being enrolled by a copper wire, which is used as
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a source for high frequency induction on metallic or conducting substrates.
The substrates serve as targets for the solid layers and are situated inside
the reaction tube in the middle of the copper wire. The molecular precur-
sors are in a glass recipient, which is directly connected to the cylindrical
glass tube. After the heating zone, just before the pumps, there is a by-pass
to a quadrupole mass spectrometer allowing on-line registering of the masses
of volatiles produced during the CVD reaction. The glass recipient as well as
the whole reaction tube can be set to a different temperature compared to the
target, which can be varied in a temperature range between 50 and 850 °C.
All temperatures (in the gas flow system and at the target) are monitored by
thermocouples.

4.1
Aluminum Hydrido Alkoxides

Our first results concerning alkoxy alanes in a CVD process were obtained
with an adduct of tBu— O — AlH, to Mg(OtBu), (see also Sect. 1). Indeed,
these two compounds can be combined in a 2 to 1 ratio by multiple Lewis-acid
base reactions to form H,Al(tBuO),Mg(OtBu);AlH; [2]. The compound dis-
solves in almost all polar and non-polar organic solvents and can be sublimed
without decomposition. When this compound is used in a CVD process, it al-
ready decomposes at very low temperatures to generate the spinel MgAl,04
as a layer and two further molecular components, which have been character-
ized as di-hydrogen and iso-butene.

MgAlz(OtBU)4H4 — MgA1204 +4H, +4H,C= C(CH3)2 (3)

We were interested in the mechanism of the decomposition and intrigued
by the low decomposition temperature and the very pure spinel (the con-
tamination with carbon at 10~ mbar was less than 0.4% C) suggesting few
reaction pathways. Indeed we could show by replacing the hydride atoms in
H,Al(tBuO),Mg(OtBu),AlH; by deuterium that exclusively HD forms, when
D, Al(tBu0),;Mg(OtBu), AlD; is treated under the same conditions as with the
unlabelled molecule (mass spectral evidence). The exclusive formation of iso-
butene as the carbon containing component suggests that a §-elimination
involving di-hydrogen formation might be the driving force for the reaction.
In Scheme 1 the proposed mechanism for the whole process is shown.

There are different possibilities to explain the S-elimination process: the
elimination of iso-butene from the tert-butyl groups in H,Al(tBuO),Mg
(OtBu),AlH; could be the first step in the reaction sequence leaving behind
an Al-OH group, which then should react with the hydrides on the alu-
minum atoms. This mechanism would also explain the exclusive formation
of HD, but nevertheless seems very unlikely as no water signals are de-
tected in the mass spectra, which usually occur from hydroxo-groups bonded
to aluminum due to their high tendency to condensate under the elimina-
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(CH), (CHy), H,
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(CHJ);  (CHy), H,

Scheme 1 Proposed mechanism for the degradation (respectively cascade-like reaction)
within the molecule D, Al(tBu0),Mg(OtBu),AlD, (D = 2H)

tion of water. Another possibility is the attack of the partially negatively-
charged hydride atoms on the partially positively-charged hydrogen atoms
of the tert-butyl groups under recombination and evolution of di-hydrogen
followed by the abstraction of iso-butene from the transient and unstable
— 0 -C(CH3); — CH; group. Recently we have compared the decomposition
of H,Al(tBuO);Mg(OtBu),AlH, with [(tBuO)4Al],Mg which is free of hy-
dride bonded to aluminum and has exclusively tert-butoxy groups as lig-
ands to the metals [23]. Whereas we could also obtain the spinel MgAl,Oy4,
the decomposition temperature is about 150 °C higher compared to the hy-
dride precursor and the gaseous products of the temper process are different
being mostly tert-butanol, iso-butene and some other products like water
and methane. The decomposition reaction for [(tBuO)sAl];Mg is clearly
more complicated, and the B-elimination of iso-butene occurs at much
higher temperatures. All of this leads to the assumption that in the case of
H,Al(tBuO);Mg(OtBu),AlH, the decomposition could occur in a cascade-
like manner as shown in Scheme 1, although we do not know in which direc-
tion the cascade is running.

The CVD process of (H,Al-O —tBu), in some respects is similar to
the CVD of H;Al(tBuO),;Mg(OtBu), AlH;, especially concerning the gaseous
products, but has also new characteristics depending on the nature of the ce-
ramic film obtained and the temperatures under which the decomposition of
the precursor is performed [24-27]. Usually ceramic films of 0.3-3 pm thick-
ness are obtained using graphite, silicon or metallic species (Fe, Ni, Cu, Pt,
etc.) as targets in a cold wall reactor (see above). In Eq. 4 the chemical reac-
tion occurring at 230 °C (measured on the surface of the target) is displayed.

1/2(tBuOAIH,); — Hj + H,C = C(CH3); + 1/00(HAIO)og (4)
Using deuterium instead of hydrogen reveals that the reaction seems to pro-

ceed similarly to the degradation of H;Al(tBuO),Mg(OtBu),AlH, (compare
Eq. 3). As in the case of the magnesium compound, equal amounts of di-
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hydrogen and iso-butene are formed, with an HD to D, ratio of 99.9:0.1
(Eq. 5).

1/2(tBuOAID,), — HD + H,C = C(CH3); + 1/00(DAIO) o (5)

Independently from the mass spectral evidence, the formation of iso-
butene was also shown by IR spectra from the argon matrix isolated
gas [27]. From all of these findings it can be deduced that the mechan-
isms of the release of hydrogen and iso-butene from the two precursors
(H,Al(tBuO),Mg(OtBu),AlH; and (tBuOAIH;),) seem to be almost equiva-
lent (compare also Scheme 1).

The solid layer, obtained in reactions Egs. 4 and 5, is a glassy phase
which shows no peaks in the X-ray diffraction. It is a new ternary phase of
aluminum, oxygen and hydrogen with a 1:1:1 stoichiometry (the experi-
mentally obtained numbers are: 0.95(8) : 0.95(8) : 1.0 [27]). The same phase
(HAIO) has been discovered independently in a solution reaction between
aluminum hydride adducts and siloxanes as an amorphous powder with some
other constituents [28]. The hydrogen atom in the CVD — HAIO is bonded ex-
clusively to aluminum which can be deduced from the IR spectra of the films
showing no absorptions in the OH region but a characteristic v(Al — H) vibra-
tion at 1925 cm™! (together with a shoulder at 1670 cm™), which is shifted to
1400 cm™! (1223 cm™!) when H in HAIO is replaced by deuterium. The alu-
minum atoms in HAIO have coordination numbers 4-6 as found from 27 Al
NMR MAS spectra from the solid product. Finally the HAIO phase can be
characterized by XPS with an Al2p-energy of 74.2 €V, which is in between
the corresponding electron energy of aluminum metal (72.3 €V) and y-Al, 03
(75.5 V). The HAIO layers on metallic substrates are stable towards air and
moisture and are meta-stable (see below).

When the temperatures during the CVD process of (tBuOAlH;), (and the
corresponding deuterated compound) are raised to 450 °C at the target sur-
face, the products of the reaction change (Egs. 6 and 7).

(tBuOAlH2)2 — 3H, +2H,C=C(CH3), + Al. Al O3 (6)
(tBlIOAlDz)z —2HD+ D, +2H,C= C(CH3)2 + Al- A1203 (7)

The solid phase has a different aspect, since it is no longer transparent but
forms a dark grey (respectively black) film as may be seen also from Fig. 6.
Closer inspection of the film reveals a high surface roughness (SEM pictures
or AFM diagrams in Fig. 7). From X-ray diffraction of the powdered material
at 450 °C, metallic aluminum can be detected, which when tempered at higher
temperatures (500-600 °C) is accompanied by y-Al;03 and (under special
conditions) small amounts of aluminum carbide (Al4C3) [26]. The gaseous
components of the degradation of (BuOAlH;); at 450 °C are in a different
stoichiometric ratio compared to the process at 230 °C (see Egs. 4 and 6).
From Eq. 7 it follows that in the case of the deuterated compound, D, as well
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Fig.6 Left: photograph of a (HAIO)« film. Right: photograph of the Al- Al;03 composite
at approximately similar magnifications [32]

Fig.7 SEM and AFM pictures of the Al- Al;03 composite [32]

as HD is observed in the mass spectra run during the CVD process prov-
ing that two former hydride species have to combine when the composite
Al- Al,03 is formed. So at higher temperatures the elimination of di-hydrogen
from hydride (exclusively bonded to aluminum) adds to the (presumably sim-
ultaneous) elimination of di-hydrogen and iso-butene.
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The Al- Al,O3 composite grown at low temperatures (450-500 °C) and low
pressure (102-107> mbar) consists of aluminum particles (diameters rang-
ing from 1-50 nm depending on reaction time), which are embedded in an
almost amorphous Al,O3 matrix. The sizes of the particles seem to follow
a fractal distribution with a fractal exponent of 2.4 [24] which we have al-
ready found for other metal/metal-oxide composites grown by similar CVD
processes [22,29]. The amorphous aluminum oxide is transformed to the
crystalline y-Al,O3 at temperatures around 550-600 °C.

When the decomposition of (tBuOAIH;), is performed under relatively
high pressure (> 10! mbar) the Al- Al03 composite contains more and more
carbon with increasing pressure [26]. The raising carbon content (3-6%)
must come from the iso-butene which is less efficiently pumped away, and
which seems to decompose to carbon under the release of hydrogen at the
metal contact [30]. This carbon contamination has a direct effect on the
composition of the Al-Al,03 composite. The X-ray diffraction analyses of
Al- Al O3 layers obtained either by tempering films at 500 °C for two hours
or by CVD processes run at 600 °C reveal the formation of a new crystalline
phase Al4C; at the expense of the metallic aluminum phase: at a process
temperature of 600 °C the composite obtained on the targets consists of Al,
)/-A1203 and A14C3 [26]

In order to avoid the formation of aluminum carbide the CVD process for
the Al- Al,O3 composite has to be performed at low pressure. But there is
another way to obtain a pure Al-Al,O3 composite: when films of (HAIO)o
are tempered between 300-600 °C they constantly loose hydrogen (which
has been found to be D, starting from (DAlO)s,) and finally transform to
Al- Al;O3. The loss of the hydride in the (HAIO) films can easily be followed
by IR spectroscopy analyzing the relative intensity of the Al-H absorption in
the film [26,27]. At a certain moment during the temper process the aspect
of the HAIO film changes from transparent and colorless, to transparent yel-
low, and to finally dark grey. The observed chemical transformations may be
expressed by the Egs. 8 and 9.

(HAIO) — ° Ha + {(A10)oc} (8)

3 {(Al0)oo} — Al + AL O3 9)
00

The elimination of hydrogen from (HAIO)y, leads to an unstable or meta-
stable compound {(AIO)OO} which contains Al?*. It is conceivable that this
transient species further reacts by disproportionation of Al** to the well-
established oxidation states of aluminum, Al° and AI**. This would explain
the experimentally observed ratio between Al and Al,O3 [27], and the in-
tertwined formation of the two solid phases, because both are electronically
interlinked through the oxidation state of the transient aluminum compound.
As mentioned before, the emergence of the two phases from a common
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precursor state is somewhat reminiscent of the formation of Sn/SnO, from
SnO [1,29].

Instead of transforming a complete film of (HAIO), into the composite
Al- Al,03, we have succeeded in microstructuring parts of the (HAIO) film
into the biphasic composite using laser beams [27, 31, 32]. The laser sources
tested so far were a CO,-laser and an Nd — YAG-laser. With the first laser
(12.5 W) we have been able to write Al-Al,O3 structures (70 wm width) on
a 3 um thick (HAIO) film [27], leaving the unexposed regions unchanged.
With a Nd-YAG-laser we were able to produce lines of Al-Al;O3 and even
spots on (HAIO) films using a 2 beam or 3 beam interference method.
In Fig. 8, an example of equidistant lines of Al-Al;03 on a (HAIO) film
is shown as one of our first results obtained with the interference tech-
nique [32]. The Al-AL,O3 line widths are in the order of 0.5 um while the
distances between the lines are in the order of 2 pm. The created pattern of
different phases at distinct regions is a chemical landscape, which is under
way of being used for different applications.

When the precursor (tBuOAIH,); is replaced by [(tBuO),AlH]; in the CVD
process, only one ceramic phase is formed instead of two [33]. In Eq. 10 the
chemical reaction occurring in the process is assembled.

[(tBuO),AlH], — 2H; + 3H,C = C(CH3);, + tBu— OH + Al O3 (10)

Again the hydrogen compound can be replaced by its deuterated form
[(tBuO),AlD], and in the mass spectrum only HD can be detected. This
seems to be an important hint that the mechanisms in the [(#BuO),AlH]; and
(tBuOAIH;), cases are similar as far as the starting reaction is concerned. We
assume the simultaneous elimination of di-hydrogen and iso-butene to be the
first step in the degradation of the molecule. Presumably, in a second step

Fig.8 Al-Al,Os lines (“dark regions”) on a (HAIO), film obtained by two beam interfer-
ence techniques using a Nd/YAG laser (266 nm, 156 mJ/cm?, 1 pulse) [32]
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Scheme2 Proposed mechanisms for the formation of HD/iso-butene and tert-
butanol/iso-butene from [(tBuO),AlD], (D = 2H)

tert-butanol together with iso-butene are released by proton abstraction as
shown in Scheme 2. The ratio between iso-butene and tert-butanol has been
determined by on-line-mass spectroscopy to be 1 : 3.4, which is in good agree-
ment with Eq. 10.

The Al,Os films obtained by CVD of [(tBuO),AlH], at 300-400°C on
metal targets are transparent, X-ray amorphous and show no major contami-
nation by other elements (measured Al: O =2.0:2.98(0.05)). When tempered
at 600 °C or 1000 °C under aerobic conditions, the layers become crystalline
and consist of a mixture of aluminum oxide phases, y-Al,03 being the major
one at low temperature and «-Al,O3 at high temperature.

4.2
Aluminum Hydrido Trialkylsilyloxides

Although the higher degrees of aggregation of alanes substituted with
trialkylsiloxy groups (see Sect.3) seem to indicate a minor suitability
of these compounds for CVD processes compared to the correspond-
ing alkoxy compounds, they can nevertheless be used successfully in gas
phase reactions. So the polymeric (Me3Si— OAlH;) on gentle heating can
be broken into (MesSi— OAlH;); molecular pieces, which are sufficiently
volatile to be used in a CVD process (whereas (tBu-— OAlH,), sublimes
at 20 °C/0.1 mbar, the polymeric (Me3Si— OAlH;)o sublimes after depoly-
merisation at 45°C/0.01 mbar) [11,34]. In Egs. 11 and 12 the chemical
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reactions are displayed occurring during the CVD process (under similar
conditions as (tBu— OAIlH;),, see Sect. 4.1) with a metal target heated at
300-350 °C and (Me3Si — OAIH;) o held at 20 °C (corresponding to a pressure
of 0.03 mbar) [34, 35].

(Me3Si— OAIH, )o, —> 020(

Mes3Si— OAlH;), (11)

(Me3Si — OAIH, ), — 2 MesSi— H + Z H, + mHAIO + nALO; (12)
with m~0.05 and n~0.95.

Interestingly, the degradation reaction is different from the corresponding
alkoxy compound (see Sect. 4.1). Besides the silane Me3Si—H, di-hydrogen
is the only gaseous species detected by the on-line mass spectrometer. The
appearance of Me3Si—H suggests a silicon-hydrogen (or hydrogen-silicon)
shift and exchange to be the key step in the degradation process. It is in-
teresting to note that similar hydrogen-silicon exchanges also occur in the
condensed phase (as observed for the formation of HAIO from hydrido-alkyl-
siloxanes [28]). As the pressure in the CVD process is relatively low, the
formation of the ceramic layers occurs very slowly and the layers are, even
after several hours, very thin (less than 1 um). We assume that these two fac-
tors are responsible for the low yield of HAIO and the high yield of Al,03. We
explain the low concentration of HAIO (easily detectable by IR spectroscopy)
in the ceramic layer as a consequence of the decomposition of HAIO to Al,
Al,03 and H; under the experimental conditions (see also Egs. 8 and 9)
and the lack of metallic aluminum (which should be equal to the amount of
Al;03) as a consequence of reaction with the oxygen pressure in the CVD
vessel. The last assumption can be tested by extended pumping prior to the
CVD experiment, which indeed increases the metallic aluminum content (de-
tectable by X-ray powder reflection or in the TEM pictures).

When (MesSi — OAIH; ) is maintained at 45 °C, the pressure in the CVD
vessel is increasing and the flux of the (Me3Si— OAIH;), molecules in the gas
phase is considerably raised (pressure ~ 0.5-1 mbar). Under these conditions
the ceramic layers grow much faster on the metallic targets (300-350 °C), but
the products are different from those obtained at lower pressure (see Eq. 13).

(Me3SiOA1H2)2 —Me;SiH + mH, + nHAIO + HA1203 (13)
1
+ pAl + 3 Al(OSiMe3)3
with m~15 n=0.05 and p=~09.

As can easily be seen by comparison with Eq. 12, the reaction is more compli-
cated and the major solid product found on the metallic target is aluminum
accompanied by a minor amount of amorphous Al;03 and HAIO (together
less than 10%). Whereas the formation of Me3SiH is similar to the reac-
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tion run at lower pressure, the emergence of Al(OSiMes)s as a by-product,
found as a solid powder on the inner surfaces of the vessel, indicates that in
the gas phase further ligand exchanges seem to occur. At the same time the
amount of hydrogen compared to silane Me3SiH is raised (mass spectral evi-
dence). It might be conceivable that scrambling of ligands between different
molecules in the gas phase occurs, forming (Me3SiO)3;H3Al, intermediates
which do not decompose into (Me3SiOAIH;), and [(Me3SiO),AlH],, because
the monohydride [(Me3SiO);AlH];, is unstable as found by independent ex-
periments [14]. The intermediate (Me3SiO)3H3Al, under the experimental
conditions therefore breaks down to (Me3SiO)3Al, aluminum and hydrogen
as shown in Eq. 14.

3
(Me38i0)3H3A12 — (Me3SiO)s Al + Al + 2H2 (14)

The proposed intermediate and its decomposition is of course only one of
several possibilities occurring during the CVD process of (Me3SiOAIH;)co,
more accurately (Me3SiOAlH;),, by ligand scrambling in the gas phase. We
have been able to obtain under certain conditions (low temperatures at the
substrates, high pressure) almost pure aluminum films using (Me3SiOAIH;) oo
as a precursor.

When (Me3SiOAIH;) is replaced by another silyl compound with dif-
ferent organic substituents, like [(tBu)Me,SiOAIH;],, the general features
of the CVD process do not change. Again the silane (tBu)Me,SiH together
with hydrogen are found as major volatiles, and at low pressure Al,O3 is the
major ceramic product. At a high molecular flow (high pressure) the forma-
tion of aluminum becomes more important, like in the (Me3SiOAIH; ), case
(Eq. 15).

[(tBU)MezsiOAle]z —>(tBu)MeZSiH + mH; + nHAIO + nA1203 (15)
+ pAl + x{HAI[OSiMe, (¢Bu)] },
+ y{HAL [OSiMe, (¢Bu)]s }

with m~15, n=x0.05, p=0.9, x(y)~0.3.

Apparently, the by-products of the metallic aluminum are different from the
trimethylsilyl case: again siloxy compounds can be collected from the walls
of the reaction vessel and can be characterized by spectroscopic and X-ray
structural means as {[(tBu)Me,SiO], AlH}, and HAL,[OSiMe,(tBu)]s [34]. It
is remarkable that in this case no Al[OSiMe,(tBu)]3 seems to form, and that,
in contrast to the corresponding trimethylsilyl derivative, {[(tBu)Me;SiO],
AlH}, is stable.
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5
Open Questions

Although the mechanisms of the CVD processes of alanes with alkoxy or
siloxy substituents have been studied generally, there is still some more de-
tailed work to be done. Remaining an open question is the structure of HAIO.
So far, we could only establish the elemental composition and the bonding of
aluminum to hydrogen and to oxygen. We also know by NMR techniques (see
before) that in the amorphous material aluminum is coordinated by 4 to 6 lig-
ands. We actually try to find out whether or not in our HAIO films there is
a preferred orientation of the hydrogen-aluminum bond with respect to the
layer, which is somewhat indicated by IR-reflection spectra. Another point of
interest is the behavior of the HAIO films depending on the temperature: we
can easily follow the release of hydrogen by heating beyond 230 °C, but we
have so far no information about the fate of the transient aluminum(II). Will
it bond to another aluminum(II) species [36-38] and are some small tran-
sient clusters formed before it converts to the larger aluminum aggregates
which can be detected by X-ray diffraction (see also new results in aluminum
chemistry [39, 40])?

6
Conclusions

We have shown that alanes substituted with alkoxy and siloxy ligands
can be used very efficiently in CVD processes, either producing single ce-
ramic phases or mixtures of several phases using only one single precursor
molecule. As the processes discussed above are driven by chemical reactions
within distinct molecules or in between two molecules, the phases formed are

Al + ALO,
[(CH),C-O-AH,, C=> HAIO

Al + ALO, + ALC,

{lCH,,C-OJAH}, => ALO,

Al
[(CH,),51-O-AH,], &
ALO,

Scheme3 Phases obtained by CVD from single source precursors [Me3;C— O — AlH;]5,
[(Me3C — O),AlH], and [Me3Si— O — AlH,], using different pressures and temperatures
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already mixed up on a molecular scale. Even at higher temperatures, when
the tempering processes are driving the systems into phase separations, the
inherent subnano-scaled mixtures are prevented from a facile drop out of
one distinct phase, presumably because of kinetic reasons. In Scheme 3 an
overview of different phases and phase mixtures is given, obtained from the
precursors [Me3C — O — AlH; ], [(Me3C — 0),AlH]; and [MesSi— O — AlH;],.
With the right choice of the precursor and the correct conditions, like
temperature and pressure, either mono-, di- or tri-phasic systems can be
synthesized.

Another important outcome of these CVD experiments is the possibility
to synthesize meta-stable phases as transparent films, like HAIO. The sub-
sequent local treatment with different energy beams allows the structural
patterning of the meta-stable layers to create chemical landscapes, which have
the characteristics to consist of physically and chemically different regions of
the surface (Al- Al,O3 parts in a HAIO matrix). These patterns can in princi-
pal be reduced to nanometer scales, opening a large field of applications.

Acknowledgements I would like to thank all the people who have made important con-
tributions to this research area. Special thanks to Stefan Faber, Eckehard Fritscher and
Andreas Altherr, who were the pioneers, to Kathrin Andres and Jacqueline Fréres who
have developed the subject with the help of Joel Blin and Rachel Chety, and to Yann
Wolf, Christian Petersen and Nils Kohler who are still creating new aspects. I am also
obliged to a number of colleagues for their valuable assistance, especially Jean-Francois
Muller, Stefan Hiifner, Frank Miicklich and Wulff Possart. The State of the Saarland, the
organizations “Fonds der Chemischen Industrie” as well as the “Deutsche Forschungsge-
meinschaft” (in the frame-work of the SFB 277 and the European graduate school GRK
532) are warmly acknowledged for financial assistance. Finally I thank the BASF AG, Lud-
wigshafen, and especially Wilma Dausch and Norbert Mronga for their great interest and
help, and Catherine Cazin for reading the manuscript.

