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bstract

Chemical Vapor Deposition (CVD) is an advanced manufacturing technology for surface coating currently enjoying intense development.
articularly, platinum Organometallic Chemical Vapor Deposition (OMCVD) is a technique allowing the formation of platinum thin films as
fine dispersion of platinum particles. This article reviews the current knowledge of platinum OMCVD and relates all the factors investigated

n its recent development. Appreciable progress has been made during the two last decades due to varied experimentations with precursors and
perating conditions. The different techniques (e.g. LCVD, PECVD, IACVD, EBCVD, FBCVD) used for platinum OMCVD are described with
xtended discussions about their own advantages and drawbacks, each technique being consistent with particular applications. The influence of
ases, solvents and substrates will be discussed through many examples leading to the comprehension of growth and nucleation mechanisms in the
latinum deposits. Attention is focused particularly on the behaviour in CVD of the various organometallic precursors and their own performances.
he results obtained are detailed in terms of conditions, growth rate, purity and resistivity in order to give a full scope to this domain.
2007 Elsevier B.V. All rights reserved.
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(1) convection of the gaseous reagents
(2) diffusion of the reagents towards the substrate
(3) adsorption of the reagents onto the substrate
eywords: Platinum precursors; Platinum thin films; OMCVD processes

. Introduction

Even though the first example of platinum CVD (Chemical
apor Deposition) was reported in 1947, it was not until the

ate 1980s that significant development took place. The major
pplications found in the literature are the preparation of elec-
rodes for microelectronics, ohmic and schottky diode contacts,
iffusion barriers, coatings for high temperature crucibles and
he preparation of solid supported catalysts. Platinum has very
ood electrical conductivity and many catalytic properties. It
hould be noted that in some cases, the deposit is obliged to be
resented as a continuous film whereas in other cases, catalysts
or example, they are preferred in the form of a dispersion of
articles with a high surface area. The principle of an OMCVD
rocess is to vaporize a metal-containing precursor, usually an
rganometallic complex which undergoes thermal decomposi-
ion, followed by deposition onto the substrate to form a metal
ayer. In practice, vaporization is performed under pressure and
emperature conditions that allow a precursor vapor pressure
ufficient for film deposition to be obtained, while maintain-
ng the integrity of the precursor complex. The substrate is
eated beyond this stability range, causing the decomposition of
he organometallic species and the formation of metallic parti-
les. CVD has various advantages compared to other deposition
echniques for example; pyrolysis temperature in OMCVD is
undreds of degrees lower than for other techniques. More-
ver the method has a high throwing power in cavities and the
lms obtained are often dense and continuous, avoiding poros-

ty incompatible with good electrical properties. Contrary to
he liquid impregnation method, CVD is fast and the stages of
mpregnation, washing, drying, calcination and activation are
voided. Also avoided are surface poisoning and the material
ransformations activated during drying. It is thus a fast and
conomic method to obtain controlled deposits of high quality.

he main drawbacks of OMCVD are the possible incorporation
f impurities due to non-exhausted remains and poor adhesion
f the film in some cases. Although papers reviewing plat-
num OMCVD have been already published [1–3], we present
ere an exhaustive review based on precursor chemistry. It is
otable that most of the papers dealing with platinum MOCVD
ince 2005 concerns the technologic side or particular applica-
ions (e.g. fuel cell, alloys) demonstrating there the maturity of
he art.

. Deposition techniques based on CVD applied to
latinum deposition

The “traditional method” for OMCVD consists of vapor-
zation of the precursor at low temperature, under reduced
ressure and to deposit a metal film, for example, on a sub-
trate surface at higher temperature by adsorption and thermal
ecomposition of the precursor. The various parameters that
ontrol this deposition technique will be further described. Alter-
ative methods will also be described where the necessary
nergy for precursor decomposition is brought by another energy
ource.

The various stages of the process are (Fig. 1):
Fig. 1. Stages of a “traditional” MOCVD process.
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addition of dihydrogen followed by of reductive elimination of
methane.
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4) chemical reaction of the adsorbed species producing nuclei
and further reaction to give a metal film

5) desorption of the gas products of the reaction
6) diffusion of these products through the boundary layer
7) gas evacuation of the system.

The reader must keep in mind that for all deposition tech-
iques described in this chapter, factors determining if the
ystem is surface-limited or transport-limited (consumption or
ot of all incoming precursor to the diffusion layer) remain the
ame: temperature, flow rate, pressure, reactor and substrate
eometry. All these parameters are discussed elsewhere [4]. Dif-
usions at the boundary layer are a complex phenomenon and
esults cannot be applied directly from a system to another.

The choice of a CVD method among all those described
ill be made regarding specifications of the deposit in terms
f topology, purity, physical properties, process speed and
ost.

.1. Laser induced chemical vapor deposition (LCVD)

In this case, the decomposition is induced with a laser beam.
CVD has the advantages of better control of the decomposition
echanism compared to the traditional method and being able to

unction on a substrate-limited surface. This method allows the
eposition in confined zones and at low substrate temperature;
.g. from 30 to 100 ◦C with Pt(hfa)2 2 [5] (see the chemical struc-
ure). The process can be carried out with substrates that do not
ave high thermal conductivity and the deposit growth kinetics
re often faster than those observed with traditional OMCVD. It
s also possible to work at higher precursor pressure than in tra-
itional CVD, growth kinetics being here limited by gas-phase
ecomposition. Nevertheless, for most of the applications con-
idered currently: repair of circuits, manufacture of prototypes,
tc., the writing speed remain slow (several �m s−1, depend-
ng on conditions). Deposit resistivity can be optimized toward
eposition rate and laser power. Optimums require deposition
ate neither too slow nor too fast and laser power neither too
eak nor too strong. Partial pressure of precursor seems to be

he critical factor, allowing an increase in the deposition rate
ithout loss in the overall deposit quality [6]. To obtain a film
ith few impurities, the laser must de-coordinate all the pre-

ursor ligands; avoiding the incorporation of carbon and other
lements into the film. The growth rate depends on the wave-
ength of light used and on the laser power. Photolysis can occur
n several stages with quantum yields also dependent on the laser
avelength. Another phenomenon can occur when overheating
f the deposit by the laser leads to the precursor desorption
5]. When the laser induces excess heating of the substrate,
he deposition cannot be considered as pure LCVD, the precur-
or decomposition becoming primarily thermal and no longer
hotolytic (Fig. 2).

This method has been used with the precursor Pt(hfa)2 2 with

n argon laser (458 and 514 nm) [7]. Increased precursor par-
ial pressure led to the formation of a thicker deposit and by
ncreasing the power of the laser, the consequent increase of
he deposition temperature led to side growth. The more reg-

F
p

aser power increases the substrate temperature and permits the thermal decom-
osition of the precursor.

lar film morphologies are observed at relatively low power
nd low writing speed. The thermochemical growth of plat-
num thus depends on the thermal properties of the substrate
8]. Other studies have showed that the side growth occurs when
he mode is controlled by the kinetics [9]. Axial growth occurs
hen the mode is controlled by the diffusion of the reagents.

n order to be in a kinetically controlled regime, it is neces-
ary to have a laser spot of a rather large diameter: e.g. ≥15 �m
7].