References

. Veith M (2002) Chem Soc Dalton Trans 2002:2405

. Veith M, Altherr A, Wolfanger H (1999) Chem Vap Deposition 5:87

. Aldridge S, Downs AJ (2001) Chem Rev 101:3305

. Crabtree RH (1994) In: King RB (ed) Encyclopedia of inorganic chemistry, vol 3. Wi-

ley, Chichester, p 1392

Bau R, Drabnis MH (1997) Inorg Chim Acta 259:27

. Dedieu A (ed) (1992) Transition metal hydrides. VCH, Weinheim, Germany

. N6th H, Schlegel A, Knizek J, Schwenk H (1997) Angew Chem 109:2754

. N6th H, Schlegel A, Knizek J, Schwenk H (1997) Angew Chem Int Ed 36:2640

. Healy MD, Mason MR, Gravelle PW, Bott SG, Barron R (1993) J Chem Soc Dalton
Trans 1993: 441

10. Campbell JP, Gladfelder WL (1997) Inorg Chem 36:4094

11. Veith M, Faber S, Wolfanger H (1996) Chem Ber 129:381

12. Noth H, Suchy H (1968) Z Anorg Allg Chem 358:44

S W N~

O N oW



100 M. Veith

13. Roberts CB, Toner DD (1970) Inorg Chem 9:2361

14. Veith M, Schiitt O, Blin J, Becker S, Freres J, Huch V (2002) Z Anorg Allg Chem 628:138

15. Schmidbaur H, Schindler F (1964) Chem Ber 97:952

16. Bissinger P, Mikulcik P, Riede J, Schier A, Schmidbaur H (1993) J Organomet Chem
446:37

17. Veith M, Freres ], Huch V, to be published

18. Huheey JE, Keiter EA, Keiter RL (1995) Anorganische Chemie. Walter de Gruyter,
Berlin

19. Kodas TT, Hamden-Smith MJ (1994) The chemistry of metal CVD. VCH, Weinheim,
Germany

20. Pierson HO (1992) Handbook of chemical vapour deposition. Noyes, Park Ridge, NJ

21. Rees WS (1996) CVD of nonmetals. VCH, Weinheim, Germany

22. Veith M, Kneip S (1994) ] Mater Sci Lett 13:335

23. Mathur S, Veith M, Ruegamer T, Hemmer E, Shen H (2004) Chem Mater, in press

24. Veith M, Faber S, Hempelmann R, Janssen S, Prewo J, Eckerlebe J (1996) ] Mater Sci
31:2009

25. Veith M, Rammo A, Faber S, Schillo B (1999) Pure Appl Chem 71:401

26. Veith M, Andres K (2003) ] Metastable Nanocrystalline Mat 15-16:279

27. Veith M, Andres K, Faber S, Blin], Zimmer M, WolfY, Schnéckel H, Koppe R,
de Masi R, Hiifner S (2003) Eur J Inorg Chem 2003:4387

28. Liu S, Fooken U, Burba CM, Eastman MA, Wehmschulte R] (2003) Chem Mater
15:2803

29. Veith M, Kneip SJ, Jungman A, Hiifner S (1997) Z Anorg Allg Chem 623:1507

30. Weissermel K, Arpe HJ (1978) Industrielle Organische Chemie. VCH Weinheim, Ger-
many, p 59

31. Veith M, Faber S, Fritscher E, Seeger O, Dausch W, Schmid R (1998) US Patent No
6,187,390, European Patent No 0944479

32. Veith M, Andres K, Petersen C, Daniel C, Holzapfel C, Miicklich F (2005) Adv Eng
Mater 7:27 and further results to be published

33. Faber S (1996) Dissertation. University of the Saarland, Saarbriicken, Germany

34. Veith M, Freres J (2004) unpublished results

35. Freres ] (2004) Dissertation, in preparation

36. Uhl W (1988) Z Naturforsch B 43:1113

37. Wehmschulte R], Ruhlandt-Senge K, Olmstead MM, Hope H, Sturgeon BE, Power PP
(1993) Inorg Chem 32:2983

38. Ecker A, Baum E, Friesen MA, Junker MA, Uffing C, K6ppe R, Schnéckel H (1998) Z
Anorg Allg Chem 624:513

39. Koéhnlein H, Purath A, Klemp C, Baum E, Krossing I, Stosser G, Schndckel H (2001)
Inorg Chem 40:4830

40. Klemp C, Bruns M, Gauss ], Haussermann U, Stosser G, vanWullen L, Jansen M,
Schnockel H (2001) ] Am Chem Soc 123:9099



To(g) Organomet Chem (2005) 9: 101-123
DOI 10.1007/b136144

© Springer-Verlag Berlin Heidelberg 2005
Published online: 26 August 2005

CVD Deposition of Binary A1Sb and GaSb Material Films -
a Single-Source Approach

Stephan Schulz

Department Chemie, Universitit Paderborn, Warburger Str. 100, 33098 Paderborn,
Germany

Stephan.Schulz@upb.de

1 Introduction . . . . ... ... . . 102
2 Synthesis of M — Sb Single-Source Precursors . . . ... .......... 104
2.1 Lewis Acid-Base Adducts . . . .. ... .. . e 104
2.2 Heterocyclic Stibinoalanes, -gallanes and -indanes [R;MSbR/3], . . . . . . 105
2.2.1 Dehalosilylation Reaction . . . . . . ... ... ... .o 106
2.2.2 Dehydrosilylation Reaction . . . . . ... ... ... . . ..o 108
2.2.3 Distibine Cleavage Reaction . . . .. ... ... ... ... 110
3 MOCVD Studies . . . . .. .. .. v it 111
3.1 Lewis Acid-Base Adducts . . . ... ... ... e 111
3.2 MSb Heterocycles . . . . ..o i it 114
3.2.1 AISb Film Deposition . . . . . . .. oo i vttt e 114
3.22 GaSb Film Deposition . . . . . . .. v vt e 116
4 Conclusions and OQutlook . . . . .. ........ .. .. .. .. ...... 117
References . . . .. ... . . . 121

Abstract The review summarizes recent studies on the synthesis of M — Sb compounds
and their potential application to serve as single-source precursor in MOCVD processes.
General reaction pathways for the synthesis of simple Lewis acid-base adducts RsM — ER'3
and heterocycles of the type [R;MSbR’; ], (M = Al, Ga, In) are described. As-formed com-
pounds were studied in detail in MOCVD processes using hot-wall and cold-wall reactors.
Advantages as well as problems using single-source precursors are described.

Keywords Aluminum - Gallium - Antimony - MOCVD - Single-source precursor

Abbreviations

AFM atomic force microscopy

DSC differential scanning calorimetry

EDX energy-dispersive X-ray diffraction
EELS electron energy loss spectroscopy

Et ethyl

i-Pr iso-propyl

MOCVD  metal organic chemical vapor deposition
SAED selected area electron diffraction

Me methyl
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SEM scanning electron microscopy
t-Bu tertiary-butyl
TEM transmission electron microscopy

TGA/DTA combined thermogravimetry / differential thermal analysis
WDX wavelength-dispersive X-ray diffraction

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

1

Introduction

Group 13/15 materials, typically referred to as III-V materials, are semicon-
ducting materials with applications in opto- and micro-electronic devices [1].
The MOCVD process (metalorganic chemical vapor deposition), that was in-
troduced by Manasevit and Didchenko in the early 1960s of the last cen-
tury [2], has become an important industrial process for thin film deposition
of a wide range of materials including semiconducting materials such as
binary and ternary group 13-nitrides, -phosphides and -arsenides [3]. In con-
trast, the corresponding binary antimonides MSb (M = Al, Ga, In) have been
investigated to a far lesser extent [4]. In particular the deposition of AlSb
films is still a striking challenge [5]. This is notably disappointing because
binary group 13-antimonides show very interesting physical properties such
as small band gaps and high electron mobilities as summarized in Table 1,
which render them very attractive for several electronic and optoelectronic
applications. GaSb for instance is used for the construction of light-emitting
and light-detecting devices operating in the mid-infrared range, in field effect
transistors, infrared detectors and hot electron transistors [6].

The problems assigned to MSb film growth (M = Al, Ga, In) clearly result
from the lack of suitable precursors. Traditional MOCVD processes typic-
ally require group 13 trialkyls such as MMes or MEt; (M = Al, Ga, In) and
group 15 hydrides EH3, which are used in large excess in order to reduce
the carbon content of the resulting material film. In particular trialkylalanes
and -gallanes tend to incorporate carbon into the resulting material film due

Table 1 Selected physical properties of binary antimonides MSb

Material Energy gap Electron mobility Hole mobility Emission
[eV] [cm?volt'sec™'] [cm?volt~'sec™'] A [nm]

AlSb 1.61 200 400 770

GaSb 0.75 3750 680 1800

InSb 0.17 77000 850 7700
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to their strong metal-carbon bonds. Consequently, high deposition tempera-
tures as well as a large excess of the group 15 hydride is required in order
to obtain high-quality films. Since SbH3 is only stable at very low tempera-
ture [7], it cannot be used in an industrial process. Therefore, alkylstib-
ines and aminostibines such as SbMes, SbEts, i-Pr,SbH and Sb(NMe,); have
been used as the Sb-source [8]. Unfortunately, the resulting material films
very often show unacceptably high carbon contaminations due to incomplete
decomposition reactions of the precursors. A second problem results from
the low vapor pressure of elemental antimony, whose formation has to be
strictly avoided since it can’t be removed from the substrate at typical MSb
film growth conditions. Consequently, the group 13/stibine molar ratio has
been found crucial for the growth of good quality films [9].

An alternative concept for the deposition of III-V material films, the so-
called single-source precursor concept, was introduced by Cowley, Jones and
others almost 15 years ago [10]. Typical group 13/15 single-source precur-
sors such as Lewis acid-base adducts R3sM — ER'3 or heterocycles [R;MER'; ]
as shown in Scheme 1 contain the specific elements of the desired material
connected by a stable chemical bond in a single molecule.

<
M—E
iy Y
— /
i Sb\\ B \“‘A_ / N\

| /T\

M=Al Ga, In;E=N, P, As, Sb

Scheme 1 Typical group 13/15 single-source precursors

As-described compounds have also been proposed to be formed as inter-
mediates in the gas phase in the traditional two-component MOCVD process
(pre-reactions). For instance, the deposition of AIN from AlMes and NH3 [11]
most likely proceeds through a multistep-reaction mechanism including both
the adduct Me3;Al—NH3 and the heterocycle [Me,AINH;]3, that is formed
after elimination of one equivalent of methane, as more or less stable reac-
tion intermediates. This is supported by the fact that both compounds have
been successfully used for the deposition of AIN in the absence of any addi-
tional NH3 [12]. The same was found for the deposition of InP from InMe3
and PHj3 [13].

Single-source precursors typically have weaker metal-carbon bonds com-
pared to group 13 and group 15 trialkyls and are less sensitive toward air and
moisture. Consequently, they require lower deposition temperatures and film
growth can take place under kinetically rather than thermodynamically con-
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A|M63+ NH3—> Me3A|<—NH3 T» [M62A|NH2]3
-CHy

— > [MeAINHl, —— > AN
-CH, -CH,

InMe3+PH34> Mealn«PH3 T’ [MezlnPH2]3
- CH,

——» [MelnPHly, ———» InP
-CH, -CH,4

Scheme 2 Proposed AIN and GaP film deposition mechanism

trolled deposition conditions. This is a major advantage because it may allow
the deposition of metastable material phases such as cubic GaN [14], cubic
GaS [15] and In,Se, [16], respectively.

Whereas the capability of single-source precursors for the deposition of
group 13-nitrides and phosphides has been demonstrated in the past by sev-
eral groups [17], to the best of our knowledge only a single study for the
deposition of binary group 13-antimonides by MOCVD process has been
reported prior to our work. Cowley et al. obtained crystalline MSb-films
on Si(100) wafers at 450 °C from six-membered heterocycles of the type
[Me,;MSb(t-Bu); |5 (M = Ga, In) [18] in a horizontal hot-wall MOCVD reac-
tor under high vacuum conditions ( 1073 mbar). Growth rates were as high
as 1.0umh™! and the carbon content of the resulting crystalline MSb ma-
terials was below the detection limit of XPS. Unfortunately, the lack of any
further stable M — Sb precursors inhibited detailed CVD studies at this time.
Therefore, we and others have become interested over the last few years
in the synthesis of M — Sb single-source precursors, namely Lewis acid-base
adducts R3sM — ER’3 and heterocycles of the type [R;MSbR’;], (M = Al, Ga,
In). Herein, we describe general synthetic pathways for the preparation of as-
described compounds and summarize both problems and advantages of such
single-source precursors in MOCVD processes.

2
Synthesis of M — Sb Single-Source Precursors

2.1
Lewis Acid-Base Adducts

Group 13/15 Lewis acid-base adducts RsM — ER’3 (M = Al, Ga, In) containing
light elements of group 15, N and P, have been synthesized in large numbers
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in the last century. In contrast, comparable stibine adducts R3M — SbR’3 were
known to a far lesser extent. Their thermodynamic stability is rather low due
to the decreased Lewis basicity of stibines SbR’3 compared to amines or phos-
phines [19]. However, we and others successfully synthesized and structurally
characterized several adducts of the type R3M — SbR’3 during the last decade
(Table 2) [20]. In particular alkyl-substituted adducts (R, R’ = alkyl) were ex-
pected to be promising candidates for the deposition of binary MSb material

films.

2.2
Heterocyclic Stibinoalanes, -gallanes and -indanes [R,MSbR'; ],

The synthesis of heterocyclic group 13/15 compounds of the type [R,MER'; ]
has been investigated for many years [21]. General synthetic pathways such as
dihydrogen, alkane and salt elimination reactions as summarized in Scheme 3

/1 Y
(WIS
NS

Fig.1 Single crystal X-ray structure of Et3 Al — Sb(¢-Bu)s

=
L

PR N o

Fig.2 Single crystal X-ray structure of -BuzGa — Sb(i-Pr)3
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Table2 Structurally characterized R3M — SbR’3 Lewis acid-base adducts

R3Al - ER/3 R3Ga - ER/3 R3In - ER/3

R = Et; R’ = SiMes R = Et; R’ = SiMes R = CH,SiMes; R’ = SiMes
R =i-Bu; R’ = SiMes R = t-Bu; R’ = SiMe3

R=t-Bu; R =Me R=t-Bu; R =Me

R=1¢-Bu; R =Et R =t-Bu; R =Et

R=t-Bu; R =i-Pr R =t-Bu; R = i-Pr

R=Me; R’ =¢t-Bu
R=Et; R'=t-Bu

have been established for the synthesis of M — E heterocycles containing the
lighter elements of group 15 (E = N, P, As), but they almost completely failed
for the synthesis of the corresponding Sb-containing compounds.

RoMH + RoEH ———=  1x [R;MERY),
-2

RM + RoEH ————=  1X[R;MERG],

RMCI+ RpELI ———=  1/x[RMER?),

Scheme 3 Traditional reaction pathways for the synthesis of M-E heterocycles of the type
[R;MSbR/;]x (M = AL, Ga,In; E=N, P, As)

Consequently, only a handful M — Sb compounds have been synthesized
and structurally characterized prior to 1995 [17, 22]. Therefore, we and others
investigated alternate pathways for the synthesis of M — Sb precursors and
developed three general synthetic routes, to date.

2.2.1
Dehalosilylation Reaction

Wells et al. reported almost twenty years ago on the reactions of chloro-
gallanes and trimethylsilyl-substituted arsanes R’;AsSiMes, which occurred
under elimination of Me3SiCl and subsequent formation of arsinogallanes of
the types [Cl,GaAsR';],, RGa(AsR;), and Ga(AsR;); [23]. In 1988, Cowley
et al. extended this reaction type to the synthesis of heterocyclic stibinogal-
lanes and -indanes [21].

In the last decade, this so-called dehalosilylation reaction was shown to be
generally applicable for the synthesis of four- and six-membered Ga — Sb and
In — Sb heterocycles as summarized in Table 3 [19, 24].
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Table3 Heterocyclic stibinogallanes and -indanes of the type [R,MSb(SiMes);]x (M =
Ga, In) synthesized by dehalosilylation reaction

Ga — Sb Heterocycles In — Sb Heterocycles

[RzGaSbR/Z]Z [RzGaSbR/2]3 [RzInSbR/Z]z [RzInSbR/2]3
R =Et; R = Me; R =t-Bu; R = Me;

R = SiMe3 R = SiMe3 R = SiMe3 R = SiMe3
R =t-Bu; R=C] R = CH,SiMes;; R =Et

R’ = SiMe; R =t-Bu R’ = SiMe; R’ = SiMe;

In sharp contrast, reactions of RyAlCI with Sb(SiMes )3 only yielded Lewis
acid-base adducts of the type Ry(Cl)Al— Sb(SiMes)s [25], which are most
likely formed due to the higher dissociation energy of the Al-Cl bond
(DSeg [kJ mol™']: Al-Cl 511+ 1; Ga—Cl 481 +13; In — Cl 439+ 8) [26] com-
pared to a Ga — Cl and In — Cl bond as well as to the increased Lewis acidity of
dialkylchloroalanaes compared to the corresponding -gallanes and -indanes.

+ R,AsSiMe;

- Me;SiCl

1/x [Cl,GaAsR,],

R = Me;3SiCH, Mes

+ 2 R,AsSiMe
GaCly z 2 1/x [CIGa(AsR,); ],

- 2Me;SiCl

R = Me;SiCH, Mes

+ 3 Mes,AsSiMe;
- 3Me;SiCl

Ga(AsMes,)3

3 t-Bu,SbLi + 3 Me;MCl ———  [Me,MSb(t-Bu),]s
- 3LiCl
M=Ga, In

3 t—BUszSiMe3 +3 GaC|3 _— [ClzGaSb(t-BU)2]3
- 3MesSiCl

4 t-Bu,SbSiMe; + 2 InCly ——»  [(-Bu),Sb(Cl)In-u-Sb(t-Bu)sl,
- 4Me;SiCl

Scheme 4 Dehalosilylation reaction pathway
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/\g'bs i
{in2 «

AL 5 5

Fig.4 Single crystal X-ray structure of [Me,InSb(SiMe3);]3

2.2.2
Dehydrosilylation Reaction

Dialkylalanes R,AlH and tris(trimethylsilyl)stibine Sb(SiMes)s [27] react
with elimination of Me3SiH and subsequent formation of heterocyclic stibi-
noalanes of the type [R,AISb(SiMe3)2]x (Table 4) [28]. The high yields and
the mild reaction conditions, in particular the low reaction temperatures,
were found to be the major advantages of the so-called dehydrosilylation re-
action. In addition, completely alkyl-substituted stibinoalanes were obtained
in reactions of R,AIH (R = Me, Et) and ¢-Bu,SbSiMes.
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Table 4 Heterocyclic stibinoalanes of the type [R;AISbR’; ], synthesized by dehydrosilyla-
tion reaction

[R,AISBR; ], [RoAISBR; )3
R =Et;R’ = SiMe; R = Me; R’ = SiMes
R = i-Bu; R’ = SiMes R = Me/CL; R’ = SiMe;

R=Me; R’ =¢tBu
R=Et;R' =t-Bu

BH; + R,PSiMe; ——— > 1/x [H,BRRy),
- SiMezH

Ro,AIH + Et,PSiMe; ———
2 > 3 T SiMesH 1/x [RAIPEL;],

R,AIH + Sb(SiMes); ————  1/x [RoAISb(SiMes),],
- SiMe,H

R,AIH + t-Bu,SbSiMe; —— = 1/x [RoAISb(t-Bu)yl,
- SiMe,H

Scheme 5 Dehydrosilylation reaction pathway
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Fig.5 Single crystal X-ray structure of [Me, AlISb(¢-Bu);]3

Ga — Sb heterocycles can also be synthesized by the dehydrosilylation reac-
tion, whereas the lack of stable dialkylindanes RyInH inhibited the synthesis
of In — Sb heterocycles, to date.
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223
Distibine Cleavage Reaction

Tetraalkyldistibines Sb,R’4 tend to react with electrophilic reagents such as
transition-metal complexes under Sb — Sb bond cleavage [29]. A compara-
ble reactivity pattern was observed for reactions with trialkylgallanes and
-indanes MRj; [30]. The reaction proceeds stepwise with the initial forma-
tion of a distibine Lewis acid-base adduct (Fig. 6), which subsequently reacts
under Sb - Sb and M — C bond cleavage and formation of heterocyclic stib-
inogallanes and -indanes [R,MSbR’;], as shown in Scheme 6. This reaction
type allows for the first time the synthesis of tailor-made M — Sb heterocy-
cles because the organic ligands at both metal centers can easily be verified as
can be seen in Table 5. Unfortunately, the corresponding stibinoalanes can’t
be obtained using this reaction pathway.

1/ s \ & o
ol X
~ \ocat \ N\
\\/\ D s — G -
\ o 1a
7Ny VAT

Fig.6 Single crystal X-ray structure of [f-BuzGa],[Sb;Mey4]

Table 5 Heterocyclic stibinogallanes and -indanes of the type [R;MSbR’;]x (M = Ga, In)
synthesized by distibine cleavage reaction

Ga — Sb Heterocycles In — Sb Heterocycles
[MezGaSbM62]3 [MeZInSbMe2]3
[MezGaSb(i-Pr)2]3 [MEZInSb(CstiME3 )2]3

[t-BuzGaSbMez]g
[t-BuyGaSbEt, ],

RsM R,M—R
+ —_—
R',Sb-SbR', R,SE—-SbR’,

——— 1/ [R,;MSbR'],
+

RSbR',

Scheme 6 Distibine cleavage reaction mechanism
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The most striking feature of this reaction type is the simple formation of
completely alkyl-substituted M — Sb heterocycles, which are hardly accessi-
ble by dehalosilylation and dehydrosilylation reactions due to the tendency
of silylsubstituted dialkylstibines R,SbSiMes to undergo ligand exchange re-
actions at elevated temperatures, leading to the synthesis of partially silyl-
substituted heterocycles [28].

3
MOCVD Studies

3.1
Lewis Acid-Base Adducts

Initial studies by Wells et al. described the synthesis of nanocrystalline
GaSb and InSb particles with an average particle size of 11 nm by simple
thermal decomposition of the adducts ¢#-BuzM- Sb(SiMes); (M = Ga, In)
under static vacuum conditions in glass tubes at 350 °C and 400 °C, respec-
tively. Comparable studies in our group using R3Ga — Sb(SiMes)s (R = Me,
Et, i-Pr, t-Bu) also resulted in the formation of nanocrystalline GaSb par-
ticles [31]. Unfortunately, the materials formed were contaminated to some
extent with Si. Consequently, we focused on the use of completely alkyl-
substituted Ga — Sb adducts to suppress any Si-contamination. Pyrolysis of
t-BuzGa — SbR3 adducts (R = Me, Et, i-Pr, t-Bu) in sealed glass tubes between
250 and 550 °C yielded smooth GaSb films with a uniform film morphology
as shown in Fig. 7.