LCVD studies were also carried out with CpPtMe3 6 under
he following conditions: the precursor was heated to 56 ◦C
affording a partial pressure of 0.33 Torr) and transported by
rgon (120 mL/min) to the cell. Hydrogen introduction was pro-
eeded close to the substrate: glass, silica, sapphire, silicon or
aAs at room temperature [10]. A XeCl laser (308 nm) was
sed producing a spot of 1 mm radius with pulses of 2.6 mJ
t 10 Hz. In 10 min, a deposit 100 nm thick was obtained. The
bservations above, affirm that the mechanism in this case, with-
ut hydrogen, is different from the thermal mechanism (Fig. 3):
here is real photochemical reaction that takes place (homol-
sis of the Pt CH3 bond) then adsorption on the surface of
he formed complex and thermal reaction leading to the de-
oordination of the Cp ligand. In the presence of hydrogen, the
ig. 3. Postulated thermal and photolytic mechanisms of dialkyl(II) platinum
recursor decomposition during CVD.
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.2. UV induced chemical vapor deposition.

The OMCVD can also be carried out under the irradiation
f a UV lamp, which can improve the process of nucleation
f platinum while lowering the operational deposition tem-
erature. In the case of platinum deposition, two methods are
escribed [11,12], the first, consisting of depositing the precur-
or on the substrate then irradiation; the second, being deposition
f platinum directly by adsorption, followed by decomposition
f the precursor by irradiation of the substrate. The solid pre-
ursors CpPtMe3 6 and liquid MeCpPtMe3 7, evaporated by an
rgon bubbling (1000 sccm = 1000 standard cubic centimetres
er minute) at a pressure from 1 to 10 Torr at 25 ◦C, lead to a
eposited film thickness from 5 to 40 nm in 30 s with the assis-
ance of a UV lamp (260 nm). Without a lamp, decomposition of
uch precursors is insignificant at room temperature and remains
low at higher temperature in absence of reactive gases. Typi-
ally, MeCpPtMe3, 7 leads to a deposited film 6 nm thick in 30 s
t 120 ◦C on silicon.

.3. Plasma enhanced platinum CVD (PECVD)

Plasma generated by radiofrequency has been used to
nhance platinum CVD. CpPtMe3, 6 was used to obtain Pt thin
lms by PECVD in the presence of oxygen at temperatures as

ow as ambient temperature [13]. The films obtained are nearly
00% pure although their resistivity is high, 46 �� cm, which is
our times that of bulk platinum (10.8 �� cm). The film purity
epends on the deposition temperature, on the plasma power, and
lso on the equipment used. The precursor MeCpPtMe3, 7 was
eposited on silicon carbide nanowires by PECVD [14] under
he following conditions: 7 is heated to 70 ◦C and introduced
nto the reactor by an argon flow (2.5 sccm) at a total pressure of
00 mTorr. The deposit is carried out on the substrate at 300 ◦C
sing an RF plasma (13.56 MHz). Argon is used at the same
ime as carrier gas for generating the plasma. In 12–15 min, a
articulate deposit of 2.76 ± 0.46 nm; corresponding to 31,000
articles per �m2 was observed. The film is very dense, homoge-
eous, continuous and adherent. Increasing the temperature led
o larger particle size. PECVD processes can also lead to very
eterogeneous material deposit when two different precursors
re mixed. For example, the mixture of Pt(acac)2, 1 and tetram-
thyl tin generates, under plasma, in the presence of oxygen a
ayer of SnO2 containing dendritic platinum fractal structures
15]. Pt(acac)2, 1 has also been deposited by micro-capillary
lasma. Resulting film thickness can reach more than 100 nm in
Pyrex chip [16].

.4. Focused ion-assisted Chemical Vapor Deposition
IACVD) of platinum films and 3D structures

Ion beams have been used for the local deposition of platinum
MCVD [17] in which resistivity is 10–5000 times higher than
hat of pure platinum [18,19], due to the incorporation of ele-
ental impurities, such as C (from the precursor), O (from the

esidual gas) and Ga resulting from the Ga+ beam employed
or the deposition process. In ion-assisted deposition, the ion

m
t
t
E

mistry Reviews 252 (2008) 155–169

eam decomposes an adsorbed layer of an organometallic pre-
ursor. This decomposition generates metal atoms on the surface
f the substrate; the organic fragments diffuse away and are
xhausted from the system. Film composition will therefore
epend on the efficiency of precursor dissociation as well as
he efficiency of volatile by-product diffusion away from the
ample surface. These two parameters both should depend on
he relative arrival rates of Ga+ ions and of precursor molecules
n the sample surface. The effects of Ga+ ion and precursor
uxes on the deposited films composition and resistivity have
een determined. Results show that increasing precursor flux at
onstant ion flux increases Pt and C, but decreases Ga content of
he film. Increasing ion flux, at constant precursor flux, increases
t content, while decreasing C content of the film. Resistivity
id not depend on the film thickness nor on temperature [18],
ut was shown to follow C content; films with lower C content
aving lower resistivity.

The use of MeCpPtMe3, 7 with a beam of Ga+ at 30 keV
nd 1000–6000 pA led to 50–200 nm thick films on squares of
1 0 0) boron-doped silicon substrates.

Deposition in trenches and at near grazing incidence was
ound to occur with a high yield. Lines up to 0.2 �m high and
.3 �m wide have been thus deposited at near grazing incidence.
he highest platinum content in the film is 46% (Ga 28%, C
4%, O 2%) with an ion beam current of 78 pA. The growth of
iscrete platinum islands instead of a plain line may be due to a
hadowing effect depending on the beam incidence.

.5. Electron Beam Chemical Vapor Deposition (EBCVD)

Electron Beam Chemical Vapor Deposition (EBCVD) is a
echnology that uses an electron beam to provide localized depo-
ition for nanoscale structures or device fabrication.

In EBCVD, primary electrons from the beam impact a
ubstrate, causing secondary electrons to be emitted. These sec-
ndary electrons play a prominent role in dissociating adsorbed
eagent molecules to form a deposit on the substrate and volatiles
hat are then evacuated from the chamber. The deposition process
epends on many factors including the precursor and the electron
eam properties. If the electron beam is not moved relative to
he substrate, a dot is grown. A fibre is grown if the growth time
s increased. If the beam is moved, lines or other structures can
e deposited as in rapid prototyping. High aspect ratio structures
an be deposited as supertips on atomic force microscope tips
o improve resolution. The resolution of the structures obtained
20 nm for a beam of 30 kV and 7 nm for 200 kV) are better
han those obtained with LCVD (10–100 �m, see above) or with
ons beams (100 nm). Electric interconnection lines can be elab-
rated by 25–30 nm point juxtaposition [20]. Using CpPtMe3 6,
akai et al. [21] reported fibre growth from 0.06 to 0.6 �m3/min
nd spots of 3 nm with 30 keV and 70–100 pA at 10−6 Torr.
he best growth rates obtained reached 9 �m/min [22]. Studies
ith MeCpPtMe3, 7 showed that increasing the voltage per-

itted to thinner fibres and increasing the beam current raised

he vertical growth rate [23]. Although deposits resulting from
he application of EBCVD contain a lot of carbon [24], the
BCVD method offers advantages over IACVD: leaving fewer
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mpurities in the deposit and degrading the substrate less [25].
post-treatment consisting of a heating step in the presence

f oxygen decreases the level of impurities. The deposit may
hen suffer from a volume reduction due to carbon impurity
limination.