Film morphologies as determined by SEM and the size of the crystallites,
which typically range from 500 to 1000 nm, were found to be independent
both from the specific precursor that was used and from the pyrolysis tem-
perature. EDX studies proved the formation of GaSb particles containing an
almost ideal 1: 1 composition of Ga and Sb and XRD studies clearly proved
the formation of sphalerite type GaSb. TEM studies confirmed the formation
of crystallites of 200 to 600 nm length with a homogeneous element distribu-
tion throughout the crystallites. Most remarkable, the carbon concentration
was below the detection limit of EEL spectroscopy. These findings strongly
underline the potential capability of gallane-stibine adducts for the deposi-
tion of GaSb films. Unfortunately, all Ga — Sb adducts investigated, to date,
tend to form GaSb whiskers under HV-MOCVD conditions both in hot-wall
and cold-wall reactors as can be seen in Fig. 8.

Almost defect-free GaSb whiskers are formed by the so-called VLS process
(vapor-liquid-solid) that was introduced by Ellis and Wagner [32]. Initially
formed Ga droplets on the substrate, formed by pyrolysis of #-BuzGa which is
present in the gas phase to some extent due to the dissociation of the starting
t-BuzGa — SbR;3 adduct, catalyze the decomposition of t-BuzGa and SbR3 and
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Fig.7 SEM image of a GaSb film obtained from ¢-BuzGa — Sb(¢-Bu)sz at 400 °C

also serve as solvent for as-formed elemental Sb. When the Ga droplet is su-
persaturated with elemental Sb, the growth of the GaSb whisker starts at the
interface between the liquid and the solid phase (substrate). Typically, the Ga
droplet remains at the tip of the whisker as shown in Fig. 9 [33].

The Ga : Sb atomic ratio within each whisker equals almost 1 as was proven
by EDX and EEL spectroscopy. The Sb distribution within the crystalline nee-
dle is homogeneous whereas the (amorphous) tip contains Ga with an Sb
concentration of about 1%. Carbon could not be detected by EELS within the
GaSb whiskers, whereas O is present as a small surface layer due to surface ox-

vD —— 2
25 AK Mader 13+
&

Fig.8 SEM image of a GaSb film obtained from #-BuzGa — Sb(i-Pr); at 450 °C
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idation reactions. SAED studies reveal the presence of crystalline cubic-type
GaSb [34].

Fig.9 TEM image showing the tip of a whisker formed from #-Bu3Ga — Sb(i-Pr)3 at 450 °C

Spot/Magn _ Det Wil ——————— boum

B0 Gl SE 11 ..::-';L'
(b)
Fig.10 SEM images of GaSb films deposited at 350°C (a) and 550°C (b) using
t-Bu3Ga — SbEt;
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Unfortunately, it has not been possible to suppress or control the whisker
formation, to date. The whisker formation clearly results from the low ther-
modynamic stability of the adducts in the gas phase toward dissociation,
which is the initial step of the whisker formation. Temperature-dependant
deposition studies clearly showed an influence of the substrate temperature
on the whisker growth: at lower temperature the growth of single crystallites
is preferred, whereas at higher temperatures, uncontrollable whisker growth
takes place as can be seen from Fig. 10.

Comparable results were obtained with distibine adducts [t-Buz Ga], [SbyR4]
(R = Me, Et), which are even less stable than the trialkylstibine adducts [35].
However, the low carbon content of the GaSb films formed from ¢-BusGa-
SbR; adducts is a very promising result. Since the M — Sb bond strengths
of stibinoalanes and -gallanes of the type [R,MSbR’;]; are expected to be
much stronger than those of the adducts R3Ga — SbR’3, such four- and six-
membered heterocycles were expected to be more suitable precursors.

3.2
MSDb Heterocycles

As mentioned earlier, Cowley et al. successfully deposited GaSb and InSb
films using the heterocyclic single-source precursors [Me,MSb(t—Bu);]s
(M = Ga, In) under HV-MOCVD conditions [18]. Later on, Wells et al. proved
heterocylic stibinogallanes and -indanes to be suitable single-source precur-
sors for the formation of GaSb and InSb materials under simple pyrolysis
conditions [20, 24]. [¢-Buy;GaSb(SiMes);], decomposes through a S-hydride
elimination mechanism at relatively low temperatures (175-400 °C) to give
GaSb crystallites with an average size of 9 nm. Pyrolysis of [Et,GaSb(SiMe3 ), ],
at 400 °C also yielded nanocrystalline GaSb with an average particle size of
10 nm in rather low yield (20%) whereas [t-BuyInSb(SiMes ), ], decomposes at
400 °C under static vacuum conditions with formation of an In-rich material,
that showed no carbon and hydrogen contaminations. These promising re-
sults prompted our interest in comparable stibinoalanes [R,AISb(SiMe3);]5.

3.2.1
AISD Film Deposition

AISb films were deposited on Si(100) and polycrystalline Al;O3 substrates in
a cold-wall MOCVD reactor under high vacuum conditions (HV-MOCVD)
between 300 and 550 °C using [Et, AISb(SiMe3 )2 ]» 1 and [i-Bu, AISb(SiMe3)2 ]2
2 [8]. The substrate temperature plays an important role on the size of
as-deposited AlSb crystallites as was shown by XRD and on the elemental
composition of the resulting material film. At low temperatures, the Al: Sb
molar ratio was found for both precursors to be close to 1.0, but with in-
creasing temperature this increases to 1.28 (1) and 1.68 (2) at 500 and 525 °C,
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respectively. In addition, large amounts of Si were incorporated into the mate-
rial film [up to 15% at 500 °C (1) and 27% at 525 °C (2)]. This contamination
most likely results from fragmentation reactions of the SiMes groups. Inter-
estingly, the carbon content of the material films were below the detection
limit of WDS.

The AISb film growth rate using 2 as determined by profilometry increases
from about 5 pum/h below 400 °C to 9 um/h at 500 °C but again drops down at
higher temperatures. The growth rate was found to be independent from the
precursor flux rate, indicating that the film growth is kinetically controlled
rather than mass transport limited. Comparable findings were previously ob-
served for GaSb film deposition using trialkylgallanes and -stibines.

According to SEM studies, as-formed AlSb films contain agglomerations of
single crystallites whose size ranges from 400 to 900 nm. The size distribution
was found to be almost independent from the deposition temperature. A typ-
ical SEM image as obtained from precursor 1 at a substrate temperature of
450 °C is shown in Fig. 11.

The main advantage of as-described heterocyclic single-source precursors
compared to Lewis acid-base adducts is, that these don’t tend to give MSb
whiskers. Unfortunately, their volatility is much lower and the MOCVD pro-
cess has to be performed under high-vacuum conditions (1073-10"° mbar).
In addition, the precursor has to be heated up to 130 °C in order to ensure
a reasonable precursor flux rate.

In order to circumvent any Si contamination in the resulting material films,
there was clearly a need for non-silyl substituted precursors. Consequently,
we focused on the use of completely alkyl-substituted heterocycles, which are
now easily accessible in high yields by the distibine reaction pathway.

Fig. 11 SEM image of an AISb film obtained from precursor 1 at 475°C
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3.2.2
GaSb Film Deposition

Initial studies were performed with [¢-Bu,GaSbEt, ], (3). DSC studies showed
3 to decompose in two steps around 190 and 215°C as was confirmed by
TGA/DTA experiments (Fig. 12) [36]. The first mass loss of almost 37% is
only slightly larger than the calculated mass loss due to the elimination of two
Ga-(t-Bu) groups (34%). Between 200 and 220 °C, an additional 9% mass loss
was observed. Finally, a third mass loss of about 4% takes place above 500 °C,
that most likely results from some decomposition of the material formed.

MOCVD experiments in a cold-wall HV-CVD reactor at 10~ mbar at sub-
strate temperatures between 350-550 °C yielded crystalline GaSb films. The
Sb : Ga molar ratio as determined by EDX ranges from 1.0 to 1.02, indicat-
ing the formation of slightly Sb-rich material. The films are contaminated
with oxygen and carbon as was shown by Auger spectroscopy. However, Ar-
sputtering of as-deposited films for 20 min resulted in a significant decrease
of the C (272 eV) and the O intensities (510 V), demonstrating both elements
to be present almost exclusively at the surface. These findings most likely
indicate the C-contamination to result from the presence of incompletely de-
composed precursor molecules at the surface whereas the O-contamination
clearly results from surface oxidation reactions because the films couldn’t
be handled under inert gas atmosphere when transferred to the Auger
spectrometer.

The morphology of the GaSb thin films was examined by SEM. Figure 14
shows images of two films with different magnifications (2 pm; 10 pum), which
were grown at 400 and 500 °C, respectively.

The morphology of the films is very homogeneous. However, the coating
of the film deposited at 500 °C is more dense compared to that obtained at
400 °C. The particle size distribution of the single crystallites is very narrow.
They were found to be about 500 nm as can be seen in Fig. 14d. The homo-
geneous film growth can also be seen from the cross-section view of the film

Temperature
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Fig.12 TGA/DTA study of precursor 3
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Fig. 13 Auger spectroscopy studies of GaSb films obtained from precursor 3 at 400 °C and
500°C

obtained at 500 °C as shown in Fig. 15. The film is about 1.6 pm thick and
built up from particles of almost equal size.

AFM studies clearly verified these results. The surface of the GaSb film
deposited at 500 °C as shown in Figs. 16a and 16b is very homogeneous. At
higher magnification, the cubic-shaped morphology of single crystallites can
clearly be observed.

The results obtained with [¢-Bu,GaSbEt; ], 3 are very promising. It needs
to be stressed that the deposition studies described herein were performed
without the use of any carrier gases or reactive gases such as dihydrogen. The
results clearly demonstrate the potential applicability of heterocyclic stibino-
gallanes to serve as single-source precursors for the deposition of GaSb thin
films.

4
Conclusions and Outlook

This short review has described the synthesis of Lewis acid-base adducts and
heterocyclic group 13/Sb compounds. In particular the synthesis of the hete-
rocycles required the development of new synthetic strategies. The “distibine
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Fig. 14 SEM images of GaSb films obtained from precursor 3 at 400 °C (14a,c) and 500 °C
(14b,d) (continued on next page)

reaction” was demonstrated to have a great potential for the synthesis of
tailor-made, completely alkyl-substituted Ga — Sb and In — Sb heterocycles.
In addition, the potential of both Lewis acid-base adducts and heterocycles
to serve as single-source precursors for the deposition of the corresponding
binary group 13-antimonides by MOCVD process has been demonstrated.
However, the Lewis acid-base adducts generally suffer from their instability
to dissociate in the gas phase, which leads to uncontrollable whisker growth.
In contrast, the heterocycles were found to be more promising candidates for
the deposition of both AlSb and GaSb thin films. In particular completely
alkyl-substituted Ga — Sb heterocycles were shown to give GaSb films of good
quality. However, the low volatility of these precursors, which require high
vacuum MOCVD conditions, is still a challenging problem. Further investiga-
tions concerning the ligand design are therefore necessary in the near future.
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(d)

Fig. 14 (continued)

Acknowledgements I am very grateful to my co-workers A. Kuczkowski and S. Fahrenholz,
who prepared most of the compounds reported herein, and Dr. M. Nieger, Universitt
Bonn, for excellent single crystal X-ray structure analyses. I would also like to thank
Prof. H.W. Roesky, Universitdt Gottingen, for the fruitful co-operation on the AlSb thin
film deposition, Dr. W. Assenmacher, Universitdt Bonn, for excellent material analyses, in
particular the TEM and EELS studies on AISb and GaSb films as well as Prof. K. Wandelt,
Universitdt Bonn, and his co-workers for detailed Auger spectroscopy and AFM stud-
ies on the GaSb films. Generous financial support by the DFG (Schwerpunktprogramm
1119), the Fonds der Chemischen Industrie and the Bundesministerium fiir Bildung, Wis-
senschaft, Forschung und Technologie (BMBF) as well as by Prof. E. Niecke, Universitit
Bonn, is also gratefully acknowledged.



120 S. Schulz

ot Magn WD F—————— 10mm
2000x 1256 SPF 001

AccV  Spot Magn W e e e st 2
300KV 3.0 16000 118 ’F 001

(b)

Fig. 15 SEM cross-section view of a GaSb film obtained from precursor 3 at 500 °C

Fig.16 AFM images of a GaSb film obtained from precursor 3 at 500 °C
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Abstract This review describes the principles and practice of atomic layer deposition
(ALD) for thin-film growth emphasising recent progress in precursor chemistry. Various
types of metal-containing precursors including conventional volatile inorganic com-
pounds and chelates are introduced with the main emphasis on true organometallics
where the metal alkyls and cyclopentadienyl compounds seem most suitable for ALD
deposition technology. Organometallic compounds as precursors offer distinct advances
in the ALD growth of metals and metal oxides, for instance. Higher precursor reactiv-
ity compared to conventional precursors may be utilised in ALD due to separate surface
reactions. The advantages compared to conventional precursors often include lower de-
position temperatures and lower impurity levels.

Keywords Atomic layer deposition - Thin films - Metal alkyl precursors -
Cyclopentadienyl compounds - Metallocenes
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1
Introduction

The continually shrinking dimensions of advanced electronic and other de-
vices set high demands on the materials to be used. Thin films, i.e. thin layers
of a substance on a supporting material, are used in many applications in
modern technology for instance, in optics, optoelectronics and microelec-
tronics as well as in devices based on magnetic, superconductive and thermal
phenomena [1]. Other interesting applications include thermal, chemical and
mechanical protective coatings [2]; especially in the area of microelectronics
the continuously shrinking device dimensions increase demands for chemical
and physical properties and tolerances of the materials employed. This calls
for new or improved deposition processes for thin films.

Many thin-film processing techniques have been developed and further
improved in the search for the most suitable approach for a specific applica-
tion. Typically thin films can be prepared from either the liquid or gaseous
phase. Vapour-phase deposition processes, which are more popular, fall into
the two main categories of physical and chemical vapour deposition. Atomic
layer deposition holds a special position among the chemical vapour depo-
sition techniques because it offers the possibility to produce thin films in
a controlled, self-limiting manner.

During the 25-year history of atomic layer deposition several volatile com-
pounds of different chemical nature have been studied for deposition pro-
cesses. Typically these volatile compounds have been either metals, halides,
nitrates or inorganic chelates and, more recently and still relatively rarely,
true organometallic compounds. Systematic studies have typically been car-
ried out using metal alkyls and cyclopentadienyl-type compounds.

2
Principles of Atomic Layer Deposition

Atomic layer deposition can be considered as a modern variant of the well-
established chemical vapour deposition (CVD) technique. ALD is also re-
ferred to as atomic layer epitaxy (ALE) [3] or atomic layer CVD (ALCVD).
Some confusion appears to surround the previously used term atomic layer
epitaxy, which is the name Suntola and Antson gave originally to this de-
position method when they introduced ALE in the mid 1970s [4]. The term
epitaxy comes from Greek and means “on arrangement”. Usually it refers to
a single crystalline film on a crystalline substrate, both of which have the
same structure. In the original ALE method, and nowadays also in ALD, it de-
scribes the ordered monolayer, or distinct fraction thereof, of a precursor on
a substrate after a saturated surface reaction [5], even if the deposited film is
amorphous or polycrystalline. In ALD, reactants are pulsed alternately over
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the substrate surface, separated by inert gas purging or other methods, for
instance by exposing the substrate by rotation to different gaseous precursors.
An ALD growth cycle can be divided into four steps (Fig. 1):

1. exposure of the substrate surface to a pulse of the first gaseous precursor
and subsequent chemisorption of the precursor onto the substrate,

2. inert gas purge to remove the excess of the unreacted precursor,

3. introduction of the second precursor followed by a surface reaction to
produce the desired thin-film material,

4. inert gas purge to expel gaseous reaction by-products.

The deposition temperature in a self-limiting ALD is selected so that thermal
decomposition of the precursor does not occur and only one monolayer or
a distinct fraction thereof is adsorbed onto the substrate surface. It should be
noted here that only in the ideal case is a monolayer (ML) formed. In practice,
due to steric hindrances of precursor molecules, one reaction cycle usually
produces only a distinct fraction of a monolayer. e.g. typically up to 1/2 ML.
Recently a different self-limiting reaction mechanism, where deposition rates
significantly over 1 ML/cycle were obtained, has been suggested [6]. This
process is based on the alternating pulsing of (CH3)3Al and (Bu'0)3SiOH
producing silica nanolaminates. Regardless of the deposition mechanism,
self-limiting ALD deposition is not dependent on the precursor fluxes, pro-
vided that a sufficient amount of each precursor is pulsed over the substrate.
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Fig.1 Schematic illustration of an ALD deposition cycle (1-4) leading to the formation of
a binary oxide film consisting of metal (o) and oxygen (o) atoms. L refers to the precursor
ligand
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Film thickness is dependent only on the number of deposition cycles, making
for simple thickness control.

A useful concept, first introduced by Suntola [3], is the so-called “ALD
window”, which indicates the temperature range where thin-film growth
proceeds in a self-limiting manner. Outside the ALD window, the growth
is limited by reactant condensation or insufficient precursor reactivity
(Fig. 2) [5]. At higher temperatures, above the optimal deposition tem-
perature, precursor decomposition or desorption destroys the self-limiting
growth and constant growth rate.

In contrast to an ideal ALD process, where the deposition rate could the-
oretically be one monolayer per cycle, the self-limiting deposition rate is
in practice much lower when halides, 8-diketonate or organometallic pre-
cursors are used. Possible reasons for less than 1 ML/cycle growth rate are
steric hindrances in adsorbed layer formation due to the bulkiness of the pre-
cursor ligands or deficiency of favourable bonding sites. In many cases the
recently studied true organometallic precursors for oxide films do not exhibit
a distinct ALD window and thus the deposition rate in these processes is de-
pendent on the temperature, but nevertheless organometallic compounds can
still be used for self-limiting ALD processes. This has been explained by their
high reactivity towards reactive surface sites, typically — OH groups, whose
amount is dependent on the deposition temperature [7].

Because of the self-limiting growth and sequential pulsing of precursors in
ALD, its practical advantages include [5]:

e accurate and simple thickness control (growth per cycle) over a wide
thickness range from nm to pm ranges,

e no need to control the reactant flux homogeneity (surface saturation),
possibility for in situ generation of precursors,

e large area uniformity, straightforward scale-up,

| —ALD window— |
| |

(b) [ | (d)
| \
\ | @
/_N
(©) ©

Temperature

Growth rate

Fig.2 Scheme of a ALD processing window limited by b precursor condensation,
c insufficient reactivity, d precursor decomposition and e precursor desorption. If the de-
position rate is dependent on the number of available reactive sites as in f, no actual ALD
window is observed
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e excellent conformality (step coverage, coating of porous materials),
dense and pinhole-free films,

simple doping and interface modification,

low processing temperature by suitable selection of precursor chemistry,
elimination of gas-phase reactions,

There are some limiting factors in the application of ALD to thin-film pro-
cessing, however, which include [5]:

e generally rather low deposition rates,

e sometimes challenging precursor chemistry, e.g. for barium, silicon, noble
metals,

e processing of ternary and more complicated compounds requires the con-
stituent precursors to volatilise and then react at a common temperature
(ALD window) because the reactor temperature cannot be changed during
the growth process,

e in some cases low crystallinity due to the low deposition temperature.

The ALD technique has recently been reviewed in a comprehensive man-
ner [8] as well as with a more limited scope emphasising metals [9], metal
nitrides [9] or oxide materials [10, 11].

2.1
General Requirements for ALD Precursors

2.1.1
Metal-Containing Precursors

The metal precursors used in CVD are generally also suitable for ALD pro-
vided that certain requirements are fulfilled [12-14]. However, nowadays
specific precursors have been synthesised for ALD because this deposition
technique allows the use of significantly more reactive precursors than CVD.
In the ALD method, to avoid uncontrolled reactions, sufficient thermal stabil-
ity of the precursors is needed in the gas phase as well as on the substrate sur-
face within the deposition temperature range, which is typically 150-500 °C.
In CVD methods, a constant flux of the precursor vapour is needed to obtain
a controlled process, but because ALD relies on self-limiting reactions, only
a sufficient amount of the precursor is required during one pulse to cover the
adsorption sites on the surface; the excess will be blown away by the inert gas
purge. This makes it possible to use in some cases in situ generation of the
metal precursors and thus have a fresh supply of otherwise unstable precursor
molecules onto the substrate surface [15]. This technique has been success-
fully applied to produce S-diketonate compounds of alkaline earth metals (Sr,
Ba), by pulsing ligand vapour over heated metal or metal hydroxide [15, 16].
Because ALD is a gas-phase process, solid and liquid precursors must be
volatile at the operating temperature and pressure, and if heating is required
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to obtain sufficient vapour pressure, thermal stability of the precursor over
a prolonged time is necessary.

There are some general requirements for ALD precursors which include
the following:

sufficient volatility at the deposition temperature,

no self-decomposition allowed at the deposition temperature,
precursors must adsorb or react with the surface sites,
sufficient reactivity towards the other precursor, e.g. H,0,

no etching of the substrate or the growing film,

availability at a reasonable price,

safe handling and preferably non-toxicity.

a b c
(a) ol (b) ©F cecHy,
Cl—2zr-Cl Zr O+CH3 Zr
O
¢l s, C(CHa)s
4
(d) (e) (f)
‘|3Hs _CHy
o Zr+—N
/A|\ H3C—2Zr-CHj; \CH3
CH; CH; 4

Fig.3 Examples of precursors for ALD depositions of oxide films. Volatile a halides,
b alkoxides, ¢ S-diketonates, d organometallics, e organometallic cyclopentadienyl-type
compounds and f amido complexes have been exploited

The volatile metal-containing precursors which satisfy the ALD criteria fall
into four main categories: (i) halides, (ii) 8-diketonate complexes, (iii) alkox-
ides, and (iv) true organometallics, viz. metal alkyls and cyclopentadienyl-
type compounds (Fig. 3). Also amido complexes have recently gained atten-
tion as possible ALD precursors. Occasionally other compounds have been
used as ALD precursors for thin films, for instance, metal nitrates, carboxy-
lates and isocyanates [17, 18].

2.1.2
Nonmetal Precursors

Because of the sequential nature of ALD, metal and nonmetal precursors
are typically separated from each other. The possibility of selecting oxidis-
ing or reducing precursors in conventional ALD processes makes it possible
to control the reactivity and reactions of the metal precursor. A special
case is that of metal alkoxides, which have sometimes been used as oxygen
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sources [19-21]. No separate oxygen source is needed in this type of special
process because the metal alkoxide serves as both metal and oxygen source.
This method provides a convenient route to mixed oxides, when different
metals are incorporated in the precursor and the alkoxide [19]. For example,
Zr —Si—O films have been deposited from ZrCly and Si(O(CH;)3CH3)4 at
500 °C [19].

In the non-oxidising regime, a second precursor (reductant) is also needed
to deposit elemental metal films. Hydrogen is perhaps the most widely used
reducing agent [9], but metallic zinc vapour [22, 23], various silanes [24-26]
and B,Hg [27] have also been successfully applied. Molecular hydrogen is
quite inert towards typical metal precursors and therefore quite high deposi-
tion temperatures are needed to maintain ALD reactions. On the other hand,
by thermal or plasma cracking to atomic hydrogen its reactivity can be in-
creased. Zinc vapour has been used in the reduction processes for copper
and molybdenum metal, but some zinc contamination was observed in the
deposited films [22, 23].

Deposition of nitride thin films by ALD requires both a nitrogen source
and a reducing agent to obtain clean surface reactions. In many cases one
compound, e.g. NH3, serves both as the nitrogen source and the reduc-
ing agent. Ammonia has been used for the deposition of, for example, TiN,
TazNs, W,N, NbN and WCN thin films by ALD. In addition, other nitrogen-
containing compounds, such as (CH3;)NNH;, ‘BuNH,, and CH,CHCH,NH,
have been studied.

For chalcogenide thin films it is possible to use elemental S, Se, Te as
precursors provided that the other source is a volatile and reactive metal.
ZnS$ deposition using elemental zinc and sulphur was the first ALD process
developed [4]. Therefore for precursors other than metals, the reactivity of
elemental chalcogens is not sufficient. For other precursor types, including
halides, S-diketonates and organometallics, simple hydrides, such as H;S,
H,Se and H;Te, have typically been used as a second precursor.

Typically in the case of ALD-processed oxide films, precursors attached to
the surface can be oxidised with H,O, H,0,, N,O4 [28], N,O [29], O, or O3,
the choice depending on the metal precursor selected. Water has frequently
been used as an oxygen source and indeed it readily reacts with many metal
halides, alkyls and alkoxides. Quite recently, water has also been applied to
processes based on organometallic precursors. H;O, has been used as an
oxygen source when the reactivity of water has not been sufficient [30-33].
Alcohols have also been successfully applied as oxygen sources in processes
involving inorganic and alkoxide-type precursors. For example, deposition of
Al,O3 has been carried out with a AICl; and ROH precursor combination,
where R is H, CH3, CH,OHCH,OH, ¢t-C4HgOH or n-C4HgOH [34].

The use of H,0, H30,, N0, CH3COOH and O, as oxygen sources has
been explored for B-diketonate-type compounds [8,35-37], but the reac-
tivities are usually insufficient, producing either no film growth or films
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with a high impurity content. For example, Ga,03 thin films have been de-
posited from Ga(acac)s; (acac = acetylacetonate) and H,O, but the films con-
tained up to 30 at % carbon as an impurity [38]. The thermal stability of the
B-diketonate-type chelates and their low reactivity therefore usually do not
allow their use in ALD with only mild oxidisers. In CVD, the thermal stability
of B-diketonates is counteracted by the use of high deposition temperatures.
For example, ZrO, films have been deposited by CVD from Zr(thd)s (thd =
2,2,6,6-tetramethylheptanedione) and O, at 540-570 °C [39], whereas in ALD
Zr(thd)s with O3 can be utilised at 300-400 °C [40]. In general, 8-diketonate
compounds can be employed as ALD precursors for oxide film depositions
through the use of a sufficiently strong oxidiser, such as a mixture of ozone
and oxygen. The use of a strong oxidiser guarantees that only a small amount
of residual carbon is left in the film. Furthermore, better crystallinity and
lower impurity content of films can be obtained with the use of an 0,/03
mixture than with the use of oxygen alone [35].

Enhancement of the oxide film growth rate with processes based on
halides, alkoxides, 8-diketonate precursors or organometallics has been at-
tempted by introducing mixtures of oxygen sources or increased oxidiser
dosage. These methods increase the number of reactive surface sites available
on the substrate where the metal precursors can be attached. Typical reactive
sites in oxide deposition processes are OH groups [41]. An example of the use
of mixtures of oxygen sources is provided by the deposition of NiO film using
water as an additional oxygen source together with O3 whereupon the growth
rate was increased by 15-20%. Secondly, larger doses of the oxidiser can be
provided through increasing its flow rate or pulse time [42]. For example, the
growth rate of Al,O3 films deposited from (CH3z)3Al and H,O increased from
0.64 to 1.0 A(cycle)_1 when the amount of water was increased from 3 x 107°
to 1 x 107* g (cycle)™! [42].

3
Traditionally Used Non-Organometallic Precursors for ALD

In this section, inorganic ALD precursors are briefly introduced to allow
a comparison with true organometallics. More comprehensive discussions on
inorganic precursors can be found in recently published reviews [8, 10, 43].
According to the International Union of Pure and Applied Chemistry (IUPAC)
definition, in organometallic compounds there is bonding between at least
one carbon atom and the metal atom. However, although S-diketonate-type
chelates are not true organometallic compounds by this definition, some de-
tails will be presented here because of their importance as volatile precursors
in ALD processes.
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3.1
Metals

The first ALD thin films were deposited in the 1970s using elemental zinc and
sulphur, reacting to form ZnS at 250-450 °C [44]. Although metals as ALD
precursors seems to be the most straightforward method of producing com-
pound thin films, this type of process is limited by the generally low vapour
pressure of elemental metals. Therefore only zinc and cadmium have been
used as metal sources in ALD processes. However, some metalloids, e.g. sel-
enium and tellurium, can be used as well.

3.2
Halides

Several metal halide precursors have been applied in ALD processes, together
with water as an oxygen source. However, the suitability of a particular metal
halide for ALD depositions has been found to depend on the metal. Halide
contamination of the film may cause problems at low deposition tempera-
tures [45-47], although halides may be successfully used as ALD precursors.
Liberation of HX (X =F, Cl, Br, I) during the deposition process may also
cause problems, such as corrosion and etching.

Oxyhalides are another type of volatile inorganic precursors, which have
been used in only a few studies, however. For instance, tungsten oxyfluo-
ride (WO4F,) and H;0 have been used as precursors in the deposition of
WO; [48], while CrO,Cl, together with CH30H as an oxygen source have
been used in the deposition of chromium oxide [49].

33
B-Diketonates

B-diketonate-type metal chelates are known for their volatility and there-
fore were originally synthesised for the separation of metals by fractional
sublimation [50] and gas chromatography [51-54]. In the 1970s they were
utilised for the first time in CVD depositions [55, 56]. The food thermal stabil-
ity and volatility of the B-diketonate-type metal chelates make them suitable
for metalorganic chemical vapour depositions (MOCVD), where high depo-
sition temperatures or additional energy are required to promote gas-phase
reactions [57-60]. B-diketonates in ALD processes were first utilised in the
1980s as dopant precursors for ZnS [61] and other sulphide thin films [62, 63].
Somewhat later they were applied in metal oxide depositions [64,65], but
quite high deposition temperatures are needed to obtain favourable reactions
with water, hydrogen peroxide or oxygen. Another approach is to use an ag-
gressive oxidiser, such as ozone.
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Fig.4 Y(thd)s adducts with a 1,10-phenanthroline and b 2,2’-bipyridyl

It has been observed in CVD as well as in ALD depositions that coordi-
natively unsaturated S-diketonate-type compounds may oligomerise or react
with the environment and become less volatile [15, 16, 66, 67]. This is a cause
of instability, especially with larger and basic central ions such as strontium
and barium. g-diketonate-type chelates can be protected against oligomerisa-
tion and roomOtemperature reactions with moisture by adducting them with
neutral molecules (Fig. 4) [68-71].

With adducted precursors, volatilisation behaviour during heating de-
pends on choices of metal, ligand and adduct and on the bond strengths
between them. Adducted precursors may sublime in a single-step process, or
alternatively they may dissociate during heating, releasing the neutral adduct,
which leads to a two-stage volatilisation process where the second step cor-
responds to the sublimation of the original unadducted compound [68, 72].
ALD depositions of sulphide films have been carried out with the use of
Ca(thd),(tetraen) or Ce(thd)s;(phen), where the growth process appears to be
similar to that of the unadducted precursor [73, 74]. Similar results have also
been obtained in the case of the deposition process for Y,03 oxide films from
Y(thd)s(phen), Y(thd)s(bipy) and O3 as precursors [75]. It seems that, even
if sublimation at one stage is observed, the adducted precursors dissociate at
the deposition temperatures, producing unadducted precursor [73].

3.4
Alkyl Amidinates

The most recently studied ALD precursor class is metal alkyl amidinates
(Fig. 3), which have already been successfully employed in the deposition of
several metal and metal oxide films [76,77]. These compounds have been
used either with molecular hydrogen or water as the second precursors to
produce metal or metal oxide films, respectively. Alkyl amidinates are struc-
turally analogous to the S-diketonates, except that the ligand is coordinating
through nitrogen, making these compounds more reactive than the corres-
ponding chelates coordinating through oxygen.
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4
Organometallic ALD Precursors

The chemistry of organometallic compounds has been studied for almost
200 years [78] and the cyclopentadienyl compounds have been known from
the beginning of the 1950s [79, 80]. In recent years the volatility and high
reactivity of some these compounds have also been exploited in ALD.

4.1
Metal Alkyls

The first ALD processes that exploited true organometallic precursors were
studied using metal alkyls as precursors. This type of precursor has not been
specifically developed for ALD, since both trimethyl and triethyl alkyls were
first used in CVD deposition. In ALD, volatile metal alkyls were first used
to deposit III-V semiconductors containing Ga, Al, In, As and P but more
recently their usefulness for the deposition of metal oxide films has been eval-
uated.

Organometallic processes were developed for GaAs deposition by using ei-
ther (CH3)3Ga [81, 82] or (CH3CH;)3Ga [83] as gallium sources with AsH3
as a second reactant. In the deposition processes of GaAs, the main problems
have originated from the low reactivity of AsHs, which makes the deposition
temperature so high that thermal decomposition (CH3)3Ga and carbon impu-
rities in films cannot be avoided. Analogous indium alkyls, mainly (CH3)3In,
have been used to deposit InAs [84, 85], InP [86, 87] and In,; O3 [88] thin films.

Aluminium metal alkyls, e.g. (CH3)3Al, (CH3),AIH and (CH3CH;)3Al,
have been used for the deposition of several III-V materials, such as
AlAs [89-91], AIP [92,93] and AIN [94-96], using AsH3, PH3 or NHj as
second precursors, respectively. In addition to these compounds, processes
involving organometallics have been developed for Al,O3 thin films utilising
(CH3)3Al, (CH3),AICI [97], (CH3),AIH [98] or (CH3CH;)3Al as aluminium
sources. Al,O3 is probably the most frequently studied ALD-processed ma-
terial since, for example, (CH3)3;Al has been used with H,O [7,99-102],
H,0; [103-105], NO; [29], N,O [106], O, plasma [107,108] or O3 [109] as
oxygen sources. (CH3)3Al/H,0 process works in a wide temperature range
of 100-500 °C with a reasonably high deposition rate of up to 1.2 A /cycle.
At very low deposition temperatures OH-type impurities remain in the film.
Different oxygen sources have been studied either to minimise the impurity
content or optimise the electrical properties.

Transparent conductive SnO; thin films has deposited using (CH3)4Sn or
(CH3CH3)4Sn as metal precursors and N,O4 as the oxygen source [28]. To
dope SnO; films, BF3; pulses were added to the processes resulting in al-
most two orders of magnitude higher conductivity. In a similar manner, zinc
alkyls, e.g. (CH3)4Zn and (CH3CH3)4Zn, have been used as ALD precursors
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for ZnS [110-112], ZnSe [111,113,114] and ZnTe [115] thin films with H,S,
H,Se and H,Te as chalcogen sources, respectively. Zinc alkyls have also been
utilised for the deposition ZnO thin films. ZnO thin films have been de-
posited using H,0 as the second reactant and doped with boron [116, 117],
gallium [118] or aluminium [119, 120] with B,Hg, (CH3)3Ga or (CH3)3Al, re-
spectively, to increase the conductivity of the films. (CH3CH;)4Pb has been
utilised as an ALD precursor for PbS thin films with H,S as the second pre-
cursor [121]. This process was utilised in the Ca(thd), /H,S process at 350 and
400 °C to obtain CasS : Pb thin films with increased blue electroluminescence
intensity compared to the earlier processes based on the halides, Pb(thd), or
Pb(dedtc); (dedtc = diethyldithiocarbamate) as metal source [122].

4.2
Cyclopentadienyl-Type Compounds

Cyclopentadienyl compounds (i.e. metallocenes) (Fig. 5), which have at least
one direct metal-carbon bond to the CsHs ligand, were first synthesised
in the 1950s [79,80]. Since then, reactions of cyclopentadienyl reagents
have been applied for almost every element [123]. The main application of
metallocenes is their use as catalysts in the polymerisation of olefins by
Ziegler-Natta polymerisation processes. As many metallocene compounds
are volatile and thermally stable, they are also suitable for use as precursors
in MOCVD [124-127]. Although cyclopentadienyl compounds have attracted
considerable interest as precursors in CVD depositions they are sometimes
too reactive [128]. However, high reactivity and thermal stability make cy-

Mg Ni l\lll
Ni

Fig.5 Examples of simple metallocene structures: a parallel sandwich, b multi-decker
sandwich, ¢ half-sandwich, d bent/tilted sandwich and e compounds with differently
bonded cyclopentadienyl ligands
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Cyclopentadienyl ligand applied
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Fig.6 Schematic representation of cyclopentadienyl-type precursors applied in ALD pro-
cesses. The dashed line represents the approximate suitability level for ALD processing
as a function of ionic radius. Below this line decomposition takes place. Compounds
which contain both cyclopentadienyl and some other ligands have been omitted (e.g.,
Cp2Zr(CHs3), and (CsMeH4)Mn(CO)3)

clopentadienyl compounds very attractive precursors for ALD, where high
reactivity can be controlled by sequential pulsing of the precursors.

Although there exists a large family of different ligands based on CsHs,
only a few of the simplest alkylated cyclopentadiene compounds have been
used as ALD precursors. Substantially larger ligands (e.g. indene, fluorene)
have not yet been utilised, although there would be an obvious need for
more thermally stable volatile compounds (Fig. 6). The ligand size in com-
parison with the metal ion size appears to be the critical parameter for
cyclopentadienyl-type ALD precursors.

4.2.1
Group 2 (Mg, Sr, Ba)

(CsH5);Mg has been successfully used in the ALD deposition of MgO
thin films [129-131]. Compared to the traditional B-diketonate/ozone pro-
cess [132], (C5H5),Mg/H,0 gives almost ten times higher films deposi-
tion rate and a wider temperature window for MgO film growth. In add-
ition, (CsHs);Mg/H,0 has been successfully applied with (CH3z)3Al/H,0
for processing MgAl,O4 thin films [133]. However, because of the larger
size of the heavier alkaline earth metals, simple (C5Hs),Sr and (CsHs);Ba
compounds do not posses sufficient thermal stability for controlled ALD
growth. Therefore deposition of strontium- and barium-containing films has
been studied by using bulkier ligands. For example, SrTiOs; [134,135] and
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BaTiO3 [135] thin films has been deposited from (Cs'PrsH,)Sr, (CsMes)Ba
and (Cs'BusH;)Ba as alkaline earth metal precursors and Ti(OCH(CHj3);)4
and H,0 as titanium and oxygen sources, respectively. In addition, SrS
and BaS$ thin films have been deposited from (C5'Pr3H,)Sr, (CsMes)Sr and
(CsMes)Ba using H,S as a second reactant [136]. Even with these cyclopen-
tadienyl compounds slight decomposition of precursors has been observed
when depositing oxide materials.

4,2.2
Group 3 and Lanthanides (S, Y, La, Ce, Pr, Gd)

Similar effect of metal size as in group 2 has also been observed in the
case of group 3 and lanthanide cyclopentadienyl compounds. The smallest
triscyclopentadienyl compounds of the series, viz. those formed by Sc and
Y, can be utilised in ALD, but the thermal stability of the corresponding
lanthanum and cerium compounds does not seem to be high enough for
controlled film deposition. The (CsHs)3Sc/H,O process gives a high Sc,03
deposition rate of 0.75 A/cycle at 250-350°C [137]. In addition, the de-
posited films contain only a very small amount of carbon and hydrogen
impurities, with concentration around 0.1 at % for C and 0.3 - 0.5 at % for
H. In the case of yttrium, the (Cs5Hs5)3Y/H;0 and (CsMeHy4)3Y/H,0 pro-
cesses produce uniform and stoichiometric Y,03 films below 400 °C with
a deposition rate of 1.2-1.6 A /cycle [138], which is 5-7 times higher than
for the corresponding B-diketonate/O3 process [75]. In addition, the depo-
sition of other rare earth oxides has been attempted from cyclopentadienyl
compounds. (CsHs)3Ce and (CsMeHy4)3Ce have been explored as precur-
sors for CeO, films but they appear to be too unstable for controlled ALD
deposition [139]. However, the bulkier (CsMesH)3Ce has been successfully
used for the doping of ALD-grown Sr$ thin films [140, 141]. Attempts have
been made to deposit praseodymium oxide by the (CsHs)3Pr/H,0O pro-
cess but, due to the thermal instability of the precursor, nonuniform films
were obtained even at very low temperatures [142]. On the other hand, de-
posited films were uniform when deposited at 200 °C but the pulsing time
of (CsMeH4)3Gd had an effect on the ALD deposition rate of Gd,03 [142].
Deposition of lanthanum oxide thin films has been attempted by using
(CsHs)sLa as a lanthanum source [143] but, due to its decomposition, uni-
form films were not obtained. Likewise, (CsMeH,4)3La is thermally very un-
stable, but it seems to be possible to deposit La; O3 films at temperatures close
to the precursor evaporation temperature, i.e. 160-170 °C [143]. However,
slight decomposition was still observed. Similar slight precursor decompos-
ition has been observed also with the {[C5H4(SiMe3)]2LuCl} 2 complex when
depositing Lu203 thin films [164]. According to the best of our knowledge,
the bulkier, other cyclopentadienyl compounds have not yet been success-
fully employed for ALD deposition of lanthanum-containing films, where
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only growth by g-diketonates [144] and alkyl amidinates [76] has been
demonstrated.

423
Group 4 (Zr, Hf)

Although there are several volatile cyclopentadienyl-type compounds for
group 4 elements, only a few compounds have used as ALD precursors for
zirconium and hafnium. Until now, no group 4 simple tetracyclopentadi-
enyl compounds have been utilised for ALD thin-film deposition. The first
organometallic ALD experiments to process ZrO, thin films were carried out
using (CsHs),ZrCl, as the zirconium source [40]. The same precursor has
been explored to coat porous silica powders in connection with the prepar-
ation of high-surface-area catalysts by the ALD method [145]. The precursor
is not reactive enough towards mild oxygen sources, e.g. H,O or O; so, to
obtain impurity-free ZrO; films, O3 must be used as an oxygen source [40].
(Cs5H5),ZrCl, is reasonably thermally stable and uniform films were obtained
below 400 °C [40]. It seems that ALD processes based on zircocene dichloride
suffer similar contamination problems as in the case of conventional halide
precursors, since 0.1 - 0.3 wt % chlorine contamination was observed below
300 °Cin binary ZrO; [40]. It is interesting to note that the chloride content in
the films increased when yttria-stabilised zirconia (YSZ) films were deposited
by adding Y(thd); /O3 pulses in this process [146].

ZrO; and YSZ film depositions have also been studied by using
(C5Hs)2Zr(CH3), as the zirconium source [40, 147]. Cp,Zr(CH3), is more
reactive than (C5H5),ZrCl, and therefore it has been successfully used as
an ALD precursor with H,O as an oxygen source. Regardless of the oxygen
source, deposited films contained only 0.1-0.2 at % of carbon and less than
0.1 at % of hydrogen impurities. Very recently also the electrical properties of
very thin ZrO, thin films deposited by Cp,Zr(CH3),/H;O process have been
studied [148].

Currently there is also an increasing interest in processing of HfO,
thin films by ALD. In addition to the conventional halide [149-151], ni-
trate [152] and amide [153, 154] precursors, organometallic cyclopentadiene
compounds have also been used to produce insulating HfO, thin films [155].
Controlled growth has been obtained by using either (Cs;Hs),HfCl, and
(CsHs),Hf(CHj3), as the hafnium source. Because of the similar ionic radius
and analogous chemistry between zirconium and hafnium, organometallic
hafnium compounds behave almost identically when compared to the corres-
ponding zirconium precursors [155].
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424
Other Transition Metal Cyclopentadienes

Although there are several potentially volatile cyclopentadienyl compounds
for other transition metals [123], which could be utilised for ALD processing,
only a few have been studied in this respect. For example, volatile (CsHs),Mn
and (CsMeH4)Mn(CO)s have been used as manganese sources for doping
ZnS thin films to produce yellow-emitting thin-film electroluminescent de-
vices [156].

Recently, ALD deposition of metallic ruthenium has gained significant
interest. Ru films have been deposited by using (CsHs),Ru [157,158],
(C5EtHy4)3Ru [159] or (CgHg)sRu as metal sources. These processes utilise
O, or air as a second reactant, which decomposes the organic ligand but
does not oxidise metallic ruthenium. Deposition of platinum metal films
has been studied similar manner using (CsMeH4)PtMes and O, as precur-
sors [158,160].

A different approach has been utilised in the case of processing metallic
nickel thin films by ALD [161]. During the first stage, NiO thin films have
been deposited using one ALD cycle of (C5H5),Ni and H,0. The NiO layer
formed was then reduced to metallic nickel by pulsing hydrogen radicals into
the reactor.

4.3
Other Precursors

In addition to metal alkyls and cyclopentadienyl compounds other types of
true organometallic precursors have also been applied in ALD depositions.
For example, (C¢Hs)3Bi [162,163] and (C¢H5)4Pb [164] have been used for
the preparation of bismuth- and lead-containing oxide thin films. These com-
pounds are not extremely reactive and therefore ozone is needed to obtain
completely oxidised films [162, 163]. H,O, as a second precursor does not
oxidise (C¢Hs)3Bi completely, since metallic bismuth was observed in the de-
posited films [162].

5
Conclusions

Atomic layer deposition (ALD) is now a mature and accepted technique
for depositing thin films and overlayers for various applications in mod-
ern technology. ALD is a chemical process where the precursor chemistry
plays a very important role and offers many possibilities. Conventional in-
organic precursors have been used since the beginning of the ALD era over
30 years ago. To replace the classical precursors, e.g. volatile halides and
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inorganic complexes, true organometallics, most notably metal alkyls and
cyclopentadiene complexes, are now emerging as precursors of choice. The
high reactivity of organometallics allows ALD depositions to be carried out
at lower temperatures with milder oxidising or reducing precursors yield-
ing films with low impurity contents. There exist a number of ALD pro-
cesses based on organometallic precursors, for instance the (CHj3)3Al/H,O0,
Cp2Zr(CH3),/H,0 and (CsHs),Ru/O, processes to produce Al,03, ZrO, and
Ru thin films, respectively. Nevertheless, additional research is still needed
to develop special precursors and ALD processes for the large electropositive
elements.
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Abstract A growing tendency in chemical vapour deposition is to produce ultra-thin films
or nano-objects as particles, tubes or wires. Such an objective addresses the question of
a better control of the main parameters which govern the nucleation and growth steps
of the deposit. This chapter focuses on the interfacial phenomena that occur at both the
solid surface and the gaseous phase levels. The role of surface defects, surface reactive
groups, and autocatalytic phenomena on the nucleation step are discussed by means of
representative examples from the literature. In an attempt to clarify gas-phase properties,
the influence of the supersaturation parameter on the nucleation step is also described.
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1
Introduction

Chemical vapour deposition (CVD) is employed to prepare adherent films
of controlled composition and thickness. Protective coatings, micro- and
opto-electronics, ceramic fibres and ceramic-matrix composites production
represent the usual applications of this technique, which allows surfaces of
complex geometry to be uniformly coated.