Electron beam induced deposition of Pt thin films on a
r-coated Si(1 0 0) substrate has also been investigated with

Pt(PF3)4], 5 [26]. According to Auger electron spectroscopy,
he Pt content reached 60 atomic % for a 3 kV e-beam flux of
.1 × 10−2 A cm−2, a precursor pressure of 2 × 10−5 Torr, and
substrate temperature of 80 ◦C. As the flux ratio (e-beam to

recursor) increased above the optimized value of 10, the rate
hifted from control by the e-beam flux to the precursor flux.
he phosphorus content was reduced by adding O2.

.6. Fluidized Bed Chemical Vapor Deposition (FBCVD)

Fluidized Bed Chemical Vapor Deposition (FBCVD) is one
f the most efficient techniques to functionalize, to deposit on,
r to coat each individual particle of a powder from gaseous
pecies. FBCVD combines two processes. One is the deposition
tself, the other aims in suspending the particles in the deposition
one, most often by flowing a gas upwards through the powder
nd in bringing heat to the powder [27]. In contrast to CVD on
at surfaces which often operates in a surface kinetics limited
egime, FBCVD is generally transport-limited.

This is due to the extremely high available growth surface
o heated volume ratios (S/V) in the deposition area. Conse-
uently, gaseous precursors are very often totally consumed a
ew centimetres after their entrance into the fluidized bed reac-
or, but the high degree of gas solid mixing compensates for
his discrepancy, and ensures isothermal conditions and uniform
eposition.

.7. Atomic Layer Deposition (ALD)

Layer-by-layer deposition processes have been tested with
latinum precursors. Precursors, air or oxygen and inert gases
re introduced to the reactor in alternate pulses onto the hot
ubstrate. A single atomic layer is formed through an auto-
imited growth mechanism. The complex partially decomposes
y consuming all the available oxygen adsorbed on the plat-
num surface and the following oxygen pulse will finish the
ecomposition. Decomposition products are CO2, water and
ydrocarbon residues if present in the starting precursor. Film
rowth using MeCpPtMe3, 7 as a precursor is limited by the pre-
ursor saturation, then short time pulses are needed to obtain a
ast deposition—duration of the pulses are, respectively, ≤0.5 s
or precursor and ≤1.5 s for the air. Out of these short durations,
he observed deposition mode is not pure ALD and deposi-
ion rate is lower, the deposits formed during a cycle being too
hick to allow a full action of oxygen. Oxygen adsorbs only
n superficial platinum and subsequent oxide layer is insuffi-

ient to react with the total amount of precursor in the next
ycle. Film growth is slow when the deposition starts because
f the nucleation step. The films obtained are much uniformed
nd have a rough surface and highly oriented grains. Adhesion

a
t
e
f
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f the films on these substrates was modest but the amount
f all impurities is low and decreases as the air pulse time
ncreases. When the air pulse time was increased from 1.0 to
.0 s, the maximum hydrogen content decreased from 1.0 to
.5 at.%, the maximum carbon content decreased from 1.0 to
.5 at.% and the maximum oxygen content decreased from 2.0
o 1.0 at.%. The resistivity of the platinum film was low (down to
2 �� cm), close to that of bulk platinum (10.8 �� cm) [28,29].
t(acac)2, 1 has been shown to be a less desirable precursor than
eCpPtMe3, 7 for ALD deposition [30]. Indeed, this precursor

ecomposes on the walls of the source furnace under the ALD
onditions: 0.6–1 mBar at 155 ◦C. This decomposition limits its
pplication and makes it also unsuitable for the use in ALD
onditions.

. Solvents used for liquid delivery systems

In the first examples of platinum OMCVD, the solid pre-
ursors were heated under reduced pressure for vaporization.
hese solids can vary in their shape or crystallinity which
an affect their volatility. Various systems of vaporization have
een developed and adapted for use with pure liquid precur-
ors or solutions [31]. The first system described is that of
he bubbler, where the precursor is pulled through the liquid
y the bubbling of a gas. The liquid can be heated (and the
ntire line, up to the reaction chamber to avoid re-condensation)
r cooled according to the volatility of the precursor and the
esired precursor flow. This system was adapted with regulators
nd sensors in order to have a partial pressure of precur-
or constant in the furnace. A direct liquid injection system
as been described where the solution is injected by syringe
irectly into a vaporization chamber. The syringe can be replaced
y volumetric pumps; mixing the solvent and precursor and
elivering the solution in a constant fashion or according to a pre-
rogrammed set of instructions. An improvement to systems in
erms of precision was the development of pulsated liquid injec-
ion where micro-quantities of precursor solution are injected
equentially.

A comparative OMCVD Pt film study under very similar
xperimental conditions, employing two precursor delivery sys-
ems, has been reported: comparing Pt OMCVD films obtained
rom MeCpPtMe3, 7 with a TriJetTM liquid delivery system and a
onventional bubbler [32]. The properties of the deposits grown
sing the two different precursor delivery systems were found to
e very similar, making a comparison between the two deposi-
ion techniques non-trivial. In this study, the use of cyclohexane
ave positive results due to its low chemical interference with
he oxidative decomposition of platinum precursor. Although
he use of a conventional bubbler leads to fast deposition of Pt
lms, controlling of amount of consumed precursor is difficult.
onversely, the liquid injection system enables perfect control
ver the quantity of precursor used, but results in a slower rate
f film growth. In the framework of OMCVD Pt deposits used

s bottom electrodes in ferroelectric capacitors, the possibility
o control the precursor consumption is a key issue due to the
xpense of the platinum precursor. Hence, the major motivation
or the utilization of direct liquid injection of the precursor would
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e to control the metallization process costs. Even for liquid pre-
ursors, the use of a solvent is often needed to control precursor
elivery. Aerosol flash evaporation using solutions give good
esults in terms of accuracy.

In general, the choice of solvent remains unexplained and
ts effects upon deposition are not described in detail. They can
lay a role by interacting with the second even the first sphere
f metal coordination and thus stabilize the metal complex. It is
lso possible to dissolve in the solution a suitable quantity of free
igand in order to stabilize the complex. Hence, 1,4-pentadiene
as described as being able to inhibit the decomposition of the
recursor cis-bis(�2,�1-pent-4-en-1-yl)Pt 11 in solution [33].
he free ligand can also inhibit the formation of the deposit
hile being adsorbed on the film [34]. Another potential effect
f solvent is to increase the vapor pressure of the precursor by
n azeotropic effect.

The more commonly used solvents are: the acetylace-
one with Pt(acac)2 1 [35], pentane for (cod)Pt(Me)2 14 [36]
nd cyclohexane for MeCpPtMe3 7 [37]. Other examples are
escribed including THF for MeCpPtMe3 7 [38,39] or Pt(acac)2
[38] and n-hexane for EtCpPtMe3 [40].

. Platinum precursors

Contrary to metals as nickel, where the complexes Ni(CO)4
arbonyls were very early used because of their excellent volatil-
ty, the carbonyl complex Pt(CO)4 is not thermally stable.
arbonyls complexes of platinum can however be stabilized by

he presence of another ligand such as phosphine. Many com-
lexes have been developed, and among alls, a �-diketonate
amily, a trimethyl-cyclopentadienyl family and (cod)Pt(Me)2
nvolve the most met precursors in the literature. OMCVD pre-
ursors’ specifications enclose a good volatility, an adequate
tability window, a low production cost, few elemental impuri-
ies in the film, fast nucleation and low risk handling: stability
oward moisture and oxygen (no pyrophoricity!) and low toxic-
ty.

.1. The β-diketonate family complexes

.1.1. Pt(acac)2 1
The first tests were carried out with square planar complex

t(acac)2, 1 by Marboe [41]. The vaporization from Pt(acac)2 1
o 180 ◦C (20–200 �Torr) followed by deposition on a hot glass
350–450 ◦C) led to the formation of an adhesive mirror like
lm. Subsequently, Rand showed that under these conditions,

he obtained film is rich in carbon and that in the presence of
ydrogen, the deposit is much purer, however, the precursor is
artially decomposed before vaporization [42]. Kwak showed
ndeed that 1 is stable only until approximately 160 ◦C [43].
y vaporizing the complex at 140 ◦C and by depositing it in

he presence of oxygen at 450 ◦C, he obtained films with few
arbon impurities and a high degree of crystallinity. Beyond

deposition temperature of 450 ◦C, the obtained films in the

resence of oxygen present grains randomly oriented, whereas
t 280 ◦C, three distinct structures are observed within the one
lm: cauliflower structures, structures in columns and equiax-

o
h
i
o
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al grains with large specific surfaces [44]. This precursor can
ecompose from 155 ◦C on the furnace walls what limits its
pplication in ALD [30]. With Pt(acac)2 1, substrate tempera-
ure have to be chosen quite far away from its stability range
ecause only partial decomposition occurs at 155 ◦C and a tem-
erature of 280 ◦C is required to obtain a metallic film. This is
he case because Pt(acac)2 1 decomposes in several stages at
ifferent temperatures.

Pt(acac)2, 1 however has the advantage of being not very
xpensive and not very sensitive to water and air. Goswani
howed that the decomposition kinetics controls the crystallites
rowth by allowing precursor adsorption and surface diffusion,
ucleation rate is also affected (vide infra) [38]. Paradoxically,
t O bonds are very stable, more stable than Pd O [45] and
omparable to C C bonds (Pt Oacac: 180 kJ mol−1 [46], mean
alues for C C: 250 kJ mol−1, C C: 140 kJ mol−1). It is thus
he ligand which decomposes without metal de-coordination,
lms with high levels of impurities are generally formed. This
recursor was described like being able to initialize the deposit
f other precursors to make mixed deposits. It allows the deposi-
ion of Si(OEt)4 at 320 ◦C instead of 600 ◦C leading to a Pt/SiO2
ixture [47].
The following complexes are derived from Pt(acac)2.

.1.2. Pt(hfa)2 2
After the first satisfactory CVD tests of Pt(acac)2 1, a flu-

rinated version of this complex was synthesized in order to
ncrease the difference between the precursor vaporization and
he decomposition temperatures. Pt(hfa)2 2 was tested first
y LCVD [5,7] (Laser Chemical Vapor Deposition) then in
onventional thermal CVD. As for Pt(acac)2 1, the oxygen addi-
ion during deposition limits the amount of carbon impurities
btained in Pt films on SiO2/Si substrates [48]. Compound 2
s very stable and it can be present in the film at tempera-
ures as high as 400 ◦C staying not decomposed. The deposited
lms usually contain fluorine, significant amounts of carbon
nd oxygen. Although less volatile, Pt(acac)2 1 can be pre-
erred to Pt(hfa)2, 2 because removal of the fluorine impurities
an be difficult to process [47]. Contrary to other impurities,
he fluorine cannot be eliminated easily later, this one being
ersistent even after an argon plasma abrasion. Fluidized bed
VD studies have shown that the addition of hydrogen allows

he deposition temperature to be lowered from 400 to 140 ◦C
iving 10–100 nm diameter grains in the shape of pyramid
owever, the obtained film adhesion is poor [49]. Carbon and

xygen impurities are also present and the deposited film is not
omogeneous. Stepwise adsorption is apparent, the silica tak-
ng the colour of the precursor successively, followed by that
f metal. The decomposition is incomplete and slow even at
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rapidly in the presence of hydrogen on initially deposited film,
under CVD conditions, that the deposition growth rate is limited
by the supply of the organometallic species (see also Section 8)
[52].

Table 1
Physical properties of (cyclopentadienyl)trimethylplatinum precursors used for
platinum OMCVD

Precursors Some physical characteristics [46,48,49]

Ln(Pvap(Torr)) = (25.9 − 8.59) × 103/(T (K));
Pvap = 0.044 Torr at 23 ◦C; m.p. = 108.5 ◦C

Ln(Pvap(Torr)) = (26.1 − 8.69) × 103/(T (K));
Pvap = 0.053 Torr at 23 ◦C; m.p. = 30 ◦C
C. Thurier, P. Doppelt / Coordination

igh temperatures. Long duration and high partial pressures of
ydrogen and the ligands de-coordinate to lead to non-volatile
pecies.

Fluorine-free complexes derived from Pt(acac)2, 1, 3a and
b, bearing dissymmetric ligands is also efficient as platinum
recursors [50]. The dissymmetry of the ligands here may help
o enhance volatility.

.2. Precursors with carbonyl and phosphine ligands

.2.1. cis-Pt(CO)2Cl2, 4
Complex 4 has been tested as a precursor for CVD on various

ubstrates [51]. The temperature of the saturator was approx-
mately 100–150 ◦C, while CO was used as a carrier gas to
revent precursor decomposition. Indeed, in absence of CO, the
esidual not sublimated solid contains involatile PtCl2 revealing
recursor decomposition. The CVD film deposited was irregular
ith a poor adherence. Moreover, the use of CO is problematic,

ince it reacts with iron and nickel of the equipment to give
olatile metallic species, thus producing a source of contami-
ation. This method also generates toxic vapors (phosgene). In
he presence of hydrogen, the deposit was of better quality but
isplayed a poor adherence on the substrate—in this case sili-
on. PtMe(�1-C5H5)(CO) has been synthesized by Xue as an
lternative carbonyl-containing precursor, and used for CVD.
owever, being unstable it was difficult to store [52].