Developments in modern CVD allow to improve the deposition of thin
films and bulky coatings; nevertheless, an additional major issue remains the
building of nanostructured materials such as ultra-thin films or dispersed
nanoparticles. For these applications, the control of the deposit at the atomic
or nano-scale level is essential. Consequently, the role of surface chemistry
occurring between the CVD precursor and the substrate, as well as the gas-
phase main physical properties have to be indisputably clarified.

Thus, for every transition metal CVD precursor, its vapour pressure, its
thermal behaviour, which means its reactivity at a given temperature with re-
gard to the substrate and/or to any additional reagent, and its toxicity should
be carefully examined. The ultimate objective is for the chemist to finely tune
the rates of nucleation and growth of the deposit, for any given application.

2
Influence of the State of the Surface on the Nucleation Step

Over a long period CVD studies focused mainly on the deposition of relatively
thick films, and were concerned with the qualities, as well as the kinetics of
the deposits. During the last decade, much attention was paid to the elabora-
tion of ultra-thin films or nano-structured objects, and, logically, researches
concerning the interaction existing between the CVD precursor and the sub-
strate during the deposition process were intensified. At the same time, in
heterogeneous catalysis, an empirical approach prevailed for many years to
prepare supported transition metal catalysts. The modern surface science
techniques, which appeared around fifteen years ago, allowed to adopt a mo-
lecular approach for the first steps of precursor-anchoring on the support,
useful in both CVD and solid catalytic-materials preparation studies. These
two latter scientific concerns prompted to examine the interfacial reactivity
which exists when a gaseous phase, containing a metallic precursor, comes
into contact with a substrate to produce heterogeneous catalysts [1]. This par-
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ticular step, in which reactive sites of the support play a crucial role, was
identified as decisive in the nucleation of nanoparticles.

Thus, in this section we will present the various reactive sites that can be
found on the surface of the more common substrates, i.e. the surface reactive
functionalities, the surface defects and, in addition, the anchoring sites on the
nanoparticles which can induce autocatalytic effects. Selected examples will
illustrate the major role played by surface chemistry.

2.1
Anchoring Sites on a Surface

The CVD technique presents a great degree of flexibility to deposit on a large
variety of organic, inorganic or metallic substrates. Depending on the nature
of these substrates, various anchoring sites are available on the surface, which
reacts more or less rapidly with the incoming precursor.

2.1.1
Surface Reactive Functionalities

Substrates often consist of oxides whose surface contains hydroxyl groups
with a density that strongly depends upon the nature of the oxide itself and
upon the experimental conditions by which deposition is carried out. Sil-
ica, alumina, silicoaluminates and glasses are among the classical ones, and
different kinds of — OH groups can be encountered on a M, O, surface, i.e. ter-
minal M — OH, geminal M(OH),, bridging M(-OH)M or M3(u3-OH) func-
tionalities. Moreover, hydrogen bonds can exist between different M — OH
groups, especially when physisorbed water is present (See Fig. 1).

Among the various oxides that are used as substrates, alumina [2] and sil-
ica [3] have been extensively studied; however, the structural characterization
of silica is certainly the most complete. Studies carried out on porous cata-
lyst supports showed that the — OH concentration on a M, O, surface can vary

om

Fig.1 Bonding modes generated at an M;0,, oxide surface
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Table1 Concentration of — OH groups on classical oxide supports as a function of tem-
perature

Support [OH] (- OH/nm?)

20°C T (°C)
Si0, 4-6.5 1 (800°C)
ALO; 10-15 3-5 (500 °C)*
TiO, ~10 ~ 0 (800°C)
MgO ~10 1 (800°C)

*value at T (°C)

from 1 to 10 — OH/nm? depending on the material, and these values should
also be representative of flat surfaces or non-porous supports. Depending on
the temperature and pressure, the surface density of the — OH groups can dra-
matically change. Complete dehydroxylation is also possible, for silica this
occurs above 830°C, and a more or less strained Si— O —Si framework is
obtained. Table 1 gives the concentration data for — OH groups on different
substrates depending on the thermal treatment they underwent.

It is worth mentioning that high temperatures can significantly affect the
structure and also modify the acid-base properties of the material. Concern-
ing the M0, oxides, their acidic or basic properties can be due either to
their Bronsted or Lewis character, or sometimes to both of them. For instance,
magnesia is a highly basic support containing both Mg — O — Mg basic Lewis
sites and Bronsted weakly acidic — OH functions. Titania contains both acidic
and basic Bronsted — OH groups, due to its ionic character, and is significantly
less basic than magnesia but more acidic than alumina.

Carbonaceous materials, which can vary from highly oriented pyrolytic
graphite (HOPG) to quasi-amorphous carbons, present different surface
chemical functionalities. On the outer surface of graphene layers, various
acidic and basic groups coexist, such as carboxylic acid, anhydride, lactone,
lactol, or hydroxyl groups that possess a weak acidity, and quinone, cyclic ke-
tone, ether groups, as well as the 7-electrons of the aromatic rings which have
a basic character. Chemical or thermal treatments allow to modify either the
concentration or the nature of these groups. Under an inert atmosphere, it
is possible to reach high temperatures, typically 1000 °C, so as to completely
remove all of these functionalities.
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2.1.2
Surface Defects

If we consider HOPG, a different behaviour should prevail as no functional-
ity is present on the surface, so that the situation can be considered as similar
to the one encountered on metalloid surfaces. In this latter case, a crystallo-
graphic face is present, with no functional surface groups, whereas potentially
reactive sites for anchoring a precursor are defect sites on the surface. Classi-
cal theory does refer to edges, kinks or adatoms, or more precisely, different
kinds of surface atoms, namely planar (which belong to the clean surface it-
self), edge corners, edge adatoms and terrace adatoms, can be distinguished
as shown in Fig. 2. Moreover, with regards to oxide surfaces, oxygen vacancies
are considered as preferential nucleation centres, although recent theoret-
ical studies indicate that depending on the nature of the deposited elements,
such vacancies could inhibit nucleation [4]. Various mechanical and physi-
cal methods can be used to increase the amount of surface sites, and then
to improve the anchoring and nucleation processes. For instance, the nu-
cleation of diamond on a clean undamaged single-crystal (0001) SiC surface
that covers a silicon substrate is difficult to achieve. Nucleation is greatly
enhanced when defects are introduced by a single abrading process with dia-
mond powder [5]. Similarly, on untreated HOPG no deposition was observed
starting from [PtMes(n°— CsH4CH3)] at 180 °C, whereas, on roughly polished
substrates, platinum deposition proceeded instantaneously above 140 °C [6].
Preferential nucleation of platinum particles on defect sites, e.g. steps formed
during HOPG cleavage was reported starting from [PtMe,(COD)] [7].
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Fig.2 Differences in the geometrical sites occupied in the solid-state by surface atoms

213
Autocatalytic Effects

In particular cases, autocatalytic processes take place involving mainly active
surface species or sites generated by the deposition procedure. As a conse-
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quence, the complex kinetic rate law should contain also the concentration of
these active sites arising from the precursor itself. When studying the depo-
sition of palladium on silica from [Pd(7*~ C3Hs)(1°— CsHs)] in the presence
of controlled amounts of hydrogen as the reactive gas, it was demonstrated
by on line MS techniques that an autocatalytic process, which should involve
hydrido-palladium surface species, occurs [8]. With regard to such autocat-
alytic phenomena, we can mention the formation of Si — H surface sites along
the silicon deposition reaction from disilane. The presence of these Si—H
species should be taken into account when studying growth and nucleation
processes [9].

2.2
Influence of Surface Reactive Groups on the Surface Chemistry

There is no general rule for predicting what type of surface chemistry will
be afforded by a given system [precursor/substrate]. Such chemistry is cer-
tainly as rich and complex as coordination chemistry itself: indeed, incoming
molecules can react with many different kinds of surface species. However,
some efforts to rationalize solution surface chemistry have been already un-
dertaken, which are out of the scope of this chapter, but which can be prof-
itably consulted [1].

Only a few studies report on mechanistic investigations into the inti-
mate interactions and reactions that can occur when a gaseous molecule
approaches a given surface. These studies cannot be carried out directly dur-
ing the CVD process itself, and the general approach adopted consists indeed
of observing the grafted precursor and in following its thermal transform-
ation. Representative examples are presented hereafter, which illustrate the
anchoring of metals from gaseous phases onto various supports.

2.2
Interactions between Hexacarbonyl Molybdenum(0) and Alumina

Detailed studies were conducted by infrared, TPD, XPS but also by more so-
phisticated techniques such as CP-MAS solid state NMR or EXAFS, on the
various steps by which molybdenum can be deposited on alumina supports
starting from [Mo(CO)s]. Indeed, thin films of molybdenum or of its oxides
have wide application as gas sensors or solar cell catalysts.

The nature of both the anchored species and of the deposit do strongly
depend upon the concentration of — OH groups on the alumina surface. The
early stage of the interaction between vapours of [Mo(CO)e] and the support
was identified as physisorption when using y-alumina, in which almost all
of the surface aluminium atoms are hydroxylated. Indeed, in this case ph-
ysisorption can be ascribed to the interaction between an oxygen atom of
a surface — OH group and the carbon atom of one CO ligand, which causes



Surface Reactivity of Transition Metal CVD Precursors 153

a small distortion of the octahedral Oh symmetry, as evidenced by infrared
studies [10]. Additionally, interaction between the oxygen atom of one CO
ligand and a surface aluminium atom was proposed on the basis of inelas-
tic electron tunnelling spectroscopy studies [11]. Such an interaction labilizes
one cis-CO ligand to afford a [Mo(CO)s(surf.)] surface species, in which
the sixth ligand is now the oxygen atom of an — OH group of the surface.
Further room-temperature decarbonylation of this complex slowly provides
ill-defined Mo(CO), surface species, which can be more rapidly produced
under reduced pressure. Heating at 100 °C affords relatively stable Mo(CO)3
fragments [11]. At 200 °C complete decarbonylation occurs, and EPR spec-
tra are mainly consistent with MoV deposits [12]; TPD experiments show
that such an oxidation process is accompanied by a stoichiometric release of
H, from the hydroxyl protons [13]. Interestingly, under UHV, [Mo(CO)¢] is
adsorbed on planar hydroxylated alumina films at - 193 °C, and is almost
completely desorbed at - 73 °C, with only 2% of a monolayer reacting with
the surface [14]. The decarbonylation of the adsorbed hexacarbonyl complex
occurs in the - 193 to - 98 °C range, and adsorbed Mo(CO)5 and Mo(CO)3
species were identified. From infrared and XPS analyses, adsorbed bidentate
oxalato and MoV 0,(CO), species were proposed when heating up to 68 °C.
MoV species remain stable up to 177 °C, whereas decarbonylation of the ox-
alato group occurs at 27 °C to afford a carbonato surface species. The latter
species loses a CO group above 287 °C, and molybdenum carbide is formed.
The extent of decarbonylation and oxalate coverage is decreased by 50% on
partially dehydroxylated (50%) alumina films [14].

A partially dehydroxylated support, prepared by heating under vacuum
in the 300-500 °C temperature range, adsorbs [Mo(CO)¢] at room tempera-
ture. Rapid evolution occurs towards chemisorbed [Mo(CO)s], a CO ligand
of which interacts with two types of Lewis acidic sites produced during the
dehydroxylation process. Mo(CO)s species are then slowly formed, for which
a further weak interaction between a CO ligand and an AI** surface ion is
proposed [10,15]. To obtain the Mo(CO)3 anchored species, it is necessary
to heat at 100 °C under dynamic conditions. The Mo(CO); fragment, stable
up to 200 °C, is bonded to three oxygen atoms of the support and interacts
with an AI** surface atom through an oxygen of a carbonyl ligand (see Fig. 3).
At higher temperatures, TPD measurements point to a redox process, which
depends on the — OH concentration, between the metal centre and the hy-
droxyl surface groups, thus producing H,, CO, some CO, and CHy [16, 17]. At
400 °C, XPS analyses have shown that molybdenum is present as Mo’, Mo!!
and Mo! [18].

Finally, highly dehydroxylated alumina were prepared by heating at
800 °C under vacuum and their interaction with [Mo(CO)s] followed by in-
frared [19]. At room temperature, the hexacarbonyl molybdenum complex
is physisorbed and the interaction of one oxygen atom of a CO ligand with
defective aluminium sites (tetrahedral and octahedral sites were identified)
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Fig.3 Surface-reactivity of the molybdenum hexacarbonyl complex as a function of the
area density of — OH groups on an alumina surface

causes an axial deformation that leads to a C4y symmetry to [Mo(CO)s]. Still
at room temperature, prolonged out gassing affords some desorption and
the loss of one CO ligand thus giving a five-coordinate [Mo(CO)s] species
in a trigonal-bipyramidal environment, which is bounded to the surface
through an oxygen-aluminium strong interaction. Further heating between
300-500 °C, under vacuum, results in the loss of the remaining CO ligands
and in the production of molybdenum(0) surface particles. The absence of
hydroxyl groups on the surface prevents the metal from oxidation.

DFT calculations were performed on the interaction of [Mo(CO)g] with
acidic and basic surface sites of alumina, by using tetrahedral and octahedral
clusters as a model [20]. Two kinds of interactions were detected: a weak one
between an AI’* acidic Lewis site and the oxygen atom of a CO ligand, and
a true chemical bond between the oxygen atom of an AIO™ basic site and the
metal centre.

Figure 3 summarizes the influence of the — OH concentration on the nature
of the anchored species and of the final deposit. However, these phenom-
ena which have been fully understood for alumina cannot find a satisfactory
general explanation for other oxides and for zeolites. Indeed, for silica the ab-
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sence of strong acidic Lewis sites could explain the poor stabilization of both
[Mo(CO)¢] and subcarbonyl species, resulting mainly in physisorption, and
the lower temperature at which total decarbonylation occurs, if compared to
the behaviour of alumina. A molybdenum oxide is usually obtained [21, 22].
Stronger interactions have been observed when [Mo(CO)¢] reacts with pre-
existing Mo/SiO, deposits, probably because of an autocatalytic process oc-
curring on cationic molybdenum surface sites [22,23]. On the other hand,
titania and magnesia show a slightly different behaviour [24, 25]. As regard
zeolites, the chemistry is somewhat different owing to the occurrence of in-
teractions between [Mo(CO)g] and different sites, such as extra framework
cations or oxygen atoms in zeolites; confinement effects should also be taken
into account [26].

Whereas the surface interaction between [Mo(CO)¢] and oxide supports
were extensively studied and reactivity features generally well described, in
depth characterization of the final deposit was often neglected in the spectro-
scopic studies. On the other hand, many CVD studies carried out with zerova-
lent carbonyl precursors revealed that incorporation of significant amounts of
carbon and oxygen takes place. Additional studies are thus needed to corre-
late the influence of the state of the surface of the substrate to the chemical
purity of the deposited ultra-thin films or nanoparticles. Probably, and as
shown in other cases, the addition of a reactive gas in the system could also
improve the quality of the films.

2.2.2
Rhodium Particles on Al,O3 or TiO; from [Rh;(14-Cl),(CO)4]

Many sophisticated spectroscopic investigations concerning the physisorp-
tion and chemisorption of [Rh;(u-Cl),(CO)4] on alumina evidenced the
presence of Rh!(CO), surface species. Although no Rh — Cl vibration could
be detected, microanalyses and AES (Auger Electron Spectroscopy) data are
consistent with the presence on the support of all the chlorine atoms. How-
ever, the hydroxylation degree of alumina should also be taken into account.
For fully hydroxylated alumina, some surface — OH groups could react with
the precursor via oxidative addition affording (CO),Rh™(H)(Cl)(O-alumina)
species, which would lose HCI to give Rh! grafted species in agreement
with the absence of vgpc vibrations [27]. Chemical analyses performed on
partially dehydroxylated alumina (400 °C, 1 h in vacuum), on which [Rh, (u-
Cl),(CO)4] was reacted at room temperature and 10~ Torr, showed a Rh/Cl
ratio equal to 1/1 [28]. Finally, hydroxyl free Al;O3 supports still react with
the rhodium precursor: at - 165 °C, multi layer adsorption occurs and at
- 42 °C outer layers undergo desorption [29]. Further heating starting at 0 °C
up to 300 °C results in CO evolution (TPD measurements); AES data indi-
cated about three chlorine atoms per rhodium atom on the surface, and XPS
measurements revealed zerovalent rhodium. Complete chlorine removal can
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be achieved provided that heating cycles between - 165 °C and 350 °C are run
under reduced partial pressure of water. The resulting mean particle size is
centred at 12 nm. From these studies it becomes clear that chlorine is diffi-
cult to remove and is indeed adsorbed directly on the support. For our part,
we observed that the introduction of a low dihydrogen partial pressure in the
carrier gas during the CVD experiment allows us to efficiently eliminate most
of the chlorine at temperatures as low as 120 °C [30].

More detailed studies carried out on the deposition of [Rh;(u-Cl)2(CO)4]
on TiO; (110) surfaces, confirmed the observations reported above and gave
a deeper insight into the nature of adsorbates [31-41]. At 27 °C, two different
rhodium(I) geminal dicarbonyl species, formed by dissociative chemisorp-
tion of the precursor, were identified by infrared and X-ray absorption spec-
troscopy. One of them retains chlorine atoms thus giving a site 1a in which
a surface-oxygen atom coordinates rhodium; EXAFS data are consistent with
such a formula (Fig. 4). The other one, namely 1b, results from the oxidative
addition of a surface — OH group and shows a o Rh — Og,¢ bond, chlorine be-
ing adsorbed on the support. The absence of long-range order in Rh(CO);
over layers could indicate the presence of square planar or tetrahedral iso-
lated species. Additionally, it was recently evidenced by scanning tunnelling
microscopy that the Rh!(CO), gem-dicarbonyl adlayers coexist with discrete
particles that are located preferentially at step edges on the support [38, 39].
The formation of such rhodium particles at room temperature is quite unex-
pected. The particle size increases with the amounts of precursor adsorbed
until saturation coverage is reached: then a mean particle height of 5 A was
measured, the mean diameter being centred at about 35 A [38, 39]. At 227 °C,
Rh!(CO), species decomposes to produce additional small metallic particles.

co
OC\ /CO |
270C RH oOC—Rh—aCl
[Rh(p-Cl)(CO)z]; ——— A\ Clyg + Rh" nanoparticles
TiO; (110)  \Y ? TYOTY AARYAN
la 1b
227- 527°f/ W
Rh’ particles Clags Rh(H)(CO),4s Clogs
\ W\
i 152°C
Rh® nanoparticles Cads Clygs

Fig.4 Mechanistic considerations on the deposition of [Rh;(x-Cl)2(CO)4] on a TiO, sur-
face(110)
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Chlorine remains on the surface even upon heating till 527 °C, a temperature
at which large rhodium particles are formed. Moreover, dihydrogen reacts
with Rh(CO),/TiO; at 27 °C to form a monocarbonyl intermediate species,
presumably Rh(H)(CO) and to remove partially chlorine from the surface.
Further heating at 152 °C under H; leads to incomplete CO removal, as evi-
denced by some graphitic carbon and rhodium carbide, both detected on the
surface.

The above studies concerning rhodium deposition provide evidences of
the crucial importance of surface chemistry on the final quality of the deposit.
Purity can be controlled by addition of reactive components that assist the
expected loss of ligands, which otherwise would leave contaminants such as
halides, carbides or oxides on the deposits.

223
Deposition of Platinum on HOPG: Autocatalytic Effects

The deposition of platinum from the complex [PtMe;(COD)] presents sev-
eral relevant features. Whereas on silica substrates deposits can be obtained at
110 °C in the presence of dihydrogen affording, thus, pure metallic platinum
aggregates, on HOPG no deposition occurs under the same conditions [42].
To obtain a platinum deposit on this particular carbonaceous substrate, the
temperature of deposition was increased [6]: then a platinum decoration
was obtained at 180 °C, the defect sites on HOPG created during its cleav-
age acting to nucleate and organize the deposition of platinum aggregates.
Alternatively, some functionalities on the surface, such as carboxylic acid
groups, were introduced by classical treatments [42]. In this case, deposi-
tion occurs at 110 °C, firstly on the defects, then on the whole substrate (see
Fig. 5) [43]. Consequently, substrate activation occurs preferentially on ac-

Fig.5 Atomic Force Microscopy (AFM) picture of platinum deposition (CVD) on acti-
vated HOPG
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H
[(cod)PtMe,] _3h cyclooctane + Pt’ + 2CH,

Pt black '

Scheme 1 Autocatalytic decomposition reaction of [PtMe;(COD)] in the presence of dihy-
drogen

tive sites. This induces the possibility to produce metallic wires by CVD after
a pre-treatment of the substrate, for instance by nanolithography. Substrate
patterning can hence be used for specific applications such as the preparation
of model catalysts or the catalytic growth of carbon nanotubes.

Autocatalytic decomposition of [PtMe;(COD)] on platinum black, under
dihydrogen has already been pointed out in liquid solution [44]. Indeed, the
platinum atoms present in the starting complex are incorporated into the sur-
face of the solid platinum catalyst, thus becoming the reactive sites for further
cycles of chemisorption and reaction (Scheme 1).

Addition of a small amount of Hg® immediately quenches this heteroge-
neous process. A similar phenomenon was observed during the deposition of
[(17°— CsHs)PtMe3] or [(°— CsH4Me)PtMes] under a dihydrogen atmosphere
on various substrates by OMCVD [45, 46]. In particular, an induction period
was evidenced, consistent with the time required to build up enough catalytic
platinum to cause rapid acceleration of the deposition rate. The important
question about the nature of the adsorbed platinum that catalyses this rapid
hydrogenation of the precursor molecules was raised [46]: do these first plat-
inum atoms consist of isolated atoms anchored onto the surface (single site
catalysis), or do they consist of clusters or even nanoparticles? At the present
time this question remains unanswered.