.2.2. Pt(PF3)4, 5

This precursor is a stable Pt(0) complex described in 1969

53] and with a tetrahedral structure [54]. Its decomposition
ccurs via the de-coordination of all phosphine ligands and does
ot involve a reductive step. Pt(PF3)4, 5 has been used as pre-
mistry Reviews 252 (2008) 155–169 161

ursor for CVD experiments since 1973 [42,51]. It has excellent
olatility, being liquid at ambient temperature and atmospheric
ressure with a boiling point of 87 ◦C. PF3 is similar to CO in
eactivity with respect to metals. This compound can neverthe-
ess attack SiO2, which can complicate the pyrolysis process.

hen mixed with hydrogen, at a pressure partial of 15 Torr,
eposition at 200–300 ◦C leads to a continuous film with good
dhesion on Al2O3, but containing P and F impurities, which
odified the mechanical and electronic properties of the film

btained. The process of phosphorus diffusion was also studied
s a way to dope silicon [55] however, the silicon based mate-
ials obtained do not have properties sufficiently interesting for
pplications in microelectronics.

.3. Trimethyl-cyclopentadienyl platinum precursors

.3.1. CpPtMe3, 6
This precursor is a platinum(IV) complex and its decom-

osition also occurs via the reductive de-coordination of all
igands.

CpPtMe3, 6 and its derivatives (Table 1), are the most abun-
antly described precursors for CVD. First described in CVD in
988 as an interesting alternative to the other precursors, it can
e used under milder conditions compared with those necessary
or the preceding precursors and gives higher quality films [56].

oreover, CpPtMe3, 6 is quite volatile with a partial pressure
f precursor of 0.05 Torr at 25 ◦C. The deposition at 180 ◦C on
lass or silicon in the presence of hydrogen led to films formed
y 100 nm cubic crystallites with a growth rate of 0.1 Å s−1.
he platinum films contain oxygen on the surface and carbon

races throughout (<1%) [57]. This precursor can decompose so
Pvap = 0.1 Torr at 39 ◦C, 1 Torr at 71 ◦C;
m.p. < −78 ◦C
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The synthesis of 6 described by Kaesz utilizing Pt(Me)3I
nd Na(C5H5) provides a yield of 52% [56]. A method with
yield of 89% was described by Gilman [58]. The principal

isadvantage of this precursor is its sensitivity to air (oxygen and
ater).

.3.2. MeCpPtMe3, 7
In order to increase the precursor volatility, one hydrogen of

he cyclopentadienyl ligand was substituted by a methyl group.
he precursor MeCpPtMe3, 7 thus obtained, has a melting point
f 30 ◦C. The main inconvenience with respect to handling of
eCpPtMe3, 7 is its sensitivity toward oxygen and water similar

o CpPtMe3, 6. A “one-pot” synthesis with a moderate yield
60%) starting from commercially available K2PtCl6 has been
escribed, dibromoethane being preferable as a MeLi quencher
nstead of NH4Cl [59].

When vaporized by argon bubbling (20 sccm) at 23 ◦C and
ixed with hydrogen (20% by vol.), MeCpPtMe3, 7 leads to a

ery clean deposit (<1 at.% C) as observed by XPS after surface
puttering (Fig. 4). Nevertheless, this reported impurity con-
ent has been discussed elsewhere and may be higher [60]. A
igh degree of poly-crystallinity was observed demonstrating
high nucleation rate and the formation of small crystallites.
bserved growth rates are, respectively, 0.2 Å/s at 120 ◦C and
.1 Å/s at 180 ◦C after an induction period [61]. Oxygen assisted
eposition leads to an almost carbon free deposit [60,62]. Depo-
itions have been realized by dissolving the precursor in hexane
nd then, by vaporizing the mixture at 50 ◦C by means of a
riJetTM injector. A mixture of helium and oxygen was used as

he carrier gas and deposit takes place on SiO2/Si at 300–400 ◦C.
ilms with a thickness of 15–400 nm are formed that display
good resistivity (11 �� cm), homogeneous grain orientation,

ith a roughness of 2.4–5 nm and a grain size of 16–43 nm [32].
ecause of its higher volatility, stability and its better ability to
e completely decomposed at higher temperature, MeCpPtMe3,
gives good results in ALD and the resulting films have a low

ig. 4. SEM picture of a 45◦ view of the cross-section of a 82 nm thick Pt film
btained on a TiO2/SiO2/Si by injection CVD from a cyclohexane solution of
eCpPtMe3, 7.
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esistivity [27,28]. It conveniently replaces Pt(acac)2, 1, which
egrades at too low a temperature.

.3.3. EtCpPtMe3, 8
With the goal in mind of increasing the precursor volatil-

ty, a precursor containing an ethyl-cyclopentadienyl ligand was
ested [40,63]. Deposits were carried out from 350 to 450 ◦C
nder 0.7–3 Torr, by vaporizing 8 dissolved in n-hexane at
30 ◦C (0.1 M). The carrier gas used was a mixture of Ar:
00 sccm and O2, 100–1600 sccm, the substrate being silicon
r SiO2/Si heated to 280 or 340 ◦C. Contrary to the preceding
omplexes of the same family, EtCpPtMe3, 8 is not oxygen and
ater sensitive. It is also able to form mixed Pt–C deposits [64].
synthesis with a 51% yield of this precursor utilizing Pt(Me)3I

nd Na(EtC5H4) was patented as well as the use of this precur-
or for Pt OMCVD [65]. The deposit is obtained by bubbling
rgon (20 sccm) in the pure precursor maintained at 35 ◦C at
tmospheric pressure and heating of the substrate (Si) at 150 ◦C
n the presence of hydrogen (50 sccm). A 40 nm film can thus
e obtained in 20 min.

The use of the corresponding isopropylcyclopentadienyl
nd tert-butylcyclopentadienyl platinum complexes was also
atented [59], and “one-pot” syntheses of these two com-
lexes are patented, the one patent covering all three
olecules.

.4. Olefin and allyl containing precursors (Fig. 5)

.4.1. Pt(η3-C3H5)2 9, Pt(C2H4)3 10 and
is-bis(η2,η1-pent-4-en-1-yl)Pt 11

Bis-allyl platinum compound 9 was tested in CVD. As in
he case of CpPtMe3, 6 its use results in rather pure deposits
1% carbon) [66] under relatively mild conditions (deposits at
50 ◦C and 10−4 Torr) [54]. Homoleptic allyl compounds are
mong the most volatile transition complexes for the third and
econd rows of the Periodic Table making them good candidates
s precursors for CVD.

Compound 9 has been synthesized with a yield of 69% and
an be sublimed at 25 ◦C at 10−4 Torr. However, 9 is not very
table and decomposes at temperatures as low as 20 ◦C. Other
nstable but volatile compounds also result in very pure but
morphous films; for example, those obtained from Pt(C2H4)3,
0 [61].

The precursor cis-bis(�2, �1-pent-4-en-1-yl)Pt 11 is also

ighly volatile and can be vaporized at room temperature. Pt
lms using 11 have been deposited on glass or copper at 200 ◦C
33]. The Auger analysis of the deposit on copper showed a
onstant composition on 125 nm of 65% platinum, 25% carbon,

ig. 5. Chemical structure of poor stability olefin and allyl platinum precursors.
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Table 2
Analytic results for comparative deposits from Puddephatt et al. [65]

Precursor H2 presence Anal. XPS (at.%)

Pt C O

PtMe2(MeNC)2 No 88 11 –
Yes 95 5 –

(cod)PtMe2 No 86 10 4
Yes 94 4 2

(cod)CpPtMe No 77 19 4
Yes 95 5 –

(cod)PtMeCl No 70 25 5
Yes 88 9 3

CpPtMe (CO) No 71 27 2
CpPtMe3 No 74 25 1
CpPt (�3-C3H5) No 60 38 2
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0% copper. This result can be improved at higher temperature
275 ◦C) at which smaller (60 nm diameter) and purer spheri-
al platinum particles, with a composition of 82% platinum and
8% carbon, are formed.

.4.2. (cod)Pt(Me)2, 14
(cod)Pt(Me)2 is a precursor which melts at 100 ◦C [67]. It

as described by Kalck for its use in a fluidized bed CVD
FBCVD) for the heterogeneous preparation of catalysts and in
VD on graphite [36,49,68–72]. Platinum can thus be deposited
y FBCVD on silica in 3 h at 120 ◦C at 40 Torr. The gas mix-
ure contains helium, 3% hydrogen and 0.1% of the precursor
4. Under these conditions, platinum particles can be obtained
n which palladium particles can grow quickly. At 90 Torr with
% hydrogen, the deposit on silica contains 2.3% by mass of
nm metal particles and a specific surface area of 175 m2 g−1

69]. When subjected to other conditions (30–60 Torr of helium
ontaining 3–6% of hydrogen at 100–120 ◦C) 14 decomposes
ompletely to form grains from 0.2 to 1 �m, containing 15%
arbon when deposited on glass or 3 nm grains on silica in a
uidized bed.

Deposition on highly ordered pyrolytic graphite (HOPG) can
e performed by vaporization of a solution of 14 in pentane
10 mM) at temperatures of 60–180 ◦C. Deposition has also been
arried out at 110 ◦C in the presence of 50 Torr of hydrogen
n carbon fibres [70] or carbon nanospheres treated with nitric
cid [71]. This latter treatment increases the concentration of
ucleation sites and consequently a more homogeneous crystal-
ite size deposit can be obtained. Finally, carbon nanospheres
nd carbon nanotubes were covered with platinum nanoparti-
les by fluidized bed CVD. Germination can only take place
fter a nitric acid treatment [72]. The particles obtained mea-
ure 2–3 nm on the carbon nanotubes and 5–6 nm on the
anospheres.

.5. Other precursors

.5.1. Isonitrile precursors 12 and Pt(MeNC)2Me2, 13
The isonitrile ligands which coordinate the metal as car-

enes have been used in the synthesis of precursors for platinum
MCVD. CVD was carried out at 2 × 10−3 Torr at 200–250 ◦C
n various substrates (glass, copper, alloys) with a growth rate
f 10 nm min−1 [67]. The presence of hydrogen in all cases
llows the deposition temperature to be as low as 150 ◦C. At
his temperature, the kinetics can be notably accelerated by UV
rradiation [34]. Very pure platinum is obtained by this method
fter a surface stripping step.
(acac)PtMe3]2 No 66 30 4

.5.2. Other cyclopentadienyl ligand containing
recursors: (MeCp)Pt(η3-C3H5), 15

Use of precursor 15 allowed for the deposition of 600 nm
hick platinum films at 300 ◦C on glass with no predominant
rystallites orientation [73]. The precursor is vaporized at only
0 ◦C under reduced pressure and the deposit is carried out with
nitrogen flow (50 sccm) resulting in a total pressure of 20 mbar.
xygenated and carbonaceous impurities are present on the film

urfaces but are almost non-detectable in-depth; a good result in
erms of purity.

Other precursors have been reported, often resulting in poorer
eposit purity. A series of deposits was carried out by Dryden
t al. on various substrates at 250 ◦C [67]. The new precursors
in bold in Table 2) lead to carbon-rich deposits, especially in
bsence of hydrogen.

Xue et al. also compared other new precursors with those
reviously described [52]. The deposits obtained with these new
recursors (in bold in Table 3) are not very interesting in terms
f deposit purity. Recall that precursors carrying a CO ligand
re rather unstable and not easily stored.

Among all the precursors mentioned so far, the use of
t(acac)2 1 [41,74], and its asymmetric derivatives [50], of the
amily of CpPtMe3 6, 7 and 8 [59,65], (Me2cod)Pt(Me)2, 17
75], and (TMEDA)PtMe2 18 [76] are patented for CVD pro-
esses.
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Table 3
Summary of previous studies of platinum CVD from Xue et al. [50]

Precursor Source, θ (◦C) Deposition, θ (◦C) Carrier gas Impurities (at.%)

Pt(acac)2 150 550 Vacuum 50% C
Pt(PF3)4 125 400 H2 + CO 5% P
Pt(CO)2Cl2 25 250 H2 <1% C, Cl
CpPtMe3 25 180 H2 <1% C, O
MeCpPtMe3 25 120 H2 <1% C, O
PtMe2(MeCN)2 40–120 250 H2 5% C
(cod)PtMe2 40–120 250 H2 4% C, 2% O
(cod)(Cp)PtMe 40–120 250 H2 5% C
(cod)PtMeCl 40–120 250 H2 9% C, 3% O
C
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pPtMe(CO) 40–120 250
pPt(allyl) 40–120 250

acac)PtMe3 40–120 250

. Carrier or reactive gases?

The nature of the carrier gas was shown in early studies to
ave a significant effect on the quality of the deposit. Since 1973
42], Rand showed that post-processing with oxygen at 550 ◦C
liminated the carbon impurities from the deposit. The effect
f this gas was then studied intensively. A two gas mixture for
xample, hydrogen or oxygen often mixed with an inert carrier
as such as argon, helium or nitrogen provided a particularly
otable improvement in the quality of the deposit.

.1. Hydrogen
The laser CVD studies with CpPtMe3, 6 demonstrated that
nder the operating conditions used, the deposit obtained in
he presence of hydrogen is brilliant with a granular struc-

b
r
r
i

Fig. 6. Hydrogen assisted decomposition mechani
Vacuum 27% C, 2% O
Vacuum 38% C, 2% O
Vacuum 30% C, 4% O

ure, whereas black platinum is obtained with pure argon [10].
different decomposition mechanism has therefore been pro-

osed where hydrogen intervenes in an oxidative addition on
he metal followed by a reductive elimination of cyclopen-
ane and methane (Fig. 6) ligands catalytically hydrogenated
ff the platinum surface. The surface ligand dissociation is not
lways complete and it is facilitated by the hydrogen which
cleans” the platinum surface. Use of hydrogen thus permits
he preparation of good quality deposits with MeCpPtMe3 7
61,77], Pt(MeNC)2Me(�3-C3H5) 12, Pt(MeNC)2Me2 13 [67],
cod)Pt(Me)2 14 [27,49,68–71].