Similarly, palladium hydride surface species would be involved in the auto-
catalytic decomposition of [Pd(*— C3Hs)(1°— CsHs)], since products arising
from the hydrogenation of the allyl and cyclopentadienyl ligands are still
detected in the gas-phase after hydrogen has been cut off in the OMCVD
process [8]. However, an indirect autocatalysis process cannot be excluded,
since dihydrogen can be activated by the metal on the surface and, due to
spill over, migrates onto glassy substrates. In other experiments, these cata-
lytic effects were advantageously used to produce highly dispersed bimetal-
lic nanoparticles [47]. Indeed, palladium was selectively deposited under
dihydrogen from [Pd(n*~ C3H;5) (x>~ 0,C5HFs)] on pre-deposited platinum
particles. However, this technique cannot be generalized since, attempts at
depositing platinum onto palladium particles did not show any selectivity
of deposition [47]. Finally, it is worth noting that formation of thin films by
catalyst-enhanced CVD was also reported: it is based on the high catalytic ac-
tivity of some metals that are co-deposited in order to enhance the CVD of
other materials [48, 49].



Surface Reactivity of Transition Metal CVD Precursors 159

3
Influence of Gas-Phase Properties on the Nucleation Step

Interest in the crucial processes of nucleation and the growth of solids from
fluid phases has a long and multidisciplinary history [50-53]. This research
topic involves chemistry, chemical physics, material science, chemical en-
gineering and physics, and, as a consequence, both theoretical and experi-
mental studies were carried out by specialists in these fields. Thus, the fol-
lowing discussion does not pretend to be an exhaustive literature coverage
of what is known about nucleation and growth, but rather, through recent
articles, tries to review contributions especially relevant to controlled chem-
ical vapour deposition of nanoparticles, always from a multidisciplinary point
of view.

3.1
Nucleation and Growth: The Supersaturation Parameter

In CVD processes, due to the simultaneous presence of gaseous and solid
phases, models should consider heterogeneous nucleation (defined as nucle-
ation at an interface) rather than homogeneous nucleation (defined as nucle-
ation in an indefinite point of a fluid matrix). Nevertheless, the complexity of
the factors involved in heterogeneous nucleation leads us to first examine the
more simple homogeneous nucleation.

3.11
Homogeneous Nucleation

Any nucleation process can be treated as a statistical process. A gaseous or
liquid fluid phase, through random processes such as collisions or concen-
tration variations, can produce condensed liquid or solid germs, which ei-
ther grow or shrink. Nucleation is effective when a germ reaches a size large
enough (critical size) that it then continues to grow rather than shrink. As
previously explained by Moody and Attard [54], from a thermodynamic point
of view, when the pressure of a vapour phase is increased beyond the liquid-
vapour coexistence value, a state of supersaturation of the vapour phase is
attained. Yet, when this supersaturation state is reached, nucleation of germs
does not spontaneously occur. To yield germs of critical size an energy bar-
rier must be overcome, which arises from the formation of a new interface
between the two phases.

The classical theory [50, 52, 53, 55] expresses the change in free enthalpy
(Ap) resulting from the nucleation phenomena: Equation 1 has a positive
contribution from the interface free energy (ySg, which takes into account
the generation and stabilization of an interface), and a negative contribution
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from the free enthalpy variation A, due to the change from a monomeric
state (1) to the condensed state of the germ (2).

Apu=ySg+ A2 =ySg+ N(uz - 1) (1)

In Eq. 1, y is the free interfacial enthalpy per surface unit, Sq is the total sur-
face of the interface, N is the number of monomeric entities changing from
the solution state (1) to the condensed state (2); u; and u, are the chem-
ical potentials of the monomeric species in the initial fluid phase and in the
condensed phase that is constituted thereafter.

The change in free enthalpy Au can also be expressed as a function of r,
the radius of the germ (Eq. 2) [56].

Ap=Ar* + BrPApg (2)

in which Apg = (uz - n1), Aand B are constant values (A = y4m; B =
4mon/3M) [56].

As shown in Fig. 6, the value for A as a function of r increases to a max-
imum Apc and then decreases. Apc expresses the energy barrier to over-
come to reach the critical size germ rc. The critical germ is unstable, and
of among all the aggregates formed the critical germ has the lowest proba-
bility of existence, because its formation corresponds to a maximum of free
enthalpy. However, if the energy barrier Apuc is overcome, the nucleation of
a stable germ is favoured by the decrease of free enthalpy. The smallest stable
particle has a radius rs.

Ao IS(Stable germ)
0 ©
(Gitical germ size)

Au

Fig.6 Free enthalpy variation of gem formation (Au) as a function of the radius of the
germ ()
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The derivation of Eq. 2 at (A puc, rc) gives Eq. 3, from which rcand Apc can
be found:

0=2Arc+ 3BA,u0rc2 ,
thus
rc(2A + 3BApgre) =0, (3)

thus, rc = - 2A/3BApg == D/ Ao, and Ape = E/Apd (with D and E constant
values).

Finally, the term Apo can be expressed as a function of the molar frac-
tions C and Cy, (i.e. concentration, or activity, or partial pressure, depending
on the system), the concentrations near the growing surface, and around an
infinite planar surface of the solid formed, respectively. The supersaturation
parameter S is generally defined as the ratio C/Cw, thus:

Ao =kTlog(Cx) - kT log(C) =- kT log(S), (4)
and consequently

rc=- D/kT log(S) (5)

Auc=E/K*T? logz(S), (6)

in which T is the temperature, k is the Boltzmann constant, D and E are con-
stant values.

Equations 5 and 6 show that both the free enthalpy of critical germ forma-
tion and its critical size are a function of the supersaturation parameter: the
highest value for S, the lowest values for rc and A .

From a kinetic point of view, the homogeneous nucleation rate (Nr) [57]
and the growth rate (Gr) [58] can be expressed as a function of the supersat-
uration ratio:

Nr = S.F;n exp(F/k3 T3 log2 S) (7)
Gr=GCx(S-1), (8)

in which S. is the surface of the critical germ, F; is the rate of fixation of
the dissolved monomer entities per surface unit of the germ, F is a constant
including the volume of the critical germ and the interfacial enthalpy per
surface unit, and G is a constant depending on the kind of growing process.
Equation 7 shows the exponential variation of the homogeneous nucle-
ation rate with an increasing supersaturation ratio. Equation 8, coming from
the model of Strickland-Constable [59], establishes that a linear relation exists
between growth rate and supersaturation ratio. The direct comparison of Nr
and Gr is difficult because of their different units. However, Fig. 7, although
only schematic, shows the variation of these two rates versus S, predicting
that for a certain value of S the nucleation rate will become preponderant on
the growth rate. Moreover, it also shows, that, in the case of preponderance
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Fig.7 Variation of the growth and nucleation rates (Gr and Nr, respectively) as a function
of the supersaturation ratio (S)

of the growth rate, the difference between growth rate and nucleation rate
decreases with increasing supersaturation ratios.

Both these succinct theoretical models, derived from both a thermody-
namic and kinetic perspective, underline the role of the supersaturation ratio
during nucleation and growth steps. They strongly indicate that control of
this supersaturation parameter will improve the processes by which chemical
vapour deposition occurs.

Surprisingly, only a few experimental studies report on CVD of organo-
metallic precursors and focus on the ways to master the vapour pressures
so as to yield morphologically controlled nanoparticles. An experimental at-
tempt to reveal the role of supersaturation in organometallic precursor CVD
was reported using [PtMe,(COD)] [57,60]. This precursor was used to de-
posit Pt on a high surface area silica in a classical hot-wall CVD reactor,
incorporating a fluidized bed. Supersaturation was increased by increasing
the vapour pressure of the platinum complex on raising its sublimation tem-
perature. Platinum was deposited at two sublimation temperatures of the
precursor, 29 and 95 °C, all other parameters being equal (deposition tem-
perature 110 °C, total pressure 45 Torr, precursor mass > 1 g). Table 2 sum-
marizes the operating conditions and results. It appears that increasing about
25-fold the vapour pressure of the precursor leads to the formation of plat-
inum particles typically 15 times smaller. These observations, illustrated by
TEM micrographs [57, 60], are consistent with the previous models and pro-
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Table2 Operating conditions and mean particle size of platinum deposition obtained on
a silica support

Sublimation Deposition Vapour pressure Average particle size
T (°C) T (°C) (mTorr) (nm)

Run 1 29 110 3.7 50-70

Run 2 95 110 93.3 2-6

vide a significant experimental confirmation of the major role of precursor
supersaturation in CVD of organometallic compounds. The importance of
this parameter to produce nanoparticles ought to be more often taken into
consideration, as underlined early on by the work of Roginskij [61]. However,
this parameter is not the easiest to tune. For instance, in liquid phase solu-
tions high levels of supersaturation are reached only for very short times and
limited volumes due to the consumption of the involved species. As regard
CVD, the direct consequences concern the required conditions to reach the
partial vapour pressure of the precursor, and the excess amount of precursor
needed to maintain the desired partial pressure.

3.1.2
Heterogeneous Nucleation

In the case of heterogeneous nucleation, which directly concerns growth and
nucleation in CVD processes, the elaboration of any model is mathematically
more complex [62]. One way to simplify it is to consider heterogeneous nu-
cleation on homogeneous surfaces [63]. However, as reported in Section 1
above, in most cases, heterogeneous mechanisms occurring during CVD do
only take place on surfaces that present specific sites: these structural defects,
or chemical sites, increase the probability of incipient nucleation. Figure 8 af-
fords a schematic view enabling comparison between homogeneous and het-
erogeneous nucleation rates as a function of the supersaturation ratio [52, 55].

In the case of heterogeneous processes, nucleation is expected to start only
when the supersaturation ratio reaches the limit value St, which is signifi-
cantly lower than the limit value Ss anticipated for homogeneous nucleation.
This St value mainly depends on the nature and on the number of surface de-
fects. Figure 7 also shows that at the higher value of supersaturation S;, the
exponential equation of the homogeneous nucleation makes the rate of this
phenomenon become predominant. This excessively simplified model does
not take into consideration the order relationship existing between the germ
and the substrate (as epitaxial growth for instance), nevertheless it confirms,
for heterogeneous nucleation as well, the importance of the supersaturation
parameter.
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Fig.8 Schematic view of the variation of the homogeneous and heterogeneous nucleation
rate (NTheterogeneous anid N, respectively) as a function of the supersaturation ratio (S)

3.1.3
Progress in a Theoretical Approach to the Homogeneous Nucleation Phenomena

The mechanisms of droplet (or liquid germs) formation from a supersatu-
rated vapour phase is still the subject of many investigations. After giving
a brief account of the classical theory [64], which, as shown above, provides
a simple method for estimating the energy barrier to overcome before effect-
ive nucleation is started, and permits the estimation of the critical cluster size,
a complementary approach will be presented.

Lothe and Pound underlined the fact that classical theory makes several
more or less questionable assumptions [51]: (i) In the relationship used to
describe the free energy of formation of the critical nucleus, macroscopic
thermodynamic properties are assigned to the critical nuclei that could be in-
correct for small clusters of the order of 100 unities; (ii) contributions of a
quantum statistical nature to the free energy of formation of the critical nu-
clei have been neglected. The authors admit the limits of the first assumption
but discuss the several quantum terms which are to be added: some energy
terms are in fact negligible, but the translational and rotational energies of
the droplet, as it moves through the system are significant for the estimation
of the energy of formation of the critical nuclei [51]. This mobility factor is
worth mentioning because nucleation might then also depend on the tem-
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perature of the substrate; this topic is not developed in the present review but
details are available in [62].

More recently, Pound and co-workers compared both the classical theory
and their own modified proposal to the exact results obtained by a Monte-
Carlo simulation study of small clusters [65]: thermodynamic functions for
such clusters (size from 13 to 87 entities) were calculated, showing a better
agreement between the Monte-Carlo calculations and the authors’ theory.

Other computer simulations were made to test the classical theory. Re-
cently, Ford and Vehkamiki, through a Monte-Carlo simulation, have iden-
tified the critical clusters (clusters of such a size that growth and decay
probabilities become equal) [66]. The size and internal energy of the critical
cluster, for different values of temperature and chemical potential, were used,
together with nucleation theorems [66,67], to predict the behaviour of the
nucleation rate as a function of these parameters. The plots for (i) the critical
size as a function of chemical potential, (ii) the nucleation rate as a function
of chemical potential and (iii) the nucleation rate as a function of tempera-
ture, suitably fit the predictions of classical theory [66].

Moody and Attard developed an approximate semi-analytic theory to de-
scribe the homogeneous nucleation of droplets from a supersaturated vapour,
which rigorously includes translation and surface tension contributions [54].
They showed that the classical theory for the free energy of droplet formation
could be obtained from to their proposal by introducing additional approx-
imations such as nucleation from an ideal gas or an incompressible liquid
phase. Their work takes into account various cases of infinite- and finite-sized
systems: as for the case of an infinite gas reservoir (constant supersaturation
value), they found that when the supersaturation ratio increases, the critical
radius and the energy barrier to droplet formation decrease. They also in-
dicated that at lower temperatures the classical theory provides an excellent
estimate of the critical radius r.. However, when the temperature increases,
the predictions of the classical expression increasingly underestimate r.. At
all of the studied temperatures, the classical theory underestimates the height
of the barrier to nucleation, with a rather significant error at low tempera-
tures. Finally, and in contrast to the Lothe and Pound reports, in this case, the
value of the critical radius was unchanged when including the translational
contributions.

Many other efforts were made to test the validity of the nucleation theo-
ries using computer simulations [68, 69], and droplet formation was studied
utilizing mean-field theory or density functional analysis [70-72].

Katz described the homogeneous nucleation of a supersaturated vapour
using J(i), the net rate at which clusters of size i grow to size i + 1 [63]. In this
kinetic equation, J(i) is the difference between the rate at which clusters of
size i add an additional monomer, and the rate at which clusters of size i + 1
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lose a monomer:
J(@) =f()n(@) - b(i + )n(i + 1) (9)

f(i) represents the forward rate, the rate of addition of unities to a cluster,
b(i + 1) is the backward rate, the rate of loss of unities from a cluster, and
n(i) is the concentration of clusters of size i. J(i) is a function not only of
temperature, pressure and cluster size but possibly also of time. The author
then discussed and compared his experiment, the so-called Kelvin solution,
to two other forms of the classical theory. The Kelvin approach provides the
best predictions about experimental results; the internally consistent modi-
fied classical theory readily gives reasonable estimations [63]. Finally, the
general solution obtained for the nucleation rate can be used for complex
nucleation systems, where clusters can grow and decay through more than
a single mechanism. Consequently, Katz’s theory enables treatment of the
condensation process that occurs as a result of a chemical reaction, which is
the case for CVD.

A recent note from McClurg concerns mechanisms of metal droplet nucle-
ation from supersaturated vapour [73]. The author believes that, as metals
that exhibit packing of atoms in concentric layers and/or quantum con-
finement of valence electrons lead to the formation of metal clusters of a
particular size which are anomalously stable (magic-numbered clusters [74]),
the classical nucleation mechanism that assumes cluster building via a “one
monomer at a time” route can be affected. According to this author, the
probability of collisions between magic-numbered clusters is not negligible
compared with the frequency of the succession of monomer-cluster colli-
sions required to produce a cluster of a size equivalent to the one obtained
from cluster-cluster collisions. Thus, the author briefly develops the govern-
ing equation for nucleation by cluster aggregation [73].

3.14
Experimental Advances Resulting from Studies of Nucleation
and Supersaturation Phenomena

As stated above, and also by other authors [75], experimental reports on nu-
cleation and crystal growth mostly concern liquid solutions. However, for the
technologically important chemical vapour deposition processes (deposition
of silicon, GaAs, diamond films or YBaCuO ceramics, for instance), studies
concerning partial pressure and supersaturation influence are available [75-
83]. Although a detailed analysis of these reports (which often do not employ
organometallic precursors stricto sensu) is out of the scope of this chapter, it
is, however, worth mentioning some representative articles which are useful
to the reader: (i) An early survey by Hirth and Moazed concerning nucleation
processes in thin film formation deals with heterogeneous nucleation theory
and experimental verification through supersaturation measurements [62];
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(ii) a review by Blocher, including the effects of temperature and effective su-
persaturation on the structure of chemical vapour deposited silicon, pyrolytic
carbon and tungsten, is available [76]; (iii) boron and boron carbide deposi-
tion under various conditions of temperature and supersaturation has been
studied [77, 78], and a linear relationship between deposition rate and super-
saturation was established over a wide range of experimental conditions [78];
(iv) Si-C-based films were prepared, in studies focused on changes of the de-
position pressures and temperatures related to supersaturation [79, 80]; (v)
arather low supersaturation ratio of the surface species was found in the
selective growth of particles studied by Ida et al. for the low-temperature
CVD of InGaAs using a technical device with a high-speed rotating suscep-
tor [81]; (vi) in the deposition of superconducting YBaCuO thin films, the
changes in surface morphology were correlated to the changes in substrate
temperature and hence to the changes in the calculated supersaturation ratio:
a quasi-liquid layer was proposed to be present on the growing surface of
the films [82]; (vii) aluminium films with controlled smooth surface morph-
ology, selectively deposited on silicon substrates, were grown using a specific
double-wall temperature device (different temperatures for each face of the
substrate), when the supersaturation ratio was increased two fold the sur-
face density of the nuclei increased ten fold and, according to the author, the
smooth films were then formed by the coalescence of these small nuclei [83].

From a technological point of view, in chemical engineering science, the way
to provide numerical data on nucleation process deposition has been looked at
for many years now. The relative supersaturation ratio, as defined in Sect. 3.1.1
(molar fraction of the precursor near the growing surface), can be estimated via
measurements of physical properties that depend on molar fraction. A short
overview of some of the mainly used supersaturation measurement methods is
given in Table 3 [84, 85]. A lot of different measurands for determining super-
saturation are available, all of them using properties that have a dependence on
concentration. These methods have been described in the literature. The ex-
isting measurement methods are mainly concentration measurements which
are applicable to pure systems [84]. The influence of impurities, foreign par-
ticles, or ions in the metastable zone, and on the kinetics of nucleation and
crystal growth cannot be measured by most of the described methods. Indeed,
measuring supersaturation by studying physical properties in the presence
of a non-critical amount of impurities or other disturbances still results in
the same value as before, whereas it has been shown that these defects can
strongly influence the kinetics of nucleation and growth. Loffelmann and Mers-
mann have developed a supersaturation sensor with the aim to discriminate
the actual crystallization process itself in the measurement method [84]. The
interesting idea is that generating an additional supersaturation on the surface
of the sensor allows us to observe the time-development of the formation of
solid matter and, to detect the incorporation of the first clusters. Experimen-
tal tests were carried out for inorganic and organic crystallizing solutes, thus
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Table 3 Supersaturation measurement methods in liquid solution

Measurement Measurement method Measurand

technique

Chemistry Titration, indicators Concentration

Acoustics Ultrasonic Sonic speed

Conductometry Inductive measurements, Electrolytic conductivity
Kohlrausch-cell

Gravimetry Densimeter Density

Optics Refractometry, interferometry, Refraction index,

Particle analysis
Physics

turbidimetry, polarimetry

Particle analyser
Viscometer,
quartz-crystal oscillator

interference, turbidity,
rotation of polarization plane
Size distribution

Viscosity

Potentiometry Ionspecific electrodes, Ionic conductivity
ionspecific membranes

Radiometry Nuclear radiation Absorption

Spectroscopy Spectrophotometry, Absorption

infrared spectroscopy

proving that the new sensor is operating. Such progress for the liquid solution
mightalso be adapted for vapour deposition, and illustrates well the continuous
technological efforts to improve nucleation data acquisition.

4
Conclusion

In the current research, projects aimed to build nano-objects on surfaces by
chemical vapour deposition, for this, classical substrates are most of the time
employed. Only a few of these substrates have been extensively studied, and
a good knowledge of their surface state has been gained. However, for most
of them, studies of surface reactivity towards an incoming organometallic re-
actant still require in-depth knowledge of the anchoring sites. On the other
hand, a second crucial parameter to take into account is related to the reactive
precursor species: indeed, the experimental and theoretical studies reported,
to date, have shown that maintaining a high supersaturation level of the pre-
cursor in the gas phase is a required condition to achieve a better control of
the nucleation step regarding growth of the materials.

Finally, the molecular approach, which has been adopted for many years by
research groups in heterogeneous catalysis, appears to be a powerful concept
to tackle the CVD preparation of nanostructures.
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Abstract Several synthetic methods for the preparation of semiconductor nanoparticles
have been reported. Colloidal and organometallic routes have probably been identified
as the two major methods in use. The latter involves the thermolysis of organometallic
or metal organic precursors in a high boiling solvent. Mostly this solvent is also a cap-
ping agent for the nanoparticles. This review will deal with these types of precursors,
either single source or dual source, used for the synthesis of nanoparticles. Synthetic
routes to prepare the precursors, their characteristics and the methods used to synthesize
compound semiconductor and metal nanoparticles will be discussed. Some important
characteristics of nanoparticles will also be highlighted.
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1
Nanoparticles

1.1
Introduction

Nanoparticles have been recognized as suitable systems for studying the
transition from the molecular to the macrocrystalline level and have been ex-
tensively studied in recent years. These particles have dimensions in the range
of 1-20 nm. Current interest in these materials can be traced to the work by
Luis Brus in the mid-1980s in which he pointed out that the band gap of a sim-
ple direct-band-gap semiconductor such as CdS should be dependent on its
size once its dimensions were smaller than the Bohr radius [1]. The opti-
cal spectra of many nanocrystalline semiconductors show a blue shift in the
absorption edge as the particle size decreases. The charge carriers in these
nanoparticles are confined in three dimensions and, as the dimensions of the
nanoparticle become comparable to the excitonic radius, quantum size effects
occur. The electron-hole pair are so close together that the Coulomb inter-
action between the electron and hole cannot be neglected and they assume
a state of higher kinetic energy than in a bulk solid. The effect causes the con-
tinuous band of the solid to split into discrete, quantized, levels and the “band
gap” to increase. The shifts in the absorption edge for II-VI semiconductors
such, as CdSe and CdS can be a large fraction of the bulk band gap and for
CdSe can result in tuning across a major portion of the visible spectrum. For
example the band gap in CdSe can be tuned from 1.7 eV (deep red) to 2.4 eV
(green) by reducing the particle size diameter from 200 to 20 A [2].

Interest in research into new synthetic routes for semiconductor nanocrys-
tallites has now increased as devices based upon such materials have been
fabricated [3-5]. Theoretical models predicting the optical properties of
semiconductors nanoparticles are available [6-10] but the properties of
nanoparticles obtained by any new synthetic procedure are hard to anticipate.
High purity, monodispersity and the ability to control the surface derivatiza-
tion are the requirements for this system.

Several synthetic methods for the preparation of semiconductor nanopar-
ticles have been reported. Colloidal and organometallic routes have prob-
ably been identified as the two major methods in use [11-16], although
nanodimensional particles have been also synthesized in confined ma-
trices such as zeolites [17], layered solids [18], molecular sieves [19,20],
vesicles/micelles [21, 22], gels [23,24], and polymers [25]. An ideal synthetic
route should produce nanoparticles which are pure, crystalline, reasonably
monodisperse and have a surface which is independently derivatized.
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2
Overview of the Synthetic Methods

Before we go through the organometallic or metal organic route to the syn-
thesis of nanoparticles, a brief description of other synthetic methods is given
below.