Hydrogen due to its reactivity, allows platinum deposition on
ubstrates at lower temperature than under inert gas atmosphere
78]. In the case of 7, the decomposition is so fast that the film
rowth rate is, as 6, limited by the supply of the organometallic
pecies. Nevertheless, the presence of hydrogen is not sufficient
o eliminate all carbon impurities [60,62] and can lead, only
n certain cases, to better quality films than in the presence of
xygen (vide infra) [49].

A moderate concentration of hydrogen (<10%) is neces-
ary to avoid precursor degradation in the vapor phase. In a
elated research area, the formation of platinum clusters of a
inimum size was necessary to initiate the catalytic reaction
hich results in the hydrogenation of the carbon species [79]. By
sing MeCpPtMe3 7, with a deposition temperature of 175 ◦C,
he deposit’s structure is small grained with a high nucleation
ensity and a 6% carbon contain. Under harsher conditions, in
he presence of oxygen and with a deposition temperature of
50 ◦C, the grains are coarser and the film contains 6% car-

on and 2% oxygen [39]. With Pt(acac)2, 1, the decomposition
ate is accelerated by hydrogen use, but decomposition itself
emains incomplete and the quality of the film is not substantially
mproved [80]. For certain applications, the use of hydrogen is

sm of platinum precursor during deposition.
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rohibited because it degrades the platinum film’s electric prop-
rties (electrical resistivity, residual resistivity ratio, electron
ean free paths) [38,40].

.2. Oxygen

The use of 3% oxygen in the carrier gas leads to deposits
ith a high degree of crystallinity at 450 ◦C, when Pt(acac)2, 1

s used [43]. As is the case for hydrogen, oxygen causes a marked
eduction of the carbon impurities. When MeCpPtMe3, 7 is used,
he deposited film contains surface carbon impurities which can
e partially eliminated by sputtering abrasion whereas in the
resence of hydrogen, the deposit contains carbon throughout
he film [60,62]. Under the conditions described, by carrying
ut the deposit at 350 ◦C, nucleation is favoured, producing a
lm with only few holes. At higher temperature, it is the crystal-

ites’ growth which controls the deposit formation and hence the
eposit presents significant cavities. When Pt(hfa)2, 2 was used,
he use of oxygen also provided a more homogeneous crystallite
rientation normal to the surface [48,81].

Oxygen cleaves the ligands more effectively than hydrogen,
ut also forms a partial oxide layer over peripheral platinum
not detectable by XRD or SEM) which reduces the film surface
nd grain boundary energies and allows a better film adhe-
ion (damping). The resistivity of the more homogeneous films
btained are not affected because the platinum oxides possibly
ormed are conductive [48]. Nevertheless, the use of Pt(acac)2,

gives poorer results than MeCpPtMe3, 7 in terms of grains
ize (>25 nm for Pt(acac)2, 1 and >50 nm for MeCpPtMe3, 7)
nd orientation, but better results in term of purity and substrate
overage ratio [38,44]. In this example, the precursor Pt(acac)2,
appears to be competitive with MeCpPtMe3, 7.
The effect of oxygen was studied much more closely with

eCpPtMe3, 7 than with CpPtMe3, 6 [82–84]. Similarly to
ydrogen, oxygen permits a drastic reduction in the deposition
emperature and a decrease in the duration of the initiation step.
xidative decomposition of the complex is catalysed by the oxy-
en adsorbed on the platinum surface. All the adsorbed oxygen
s consumed and the effect of the oxygen pressure is limited by
he matter transfers. The growth rate of the film is thus linear over
ime due to the surface saturation of adsorbed oxygen. The sur-
ace energy is thus decreased and at high temperature (300 ◦C)
rain formation takes place. However, too high a flow of oxygen
an be detrimental to the film quality: at too high a concentration,
t provokes structural defects and the film growth is less regu-
ar. With EtCpPtMe3, 8, oxygen action allows a quick platinum
lm formation which catalyses further precursor decomposition.
t very high concentration (O2/Ar = 7:1), inhibition of precur-

or adsorption onto the film occurs and a decrease in growth
s observed. Generally, the presence of oxygen results in high
uality films (conductivity, structure, etc.) [40]. In the case of
he ALD process, the use of oxygen is absolutely necessary.
.3. Other used gases for Pt CVD

Water vapor accelerates the decomposition of the precur-
or MeCpPtMe3, 7 on glass [32] and of Pt(hfac)2, 2 on TiN

a
T
i
t
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r SiO2/Si [85]. Indeed, the induction period is shorter if the
arrier gas is wet. Additional hydroxyl groups (OH) are proba-
ly formed on the substrate surface which initiate the deposit.
hen sufficiently large platinum clusters are formed, the film

rowth reaction is catalytically activated. With Pt(acac)2, 1 water
auses small grain size (30 nm on quartz) and increases the
oncentration of nucleation sites [80]. Like hydrogen, water
lso accelerates the precursor decomposition. Water can replace
dvantageously oxygen in platinum films deposition. Conceding
drop of the deposition rate toward use of oxygen, water leads

o homogeneous randomly oriented grain depositions and low
esistivity films. Battiston et al. have demonstrated that resistiv-
ty is tightly linked to crystallite size [86], and the bigger the
rystallites are, the lower the resistivity is. This trend is valuable
nly in the case of homogeneous films without preferred orien-
ation and with few voids. With oxygen, above a temperature
hreshold, enhanced adatoms mobility increases the crystallite
imension and produces ordered grains with voids between
hem. Moreover, films use to show a non-homogeneous mor-
hology along the position in the reactor in this case. With water,
dsorbed water limits platinum atoms diffusion and increasing
emperature only makes the grains size bigger keeping them
andomly oriented.

The use of a 1:1 mixture N2O + O2 has also been considered
87,88] and with MeCpPtMe3, 7, under mild conditions (400 ◦C,
0 Torr in 120 s), a 96 nm thick film on borophosphosilicate glass
an be produced. The reactive oxidant gas can be injected into
he medium simultaneously with the precursor and a reducing
as (H2, NH3) or sequentially with a fine flow controller that
etermines the precursor deposition rate [89].

. The substrates

The chemical nature of the substrates on which the deposits
re performed depends obviously on the application concerned.
he preparation of solid catalysts often requires the use of oxides

mainly alumina or silica) or nanocarbon particles. One of the
equired objectives is obtaining a deposit having a high surface
rea.

Microelectronics uses SiO2-type oxides, deposited or ther-
ally formed, as well as conducting materials (metals, doped

xides such as SnO2, diffusion barriers such as TaN) or Si
emiconductors. Film homogeneity and excellent conduction
roperties are required for this type of application.

The chemical nature of the substrate influences the qual-
ty of the deposit to a great extent at the early stage of
ts growth during nucleation. It influences the properties of
lm adhesion and even the formation of the deposit itself.
or example, MeCpPtMe3, 7 forms more adherent films on a
iO2/Si support when a preliminary TiO2 oxide film is deposited
n the surface. Fig. 7 shows how silanol moieties can help
o form early nucleation site on SiO2 substrates. The films
btained are more homogeneous and smoother however, they

lso contain more impurities. The Pt crystallites formed on
iO2 do not demonstrate a preferred orientation and thus have

ncreased surface energy. It is postulated that a growth of crys-
allites toward a preferred crystallographic orientation leads
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s by CVD onto SiO2 leading to nucleation.
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Fig. 7. Formation of platinum cluster

o a compact atomic stacking with a weaker surface energy
37].