2.1
Precipitative Methods

This method was used by Brus and co-workers in studies on CdS and ZnS [26,
27], which have lead to an explosion in interest in solid samples of semi-
conductors that show quantum confinement effects. Henglein and Weller
made significant progress [28-30] using CdS colloids prepared by controlled
precipitation methods [31-36]. Weller et al. synthesized nanocrystallites of
Zn3P, and Cd3P;, by the injection of phosphine (PH3) into solutions con-
taining metal salts [32, 37]; control of particle size was achieved by varying
the phosphine concentration and the temperature of the reaction. Samples of
both Zn3P,and CdsP, showed remarkable quantum size effects, as observed
by changes in the color of the products. Solution methods provide a cheap
route to many nanoparticle materials. However, a lack of reaction control
can be problematic when larger-scale preparations are necessary. Also, sev-
eral important semiconductors are not easily obtained by this preparative
method, with some being air and/or moisture sensitive, e.g. GaAs and InSb.

2.2
Hydrothermal and Solvothermal Methods

An alternative approach to the use of high-temperature solvents, which can
be both toxic and expensive, is to use more usual solvents conventionally
limited by their rather low boiling points. However solvents can be used well
above their boiling if heated in a sealed vessel (an autoclave or “bomb”)
the autogenous pressure then far exceeds the ambient pressure, raising the
boiling point of the solvent. Such solvothermal reaction conditions are exten-
sively used in the preparation of inorganic solids, especially zeolites [38]. Re-
cently, microwave-solvothermal reactions and flow-solvothermal reactions
have been reported. These methods may be of particular interest in devising
scalable synthesis of nanoparticulates. Komarneni et al. [39] have prepared
a number of oxide nanoparticles including 5-20-nm MnFe;04, CoFe;04,
NiFe;04 and ZnFe,;0y4 ferrite particles, usually by the reaction of metal ni-
trates in suitable ammoniacal solution.
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3
Gas-Phase Synthesis of Semiconductor Nanoparticles

Most gas-phase syntheses of semiconductor nanoparticles involve atmo-
spheric or low-pressure evaporation of either powders or the preformed
semiconductor, or the co-evaporation of the two elemental components, for
example from zinc metal and sulfur [40]. However, the use of these techniques
usually results in deposits of particles with larger size distributions, in some
cases ranging from 10 to 200 nm. Sercel et al. have reported the synthesis
of GaAs nanoparticles by using the organometallic precursor trimethylgal-
lium, GaMes, which on mixing in a furnace flow reactor with arsine gas,
AsH3, gives crystalline GaAs particles [41]. These approaches suffer from the
problem of particle aggregation due to the absence of a surface-passivating
(capping) agent. The only report of gas-phase semiconductor nanoparticle
synthesis using a capping agent was by Salata et al., who produced PbS and
CdS nanoparticles covered with a polymer layer by reacting a polyvinyl alco-
hol precursor containing Pb(NO3), or Cd(NO3); in the gas phase with H,S
gas [42]. An investigation of the prereactions that occurs between H;S/H,Se
and Me;Cd/Me;Zn when growing II-VI semiconductor films by chemical
vapor deposition (CVD) techniques, showed that the gas-phase reactions re-
sult in the formation of chalcogenide deposits of ZnS, ZnSe, CdS and CdSe,
with the deposits consisting of poorly formed hexagonal-phase nanocrys-
talline material, within the size range 10-100 nm [43-45]. The addition into
the gas phase of small amounts of pyridine greatly improved the crystallinity
exhibited by the particles, while the addition of larger quantities of pyridine
retained the improved crystal quality and also led to a decrease in particle
size. Moreover, as the gas-phase concentration of pyridine increased, the par-
ticle size decreased. In the case of CdSe a quantization effect was observed by
a change in color of the deposit, when Me,Cd and H;,Se are mixed in the gas
phase in the absence of pyridine the deposit is black, when a high concentra-
tion of pyridine is present the deposit is a yellowish-red color. For ZnSe, when
using hydrogen as the carrier gas instead of helium or argon, with a high gas-
phase concentration of pyridine, a relatively narrow particle size distribution
(1-5nm) could be obtained.

4
Synthesis in a Structured Medium

A number of matrices have been used for the preparation of semicon-
ductor nanoparticles including: zeolites [17] layered solids [18], molecular
sieves [19,20,46], micelles/microemulsions [21,22,47-49], gels [23, 24, 50],
polymers [25,51-54], and glasses [55]. These matrices can be viewed as
nanochambers which limit the size to which crystallites can grow. The prop-
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erties of the nanocrystallites are determined not only by the confinements
of the host material but by the properties of the system, which include the
internal/external surface properties of the zeolite and the lability of micelles.
As a consequence of the confinement of the medium used the range of par-
ticle sizes possible is limited, e.g. in zeolites the nanocrystallites diameter is
limited by the pore size of the zeolite (typically smaller than 20 A).

5
Organometallic or Metallo-Organic Route to Nanoparticles

This method involves the thermolysis of organometallic or metal organic pre-
cursors in a high-boiling solvent. Mostly this solvent is also a capping agent
for the nanoparticles. A typical synthetic route for monodisperse nanoparti-
cles is shown in Fig. 1.

| Precursor supply depleted ‘

Driven by decomposition |
N
> WY L
' DR A
Precursor * [ ] . —_— WLLH'vz = im
e -
+ TOP — '... -~ ' i PiLH
Injection o ﬂ\\P
into TOPO Rapid nucleation et 1 T
T N
- gm

- Growth terminates
TOPO coated particles

Ostwald ripening

Fig.1 General scheme for nanoparticle growth

6
11/VI Nanoparticles

Steigerwald and co-workers were the first to use a high-boiling solvent to
thermolyse these types of precursors [56]. The complexes M(ER), (where
M =Zn, Cd, Hg; E =S, Se, Te; R = organic moiety) can be converted to the cor-
responding materials in the solid state by pyrolysis [57-62]. But due to their
polymeric nature it is difficult to isolate these complexes in pure form [63].
Steigerwald et al. [56] successfully prepared two crystalline complexes of
phosphine derivatives of the M(EPh), (where M = Zn, Cd, Hg; E =S, Se, Te).
A coordination polymer was formed by the linkage of bidentate phosphine
1,2-bis(diethylphosphino)ethane (DEPE) to M(ER); in a 1:2 ratio whereas
a dimeric complex was formed with a 1: 1 ratio of (DEPE) to M(ER);. X-ray
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structures of both complexes were determined and are shown in Fig. 2. Py-
rolysis of these complexes in 4-ethylpyridine gave nanoparticles of ZnS, ZnSe,
CdS, CdSe, CdTe and HgTe whereas the same process in the solid phase gave
the corresponding solid-state bulk materials. Murry et al. [64] produced high-
quality monodisperse nanoparticles of CdSe, CdS, and CdTe by thermolysis
of an organometallic precursors in a high-boiling coordinating solvent. Slow
growth and annealing in the coordinating solvent resulted in uniform surface
derivatization and regular core structure. This method involved the prepar-
ation of TOPSe or TOPTe stock solution by addition of metallic Se or Te in
trioctylphosphine (TOP) [56]. In one method two separate solutions were
prepared. Solution A contained dimethylcadmium in TOP and solution B was
prepared by adding 1 M TOPSe stock solution to TOP. Both solutions were
then mixed and injected into TOPO (trioctylphosphine oxide) at 250 °C. In
the second method the phosphine chalcogenide precursors are replaced by
(TMS),S, (TMS),Se, (BDMS),S and the growth was carried out at tempera-
tures of 290-320 °C. This reaction produced TOPO-capped nanocrystallites
of CdSe. The size of the particles is principally controlled by the tempera-
ture of reaction, with larger particles being obtained at higher temperatures.
This TOPO method has advantages over previous synthetic methods, includ-
ing, producing monodispersity (¢ = 5%) and the ability to produce hundreds
of milligrams of materials in a single experiment.

Alivisatos subsequently used higher temperatures for injection and growth
to improve the quality of the material prepared [65]. In a series of recent pa-
pers, interesting rod and tetrapodal structures have been grown, especially

Fig.2 a Structure of [Cd(SePh),DEPE] b [HgTe(Ph)Te(Ph)DEPE],
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in the CdSe system [66]. The method was readily adapted to the production
of core shell structures [67, 68] and materials with high quantum efficiencies
were prepared.

In an early paper the use of a single-source precursors oligomeric
Cd(Se(CyHs)), [62] was used for the preparation of CdSe in 4-ethylpyridine.
Such compounds obviate the need for the use of hazardous compounds
such as toxic dimethylcadmium, (CH3),Cd, which are especially toxic at
high temperatures. The use of single-molecule precursors, i.e. a single com-
pound containing all elements required within the molecule. Numerous
complexes of chalcogenide-containing ligands have been studied as pre-
cursors for the deposition of group II/VI compound semiconductor ma-
terials [69-73]. Dithiocarbamato (dtc) complexes M(S;CNR;),; (M = Zn or
Cd, R = Alkyl) have been widely used to deposit ZnS or CdS thin films
by metallo-organic chemical vapor deposition (MOCVD) [74-77] Fig. 3.
The dithiocarbamate ligand is a three-electron donor ligand which has the
ability to stabilize metal centers in a variety of oxidation states [78]. The
complexes have a wide range of applications in the rubber industry [79],
analysis [80] and the petrochemical industry [81]. Dithiocarbamato com-
plexes are air-stable with reasonable volatility and give clean deposition with
little carbon incorporation [82]. Thin films of cadmium and zinc sulfide
can be prepared by MOCVD under low-pressure conditions (107>-10~ Torr,
370-420 °C) using the bis-diethyldithiocarbamato complex of cadmium or
zinc [77,83]. O’Brien et al. used bis(diethyldithiocarbamato)cadmium(II)
and bis(diethyldiseleno-carbamato)cadmium(II) (Fig. 4) to synthesize CdS
and CdSe nanoparticles [84]. The complexes were dissolved and refluxed
in 4-ethylpyridine to produce nanomaterials. 4-ethylpyridine is a high-
boiling (168 °C, 1 atm) coordinating solvent and dilute solutions of bi(dithio-
or diseleno-carbamato)cadmium in it remain optically clear for days.
Bis(diethyldithio-/-seleno-carbamato)-cadmium(II) compounds are crys-
talline solids; their crystal structures have been reported [85, 86]. Both com-
pounds have similar structures based on dimeric molecular units. The metal
atom is five-coordinated with a geometry intermediate between a tetrag-

Fig.3 Structure of bis(di-iso-propyldithiocarbamato)cadmium(II)
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Fig.4 Molecular structure of bis(di-ethyldithiocarbamato)cadmium(II)

onal pyramid and trigonal bipyramid. These complexes have also been
used to grow corresponding thin films by the MOCVD method [85, 87].
In an extension of the TOPO method devised by Murry et al. [64, 88-90]
TOPO-capped CdSe and CdS nanoparticles were prepared using mixed alkyl
compounds [MeCdE,CNEt;], (E=S, Se) [91]. These particles were also
used as starting materials to prepare composite using other organic lig-
ands such as 2,2-bipyrimidine. Using single-molecular precursors clearly
avoids the use of dimethylcadmium at high temperatures. The other ad-
vantage is that a variety of high-quality nanoparticles can be produced
by the design of precursors. These type of effects were observed in the
preparation of micrometric inorganic colloids [92-94] and in biomineral-
ization [95] processes where the morphological properties were dependent
on the chemical nature of the precursor. [Cd(Se;CNEt;);] gave elemen-
tal selenium as the major product with some hexagonal CdSe nanopar-
ticles whereas [Cd(S,CNEt;);] produced CdS nanoparticles [84]. Other
mixed alkyl compounds of cadmium such as [NpCd(E,CNEty)] (Fig.5)
give good quality nanoparticles of CdSe or CdS. The optical properties of
CdS nanoparticles obtained using [Cd(S;CNEt;),] show a red shift com-
pared to those obtained from [RCA(E;CNEt,)], which indicates a larger
size of particles under similar reaction conditions [91]. TOPO-capped
nearly monodisperse nanoparticles of ZnSe and ZnS have been prepared

a b

-,

Fig.5 X-ray structure of Cd[Np(Se,CNEt;)],
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by a single-source route using ethyl(diethyldiselenocarbamato)zinc(II) [96]
and ethyl(diethyldithiocarbamato)zinc(II) [97] as precursors (Fig. 6). Sev-
eral methods have been employed to prepare ZnSe nanoparticles including:
nucleation and growth from a supersaturated glass solution [98], from non-
aqueous solution [99] and by a sol-gel process [100]. ZnSe nanoparticles are
be potentially useful for blue-light lasers.

Although high-quality nanoparticles were synthesized using single-source
precursors of mixed alkyl derivatives but these compounds are air-sensitive
and cannot be stored for long times. Bis(diethyldithiocarbamato)cadmium
compounds have the advantage of stability for years but the yield and
the quality of nanoparticles was not good. However O’Brien et al. de-
veloped some novel air-stable precursors based on bis(methy-n-hexyl-di-
selenocarbamato)zinc or cadmium which decompose cleanly in MOCVD to
selenides [101-103]. A series of other unsymmetrical dithio- and selenocar-
mates were also synthesized to be used as single-source precursors for the
deposition of nanoparticles. Bis(n-hexy(methyl)dithio/selenocarbamato)-
cadmium/zinc (Fig. 7) were proved to be the best unsymmetrical derivatives
for the growth of chalcogenide materials [104]. Good quality monodisperse
nanoparticles of II/VI materials were synthesized in a “one-pot” synthesis
in TOPO [100] using [M(E,CN"Hex(Me)),]. Cadmium selenide has been ex-
tensively studied and is an attractive material because its band gap can be
tuned across the visible region by varying the size of the material in the
range 400-800 nm. TOPO-capped nanoparticles of CdSe were synthesized
using this complex [105]. In a similar approach [Bi(S;CNMe"Octadecyl)s]
was synthesized [105] and used for the preparation of self-capped Bi,S;
nanoparticles. The bismuth complex was pyrolyzed in a silica vessel that
was heated (150-300 °C) in a furnace under vacuum. The residue was dis-
solved in pyridine and the nonsoluble impurities were separated by cen-
trifugation. The resultant particles showed different colors depending on the
temperature of preparation. A big shift (Bi»Ss: bulk = 1.3 €V, nanoparticles
at 150°C =2.82 €V, at 250 °C = 2.72 V) of the band gap was observed from
the bulk Bi,S3 [105]. Self-capped CdS quantum dots were prepared using the

Fig.6 Structure of ethyl(diethyldithiocarbamato)zinc(II)
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Fig.7 X-ray single crystal structure of [Cd(SeCNMe"Hex); ]

same method as [Cd(S;CNMe"Octadecyl);] [106]. Infrared (IR) and nuclear
magnetic resonance (NMR) spectroscopies were used to establish the nature
of the capping agent. The CdS nanoparticles prepared at 150-250 °C were
cubic whereas the nanoparticles prepared at 300 °C were hexagonal.

Since dithio- and selenocarbamates and their derivatives are used so
widely in the deposition of thin films and nanoparticles that a mechanistic
study of their decomposition behavior was carried out by O’Brien et al. [107].
Wold et al. [78] studied the decomposition products of Zn(S;CNEt;), using
gas-chromatography mass spectrometry (GC-MS) and their reported depo-
sition path shows clean elimination of ZnS from the precursor (Egs. 1 and 2
below). However, the proposed decomposition route is somewhat different
to the step-by-step fragmentation observed in the electron-ionization mass
spectrometry (EI-MS) of the compound, (Eq. 3). This difference can be at-
tributed to inherent differences between the two techniques.

7Zn(S,CNEty), — ZnS + EtNCS + Et,NCS, Et (1)

Et,NCS,Et — Et;NH + CS; + C,Hy (2)
-S7CNEty —SCNEt)

Zn(S;CNEty) ———  » Zn(S,CNEt,) ———  »ZnS (3)

In contrast, the analogous diethyl-diselenocarbamates (dsc) have been shown
to be poor sources for the deposition of ZnSe or CdSe films. Under similar re-
action conditions (107 -10~* Torr, 370-420° C) the diethyl dsc precursors give
films of the metal selenide heavily contaminated with selenium [108]. How-
ever the mixed alkyl dsc complex Eq. 4 have been used successfully to deposit
thin films of CdSe or ZnSe [109, 110].

Me,M + M(Se,CNEt; ), — 2MeM(Se; CNEt;) M = Cd or Zn (4)

ZnSe films were deposited from Zn(Se;CNMe"Hex),, which has two differ-
ent alkyl substituents at the nitrogen. This complex is monomeric in the solid
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phase [111] (Fig. 8) in contrast to the analogous diethyl-dsc and the mixed
alkyl-dsc complexes, which are both dimers. All of the dithiocarbamates
prepared can be used to deposit CdS or ZnS by MOCVD but the diseleno-
carbamates show a different pattern of behavior; M(Se,CNEt;), M = Zn, Cd
deposit films heavily contaminated with selenium whereas M(Se;CNRR'),
M = Zn,Cd, and EtZnSe,CNEt; deposit the metal selenide. It was of interest
to study the decomposition of the compounds by GC-MS and EI-MS to deter-
mine why the latter are successful precursors, and also to determine plausible
decomposition pathways for comparison with the dtc complexes. Plausible
schemes for the decomposition of the precursor have been proposed (Fig. 9).

Air-stable inorganic molecular clusters such as [M1oE4(EPh);6]4t (where
M =Cd or Zn; E=S, Se) and [MgE(EPh);5]>~ have been prepared [112](a),
[112](b) and used as single-source precursors towards highly monodis-
perse nanoparticles [112](c) (Fig. 10 a,b). A proposed reaction mechan-
ism for the formation of CdSe nanoparticles from cluster precursors is
shown in Fig. 11. It has been demonstrated that selenocarbamates such as
M,,(Se;CNR!R?),, [113] are excellent for the synthesis of group XII chalco-
genides but the diselenocarbamato ligand is prepared from toxic and noxious
carbon diselenide. Imino-diisopropylphosphineselenides are prepared by
the oxidative insertion of elemental selenium [112]. The cadmium imino-
bis(diisopropylphosphine selenide) compound Cd[N(SePiPr;),]» (Fig. 12)
was first synthesized by Woollins et al. [114] from diisopropylchlorophos-
phine via a two-step strategy. Improved yields for Cd[N(SePiPr;),], above
those reported [114] can be achieved by utilizing CdCl,/NaOMe condi-
tions rather than metal carbonates. Sodium methoxide (0.56 g, 9.82 mmol)

c

Seldl

Fig.8 Molecular structure of bis(hexyl(methyl)diselenocarbamato)zinc(II)
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was added to a stirred solution of NH(SeP'Pr;), (4 g, 9.82 mmol) in an-
hydrous methanol (100 cm®). The resulting pink solution was stirred at
room temperature for 10mins. Cadmium chloride (0.90g, 4.91 mmol)
was added, yielding an immediate off-white precipitate. The suspension
was stirred at room temperature for 2hours. The recovered solid was
washed with methanol (100 cm?) and dried under vacuum. Recrystalliza-
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Fig.11 Proposed reaction mechanism for the formation of CdS nanoparticles from
[M10S4(SPh)16]**

Fig.12 Molecular structure of Cd[N(SePiPr);],

tion from chloroform/methanol yielded 4.51g (99%) of white crystals.
Imino-bis(dialkylphosphineselenide) complexes have recently been used as
CVD precursors [115]. The NH(SePPr, ), ligand is more thermally sta-
ble than bulky selenolate ligands, such as [SeSi(SiMes)s3]™, and thermolysis
of its complexes produces cleaner products with reduced contamination
caused by undesired ligand-degradation reactions [116]. One-step size-
controlled synthesis of quantum dots (QD) was achieved by the thermolysis
of Cd[N(SePiPr;),]5, as shown in Fig. 13 [117]. In the one-step synthesis of
CdSe, the sizes of QDs derived from Cd[N(SeP'Pr;),], can be varied accu-
rately by the length of the reaction time. The dots luminesce in the visible
region of the electromagnetic spectrum and the emission wavelength varies
over a wide range (up to 650 nm) depending on the particle size.

Highly monodisperse CdSe/CdS core/shell nanoparticles have been
prepared by thermolysis in tri-n-octylphosphine oxide (TOPO) using
[Cd(Se;CNMe("Hex)),] (250°C for 30min) and [Cd(S,CNMe("Hex)),]
(250 °C for 30 min) as single-molecule precursors in a “one-pot” synthe-
sis [118,119]. [Cd(Se;CNMe(Hex)),] (0.8 g) was dissolved in trioctylphos-
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Fig. 13 Decomposition of Cd[N(SePiPr);], to TOPO-capped CdSe nanoparticles

phine (TOP) (15ml) which was then injected into hot (250°C) tri-n-
octylphosphine oxide (TOPO) (20g) and kept at this temperature for
30 minutes. Then a solution of [Cd(S;CNMe(Hex)),] (0.5g) in TOP (10 ml)
was injected into the deep-red reaction mixture. The reaction proceeded
for a further 30 minutes and the resulting solution was cooled to ca. 70 °C.
Methanol was then added forming a flocculant precipitate which was sepa-
rated by centrifugation and redispersed in toluene.

Polycrystalline ZnSe nanoparticles were synthesized from Me;Zn : NEt3
and H,Se gas diluted in H, [120] using a flexible vapor-phase technique [121].
In a counter-flow jet reactor (CJR) the vapors of Me,Zn : NEt; and H,Se react
to form nanoparticles of ZnSe. This method provides a direct vapor-phase
route for nanoparticles preparation.

The cadmium(II) complexes of thiourea and N-alkylthioureas (with alkyl
groups methyl or ethyl) have been used as precursors for the preparation
of TOPO-capped CdS nanoparticles (Fig. 14). The precursors are air-stable,
easy to prepare and inexpensive. These compounds decompose cleanly to give
good-quality crystalline materials [122].

Fig. 14 Molecular structure of CdCl,(CS(NH,)NHCH,CHj3),
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7
Core/Shell Nanoparticles

The high surface-to-volume ratio of nanocrystalline semiconductors means
that their surfaces play an important role in their electronic and optical
properties. Due to this, surface modification of these particles has been the
subject of extensive investigation. Passivation has been achieved by the cap-
ping of the nanocrystallites with organic and inorganic materials. In colloidal
CdS, surface defects have been passivated by Cd(OH);, with a drastic in-
crease in fluorescence reported in the surface-modified sample [123] Organic
ligands such as thiopyridines [124] and thiolates [125] have also been re-
ported to minimize surface defects and increase luminescence efficiencies.
The growth of a shell of a second material on a core of another material
to form a heterostructure has been a successful route in the surface mod-
ification of the nanostructured particles. In the colloidal synthesis of these
structures the core acts as a seed for the heterogeneous nucleation of the shell.
Core-shell systems reported include, Si/SiO, [126], CdS/Cd(OH), [123],
CdSe/ZnS [127,128], ZnS/CdS [129], CdS/HgS [130], HgS/CdS [131],
CdS/PbS [132], CdSe/ZnSe [127,133] and CdSe/CdS [134-136] with ac-
counts of improved luminescence quantum yields, decreased fluorescence
lifetimes and benefits related to the tailoring of relative band-gap positions
between the two materials. Mulvaney et al. [137] have reported the encapsu-
lation of metal clusters and semiconductors by silica shells. The silica shell
allows for stabilization against photochemical degradation and high fluo-
rescence quantum yields. Recently synthesis of CdSe/CdS, CdSe/ZnS and
CdSe/ZnSe core/shell nanoparticles and composites of CdSe-CdS have been
reported using bis(hexyl(methyl)dithio-/diselenocarbamato)-cadmium(II)/-
zinc(II) compounds as single-source precursors [138].

8
Doped Nanoparticles

Mn-doped ZnS and CdS nanoparticles were synthesized by using an air-stable
single-source precursor, bis(diethyldithiocarbamato)zinc(II) [Zn(S;CNEt;);]
and manganese dichloride for ZnS:Mn and bis(methylhexyldithio-carba-
mato)cadmium(II) [Cd(S;CNMe("Hex));] and manganese dichloride for
CdS : Mn particles [139]. The doping of manganese into II/VI semiconduc-
tor nanoparticles potentially gives a new class of materials [140]. Mn-doped
ZnS and CdS quantum dots both have orange luminescence attributed to
the spin-forbidden 4T; -- ®A; electronic transition of the manganese (II) in
a tetrahedral site [140-145]. These properties are due to the strong exchange
coupling between the localized moments of the paramagnetic dopant and the
band electrons of the semiconductor. Most reports on Mn-doped ZnS and
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CdS nanoparticles use a colloidal route based on the simultaneous precipi-
tation of both CdS (or ZnS) and MnS [140-144]. Cd;_xMn,S has also been
synthesized by a co-precipitation reaction in reverse micelles [145]. All these
studies have concluded that only a small fraction of the initial manganese
added is incorporated into the crystal lattice with a large proportion of the
manganese remaining on the surface or forming MnS precipitates. Recently
Bawandi and co-workers [146] synthesized TOPO-capped Mn-doped CdSe
using two different manganese precursors. They found that almost all of the
manganese resides near the surface in the doped sample obtained by using
manganese salts whereas, by use of the organometallic complex [Mnj(u-
SeMe),(CO)g], manganese was incorporated into the lattice.

9
Ill/VI Nanomaterials

Dimitirjevic and Kamat prepared colloids of In,Ses; stabilized either with
poly(vinyl alcohol) (PVA) or with sodium metaphosphate (SMP) [147].
They reported particles with diameters of approximately 2-3nm (SMP-
stabilized) and 30 nm (PVA-stabilized) with absorption maxima at 375 and
250 nm (SMP-stabilized) and an onset of absorption at approximately 550 nm
(PVA-stabilized). The same authors reported the synthesis of In;S3 colloids
in acetonitrile, with particle diameters ranging between between 100 and
200 nm [148]. Barron et al. [149] reported the preparation of nanoparti-
cles of GaSe and InSe by MOCVD using the cubane precursors [(‘Bu)GaSe]4
and [(EtMe,C)InSe]4 (Fig. 15). The GaSe particles had a mean diameter of
42 nm with a standard deviation of 13 nm whereas the spherical InSe particles
were 88 nm in diameter with a standard deviation of 30 nm. The particle
size was determined by tunneling electron microscopy (TEM) and no opti-
cal data was reported. O’Brien et al. [150] reported the synthesis of InS and
InSe nanoparticles capped with TOPO and nanoparticles of InSe capped with
4-ethylpyridine by a single-source route using tris(diethyldithiocarbamato)-
indium(III) or tris(diethyldiselenocarbamato)indium(III) as precursors. The

Fig. 15 X-ray single crystal structure of ['BuGaS]4
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selected-area electron diffraction (SAED), X-ray diffraction (XRD) pattern
and transmission electron microscopy (TEM) of InSe nanoparticles show the
hexagonal phase with a size range of 5.8-7.0 nm.

GaSe nanoparticles (2-6 nm) were prepared from Me3Ga and trioctylphos-
phine selenium in a high-boiling solution of trioctylphine (TOP) and tri-
octylphosphine oxide (TOPO) [151]. GaSe has a hexagonal layered struc-
ture [152] consisting of Se — Ga — Ga — Se sheets, which are only weakly
attracted by van der Waals interactions. GaSe can be either 8, y, or ¢ depend-
ing upon the arrangement of layers. The electron diffraction studies showed
that the nanoparticles prepared show a two-dimensional single-tetralayer-
type structure. The fractions collected at the different time intervals show the
increasing size of the particles with red shifts of the band edges. Most of them
showed absorption onsets in the 360-450 nm region. GaSe is an indirect-
band-gap material having a 2.11-eV direct band gap [153, 154]. There is only
a 25 meV difference between the direct and indirect band gaps. The quantum
yield was measured to be around 10%. GaSe nanoparticles (88 nm) were also
synthesized [155] from GasSesR4 cubanes [156, 157] by the MOCVD method.
TEM images showed nanowire-type structures.

10
1ll/V Nanoparticles

Alivisatos et al. [158] reported the synthesis of TOPO-capped InP nanoparti-
cles using a similar method to that of Bawendi et al. InCl; was reacted with
P(SiMes)3 in hot TOPO, with subsequent annealing of the particles in the
presence of a surfactant (dodecylamine).

100 °C P(SiMe3)3
InCl3 + TOPO oh In - TOPO complex W’ InP/TOPO

Surfactant

InP/TOPO —————> InP/TOPO + S
100 °C

The InP nanoparticles of 20-50 A diameter were prepared. X-ray photoelec-
tron spectroscopy (XPS) indicated a nearly stoichiometric ratio of indium to
phosphorus with TOPO surface coverage ranging from 30% to 100%. The
measured band gap of the InP nanoparticles varied from 1.7 eV to 2.4 €V,
a blue shift in relation to bulk InP (1.28 eV).

InAs was prepared by a similar TOPO method, using the dehalosilyla-
tion reaction between As[Si(CHj3)s3]3 and InCls; surface oxidation did not
change the properties of the resulting particles [159]. III/V semiconductors
exhibit a less-ionic character than their II/VI analogues and thus do not
crystallize as readily. Kaner et al. [160] used solid-state metathesis involv-
ing the reaction of sodium pnictides with group III halides, at high tem-
peratures, in a closed vessel, to produce III/V nanoparticles. A relatively
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low-temperature method involving similar reactions in organic solvents has
been reported for the preparation of GaP and GaAs nanoparticles, using gal-
lium (III) halides and (Na/K)sE (E =P, As) [161]. This method avoids the
use of hazardous phosphines or arsines. Nanocrystallites of InAs and InP
were also synthesized [162] from the reaction of InX3 (X = Cl, Br, I) with
As(SiMes )3 or P(SiMes)s, respectively. Other analogous chemical routes to
indium pnictides have also appeared in the literature [162]. GaAs nanocrys-
tallites have been prepared by reacting GaCls with As(SiMes)s; in boiling
quinoline; however, as yet unidentified species were found to mask the optical
properties of the resulting particles and hence quantum size effects could not
be properly determined [163, 164]. The alcoholysis or thermolysis of silylated
single-molecule precursors is one of several processes used for nanoparti-
cle synthesis of III/V and II/V semiconductor materials. Another preparative
method for the syntheses of GaAs [165] and InP [166] is by the methanolysis
of organometallic compounds such as [Cp(Cl)In(u-P(SiMe3);];. This chem-
ical route, led [167, 168] to bulk, amorphous, CdsP; after rapid flocculation
of CdsP, nanoparticles. To control the kinetics a single-molecule precur-
sor with bulkier substituents was used, Cd[P(SiPhs),], (Fig. 16) [168, 169].
The methanolysis gave soluble nanoparticles of Cd3P, with diameters in the
30-40 A range; however, the particles were not crystalline.

Other chemical routes to metal phosphides include phosphinolysis re-
actions and reactions between metallo-organics and P(SiMes)s; all involve
elimination and condensation processes. Buhro [170] reported the synthe-
sis of several binary phosphide semiconductors along with ternary phases
(e.g. ZnGeP,), using solution-phase metallo-organic routes. Recently GaAs
nanoparticles have been prepared from tris-dimethylaminoarsine and gal-
lium chloride [171], and for the first time detailed photoluminescence studies
were carried out. Most recently a single-source precursor ['Bu;AsGaMe;],
(Fig. 17) has been used for the synthesis of GaAs nanoparticles in hexade-
cylamine (HDA) [172]. Photoluminescence measurements on thin films of

Fig. 16 Molecular structure of Cd[P(SiPPh;),],
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Fig. 18 X-ray structure of [Me,InAs'Bu, ],

GaAs nanoparticles on a Si(100) substrate at 30 K and at helium temperature
showed a significant difference in the luminescence efficiency. Good-quality
InAs nanoparticles were also synthesized using ['Bu;AsInMe;,], (Fig. 18) as
a single-source precursor [173].

11
Metal Nanoparticles

Organometallic complexes of transition or main group metals have been
used as single-source molecular precursors for the preparation of nano-
clusters of metals, metal carbide, metal phosphide or elemental germanium
compositions dispersed in a silica xerogel matrix [174]. These precursors con-
tain bifunctional substituents ((HS(CH,)3;Si(OMe)s, PPh, CH,CH,Si(OMe)3,
PPh,CH,CH,Si(OEt);) which bind to the core atom and also contain
a (alkoxy or hyroxyl)silyl functional group. Molecularly doped xerogels
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are formed by hydrolysis and heterocondensation reactions of the mix-
ture containing the precursors and conventional silica sol-gel formulations.
A nanocomposite is then formed by thermal treatment of these xerogels
under appropriate conditions (Eq. 5). Using this method nanoclusters of
Os [174], PtSn [174], Co3C [175], FeyP [174], Co,P [174], Ni;P [174] and
Ge [176] have been prepared. Germanium nanoparticles with an average size
of 6.8 nm have been synthesized using a single-source germanium precur-
sor Me3GeS(CH;)3Si(OMe)s3 [177]. Addition of this germanium precursor to
a conventional sol-gel formulations results in covalent interactions between
the precursor and the xerogel matrix via the hydrolysis and condensation
reactions of the trialkoxysilyl functional group. The germanium compos-
ite obtained was characterized by several methods. A high-resolution TEM
(HRTEM) image of the composite is shown in Fig. 19.
H,0,MeOH
(Si(OMe)4) + xLnM{L-Si(OR)3} ———— SiO; xerogel = {Si— LML},

H* or base catal

Heat H,

SiO; xerogel x M (5)

A new method to synthesis nanoparticles of group VIII-X elements has been
developed by Choukroun et al. [178] by reduction of metallic precursors with
Cp2V. Mono- and bimetallic colloids of different metals (stabilized by poly-
mers) have been prepared in this way (Fe, Pd, Rh, Rh/Pd). These colloids are
then used as catalysts in various reactions such as hydrogenation of CC, CO,
NO or CN multiple bonds, hydroformylation, carbonylation, etc.

Schmid [179] and Moiseev’s pioneering work [180] showed the feasibility
for the preparation of large metal clusters by partial reduction of inorganic

Fig. 19 HRTEM image of Ge composite
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complexes in the presence of stabilizing ligands such as Auss(PPh3);,Cie,
Rhss[P(“Bu)s]12, Russ[P(‘Bu)3]12Ci20, Pdse1Leo(OAc)1g0 (L = Phen, bipy). In
all these clusters anionic ligands are present, indicating the partial oxidation
of the surface. None of these clusters has been isolated in single-crystal form
to establish the structure; instead the characterization was carried out by
TEM, ultracentrifugation and EXFAS (Extended X-ray Absorption Fine Struc-
ture). The other large cluster of palladium Pd3g(14>-CO)4(u?-CO)24(PEt3)12
which has also been characterized by X-ray was prepared by the reaction of
Pd(OAc), with Pd;((CO)1,(PEt3)s.

Iron nanoparticles were synthesized [181] from two different organometal-
lic precursors Fe(CgHg), [182] and Fe(CO)s. The Fe(CgHg), complex does
not decompose cleanly in PVP (polyvinylpyrrolidone). The reactions were
carried out at 90, 75, 20 °C for several days but in each case agglomer-
ated material was obtained except at very low concentration (2wt%) of
precursor. Better results were obtained with a Fe(CO)s precursor which is
commercially available. A sonolysis method originally developed by Sus-
lick [183] was used. The Fe(CO)s5 precursor was sonicated in anisol with
poly(dimethylphenyleneoxide) (PPO) [184] using a concentration of Fe/PPO
of 170 wt %. The color of the solution changed from pale yellow to black
indicating the decomposition of the complex into nanoparticles. The reac-
tion of this precursor in THF (tetrahydrofuran) and PVP did not lead to the
decomposition. Most of the iron particles adopt the y-Fe (fcc) phase which
is thermodynamically unstable, however the smaller particles adopt the «-Fe
(bcc) phase (Fig. 20). Platinum acetylacetonate Pt(acac), and Fe(CO)5 have
been used as precursors to form monodisperse nanoparticles of FePt and
ferromagnetic FePt nanocrystal superlattices [185]. FePt nanoparticles were
dispersed in a mixture of oleic acid and oleyl amine. Pt(acac), is reduced
by a diol (1,2-hexadecanediol) and the Fe(CO)s is decomposed at high tem-
perature in oleic acid and oleyl amine solution. The size of the particles was
controlled by adjusting the molar ratios of iron to the platinum complex. 3: 2

Fig.20 HRTEM image of a 1.06 nm dia of y-Fe(fcc) particle
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molar ratio of Fe(CO)s to (Pt(acac), gave FesgPts; particles whereas a 2:1
ratio formed Fes;Ptyg and 4 : 1 ratio gave Fe7oPt3.

Platinum and palladium metal particles were prepared by the decompos-
ition of M(dba), (M = Pd, Pt; dba = dibenzylideneacetone) under CO or H;
in organic solutions in the presence of a polymer [186] (Fig. 21). The decom-
position of the Pd(dba), precursor in different ratios of [PPh3]/[Pt] instead
of a polymer gave monodisperse platinum nanoparticles with very narrow
size distribution but similar reactions with Pd(dba); under CO in THF gave
larger palladium particles with a broad size distribution [187]. The size of
the particles was dependent on the concentration of PPhs. Increases in the
concentration of PPhj decreased the size of particles and also decreased the
size distribution. Solutions of Pt(dba), have been used with CO to produce
small supported metal particles in the presence of graphite [188] or a stabi-
lizing polymer such as nitrocellulose or cellulose acetate [189]. The reaction
of Pt(dba), in toluene under 1 bar of CO gave a reddish-brown precipitate.
The infrared (IR) spectrum of this precipitate showed bands at 2060 and
1885 cm™!, indicating the presence of adsorbed CO in terminal and bridging
positions [190]. A solution of this precipitate in toluene showed the bands
at the same position but the solution in THF gave two bands at 2050 and
1808 cm™! corresponding to a new species. When Pt(dba), is decomposed
in THF under 1bar of CO, a greenish-brown precipitate was formed which
was an entirely different species. These species were fcc platinum particles
and icosahedral platinum particles [190]. Platinum particles were obtained
using Pt,(dba) stabilized in octanethiol [191]. The particles obtained were
investigated by HRTEM, which showed that only the core of the particles is
crystalline and the outer shell is heavily disordered.

Bimetallic platinum-ruthenium nanoparticles were synthesized from the
reaction of Pt(dba), (dba = dibenzylideneacetone) with Ru(COD)(COT)
(COD = 1,5-cyclooctadiene; COT = 1,3,5-cyclooctatriene) in various propor-

H,, PVP Ph-CH,-CH.

N
M{dba), — M nanoparticles + cC=0
Room temp. Ph—CHz-CHz/
M = Pt, Pd
Ph-CH,CH,\
dba = c=0
Ph-CH,-CHy”
CO, PVP
M(dba)y, ————» M/CO nanoparticles + dba
Room temp.

Fig.21 Synthetic route to platinum and palladium nanoparticles
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tions under H; in the presence of PVP [poly(vinylpyrrolidine)] [192]. The
increasing amounts of ruthenium in the platinum matrix results in the struc-
tural changes from face-centered cubic (fcc) for high platinum content to
hexagonal close-packed (hcp) for high ruthenium contents. Ru(COD)(COT)
was decomposed under 3 bar of H; in different solvents at 21 °C in a closed
pressure bottle to produce ruthenium nanoparticles [193]. In THF a black
precipitate was formed instantly but in methanol or THF/methanol the
yellow solution changed to dark brown. Addition of pentane gave a black pre-
cipitate of ruthenium nanoparticles. The isolated particles are insoluble in
organic solvents, are highly air-sensitive and burn in the open air [193].
Indium nanoparticles were prepared from [In(1°-CsHs)] ([InCp]) [194].
This complex can easily be synthesized from InCl and LiCp in diethylether
at room temperature [195]. The complex decomposes at room temperature in
dry anisole containing polyvinylpyrrolidone (PVP) to give In nanoparticles.
The weight ratio of indium to PVP was maintained at 33%. The particles ob-
tained showed a broad size distribution; however, in the presence of a small
quantity of water (225 ppm) the same reaction produced monodispere par-
ticles with a mean diameter of 6 nm (Fig. 22). The size of the particles is
independent of the In: PVP ratio. PVP is used as a stabilizer to keep the par-
ticles dispersed. The same synthesis was carried out in TOPO instead of PVP
to observe the effect on the nanoparticles. The reaction between InCp and
TOPO (0.25 or 0.5 equivalent) in the presence of 50 ppm water in a toluene
solution in the absence of light at room temperature or at 50 °C gave a brown
solution containing monodisperse particle of indium with a mean diameter
of 5.2 nm. The low size dispersity of TOPO-capped particles allows their crys-
tallization in a compact superlattice. These particles can easily be oxidized in
air into cubic In, O3 with any change in their arrangement in the lattice.
InCp was also used to synthesize indium nanowhiskers and nanowires of
In3Sn [196]. The synthesis was carried out by the reaction of InCp in dry
toluene or THF containing hexadecylamine (HDA). The reactants were al-

Fig.22 TEM image of indium nanoparticles and wires
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lowed to react in the absence of light or under ultraviolet (UV) light without
any stirring. After four days the sample was tested by transmission elec-
tron microscopy (TEM), which showed straight nanowires with a high aspect
ratio. The length of the wires ranged from 40 um to 200 um and the width
ranged from 100 nm to 1 um. The experiment was repeated with different
ratios of amine to In while keeping the InCp constant to see the effect on
the nanoparticles. In the absence of amine no nanowires were formed, and
11-nm nanoparticles of were obtained instead. An increased proportion of
amine give a better width distribution and changing from hexadecyl to do-
decylamine produced nanowires with a smaller diameter. By decomposing
two organometallic precursors, i.e. InCp and [Sn(NMe;),], [200], in toluene
with HDA under UV irradiation (InCp/[Sn(NMe;),],/HDA, 1/0.41/0.5)
nanowires of In3Sn were produced [196].

Metallic cobalt nanoparticles were synthesized by the decomposition of
THF solution of an organometallic precursor Co(n*-CgHj3) (7*-CsHiy) [197]
in the presence of H, or CO in polyvinylpyrrolidone (PVP) [198]. The reac-
tion was carried out at 0°C, 20 °C, and 60 °C to give nanoparticles of size
less than 1 nm and 1.5nm. A cobalt concentration of 10 wt % with respect
to PVP was used. A rapid color change from pale yellow to black indicated
the decomposition of the precursor into nanoparticles. The solution was kept
under H; for a further ten hours to complete the reduction of the cobalt pre-
cursor. Addition of pentane gave a black precipitate of nanoparticles which
could be resuspended in THF or CH,Cl,. Same workers later evaluated the ef-
fect on the growth of nanoparticles of using varying concentrations of cobalt
precursors [199].

12
Nanoparticles Involving Transition Metals

Copper selenide is also used in solar cells [200]. TOPO-capped CuSe
nanoparticles were synthesized from Cu(Se,CNEt;); using a single-source
method [201]. Copper selenide nanoparticles have also been prepared and
XPS spectra, valence bands and Auger transitions reported for the molecu-
lar clusters CujssSe73(PPh(3))(202) and Cu,Se [203]. Photoemission features
were reported for both species.

[Pt(S,CNMe(Hex)),] and [Pd(S,CNMe(Hex)),] have been synthesized and
used as precursors to grow the first TOPO-capped PtS and PdS nanoparti-
cles and thin films of PtS and PdS by the metallo-organic chemical vapor
deposition (MOCVD) method [204]. Platinum and palladium chalcogenides
find applications in catalysis [205-210] and materials science [211, 212]. The
synthesis of thiocarbamato complexes of platinum and palladium from reac-
tion of an aqueous solution of ammonium dithiocarbamate with the platinum
or palladium salt has been reported by Nakamoto et al. [213]. However
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there have been no reports of their use as precursors for the deposition
of metal sulfide thin films [214]. PtS can be synthesized by the reaction of
platinum (II) chloride, sulfur and sodium carbonate [215]. PdS has been syn-
thesized from organochalcogenide-bridged dimeric 2-methylallylpalladium
complexes of the type [Pdy(u-ER)2(n3-C4H7),] (ER = SBu/, SPh, SCsFs, SePh
and TePh) [216]. The thermal behavior was investigated by thermogravi-
metric analysis and the X-ray structure of the complex [Pd;(u-SBuf)2(n’-
C4H7),] was determined by the single-crystal X-ray method (Fig. 23). The
four-membered Pd,S; ring adopts a non-planar confirmation with the two
(n°-2-MeC3Hy)z] (n°-C4Hy) in a syn configuration. The palladium chalco-
genides were obtained by thermogravimetry, furnace decomposition and
refluxing in xylene. The lability of allylpalladium compounds such as
[Pd(n3—ally1)2] (allyl = CsHs, C4Hy7), [CpPd(n*-C3H5)] [217,218] is exploited
in the deposition of palladium films at low temperatures [219]. Several
types of nanoparticles prepared from synthesis involving biological related
(biomimetic) processes have been reported [220-222]. For example, using
empty polypeptide cages found in the iron-storage protein ferritin; bio-
inorganic nanocomposites of CdS-ferritin can be synthesized [220]. Another
approach to nanocrystallite synthesis in a matrix was developed by Choi
and Shea [223,224], who report using a porous inorganic-organic xerogel
(polysilsesquioxanes) to produce CdS (60 and 90 A) [223] and chromium
particles (10-100 A) [224]. The chromium precursor used was a zero-valent
arene tricarbonyl chromium complex, introduced as a component of the
xerogel matrix, which after heating under vacuum produced chromium
nanoparticles. By first doping CdS into the starting material two different
phases of chromium and CdS were formed.

Nearly monodisperse TOPO-capped copper sulfide nanocrystals of ca.
4.5nm diameter have been synthesized from [Cu(S;CNMe("Hex));]. The
absorption spectrum of the (Cu,S) nanoparticles shows a large blue shift
(2.09 €V) in relation to bulk Cu,S (1022 nm, 1.21 €V) [225].

Fig.23 Crystal structure of [Pdy(p— S‘Bu),(n® — C4Hy),]
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