As previously stated, nucleation is supported by the presence
f hydroxyl groups (OH) on the surface. The –OH group density
an be increased by the use of steam, but depends also on the
hemical nature of the surface. The effect of the hydroxyl group
as demonstrated with precursor 1. The deposition of Pt(acac)2,
on CaF2 at 420 ◦C at 1 Torr led to a film having a rather rough

urface (roughness: 10 nm) and a grain size of 148 ± 8 nm. On
uartz, roughness is less significant (4 nm) and the grains are
maller: 123 ± 9 nm. In the presence of steam, the grains are
ven smaller [39]. Clearly shown here, is the positive corre-
ation between OH density and increased nucleation (Fig. 7).

oreover, surface pre-treatment with Me3SiCl counteracted the
ositive effect of the surface OH groups due to their masking
s trimethyl silyl ethers [90]. The growth on certain surfaces
uch as metal surfaces or metal oxides is very fast whereas on
ther surfaces slow growth is observed, hence the deposit can
e grown selectively on supports presenting chemically different
reas on the surface (some metal nitrides or oxides can be used as
atalytically inactive insulation promoting platinum deposition
lsewhere, on active regions) [91].

The first tests on graphite (HOPG) highlighted the chemical
nertia of the surface with respect to nucleation and the difficulty
f depositing platinum onto it [92]. Whereas on SiO2, there is
ormation of a deposit at temperatures as low as 140 ◦C using
he precursor MeCpPtMe3, 7, on graphite, deposition does not
ccur until 190 ◦C without an induction period. A decomposi-
ion reaction in the gas phase can contribute, in this case, to the
ucleation process. A STM (scanning tunnelling microscopy)
tudy revealed non-homogeneous deposits with various struc-
ures: clusters of 8–80 Å with some very much larger Pt islands.

ith Pt(Me)2(cod), 14, a polycrystalline deposit is observed
n HOPG [36]. Platinum islands of 20–30 nm height which
ollowed the substrate cleavage lines indicated that nucleation
ccurred mainly along the planes. Few spots are present between
he cleavage plans. By increasing the deposition time, one
ncreases the surface coverage rate and dendritic structures
ppear, connecting the cleavage lines to the nucleation sites
n plane surface defects. The oxygenated functional groups are

nly on the plane section and it is these that allow the nucle-
tion growth. By oxidizing graphite at 650 ◦C, one increases the
umber of sites and the platinum film becomes more uniform.
he method most usually encountered to increase the number

c
b
a
i

ig. 8. SEM picture of a particle dispersion of platinum on a graphite support.
ize of the grains reaches 5–10 nm.

f nucleation sites is to treat the graphite with boiling nitric
cid. When depositing the precursor Pt(Me)2(cod), 14 on car-
on fibres, the resulting platinum content is more homogeneous
nd the crystallite size is larger (4–5 nm) on the support. Fig. 8
hows an example of such dispersion.

As the surface of graphite is particularly inert, the role of
he nitric acid is to partially oxidize this surface and to form
arboxylic acid groups ( COOH). Anchoring can then be done
hrough carboxylate–platinum connections. Hence, the cluster
t4(CH3COO)8 is a known example of an isolable compound
ontaining this type of bond. This method of support activa-
ion was also employed with nanospheres and carbon nanotubes
71,72] for which standard thermal platinum OMCVD is impos-
ible.

. Nucleation and growth

According to the operating conditions used, the precursor
ow can be the main contributor to the nucleation process,

.e. by the formation of new crystallites or with the growth
f the initially formed crystallites. Under conditions favouring
ucleation, the film obtained appears as a small crystallites, the

onsequent aggregation of which results in good connectivity
etween the grains and nearly an absence of holes and hence,
low resistivity. Under conditions supporting growth, the film

s made up of large crystallites. Various physical factors influ-
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nce the prevalence of nucleation or growth at the time of film
ormation. Due to this parameter being of a kinetic nature, the
emperature is very important, the phenomena of growth and
ucleation not utilizing same activation energies.

Kwon and Yoon highlighted that in the case of the deposition
arried out with MeCpPtMe3, 7, the film morphology was con-
rolled by nucleation at 350 ◦C and by the growth at 450 ◦C. With
tCpPtMe3, 8, at high temperatures (>400 ◦C) deposition is con-

rolled by the mass transfer and film growth is predominant. In
his case, the film obtained contains many holes which increase
ts resistivity and its quality is improved by lowering the pressure
60]. Increasing the temperature favours the growth of crystal-
ites, leads to a smoother surface and to a higher deposition rate,
ut to poor support coverage; while low temperature leads to a
igher concentration of impurities (mainly carbon), because of
artial precursor decomposition. Traditionally, oxygen is added
uring the deposition process to suppress this phenomenon.
ikewise, Goswami et al. showed that under mild conditions (in

he presence of hydrogen at 175 ◦C) small grains (high nucle-
tion) were obtained containing 6% of carbon, whereas under
arsher conditions (in presence of oxygen at 350 ◦C) coarse
rains were obtained containing 6% of carbon and 2% of oxygen
39]. The authors do not comment on the effect that the gas com-
osition has on the nucleation but we can link this phenomenon
o what is observed with adsorbed water: limitation of atom dif-
usion and then of crystal growth. Nucleation can be supported
y the nature of the substrate at the beginning of deposition and
lso by the nature of the gas used. For example, the addition
f steam that will produce hydroxy groups; the consequences
f which are described above. Nucleation is also supported by
recursor “supersaturation” (vide infra), obtained by increasing
he precursor concentration in the phase gas. Decomposition in
hase gas can also contribute to the nucleation process [92].

Generally during deposition, small grains are formed by
ucleation on the substrate surface initially; bigger grains are
hen formed onto this first layer. A process has been developed
n order to produce smooth films with small grains throughout
he thickness of the film [93], and for that purpose, the deposit
s performed in two stages. First, the growth conditions support
ucleation, the agglomeration and the formation of a smooth
nitial film. Second, film growth with small grains is favoured.

hen the quantity of evaporated precursor for the formation of
he initial film is reached, the operating conditions are changed;
he temperature, the pressure and the oxidizing concentration
eing lowered.

. Autocatalysis

In the case of deposits under “normal” conditions, in absence
f reactive carrier gases such as oxygen or hydrogen, an induc-
ion period is often observed where the film formation kinetics
re slow. After this period, the kinetics are strongly accelerated.
he period of induction is considerably shorter if the gas is wet

r contains hydrogen.

This phenomenon of autocatalysis was highlighted in the
arly stages of platinum OMCVD experiments. Hence, beyond
n induction period, one observes that the deposition already

p
e

g

mistry Reviews 252 (2008) 155–169 167

ormed catalyses the decomposition of the precursor and accel-
rates further film formation. The method of formation and the
rystalline nature of this layer are important. A non-crystalline
latinum layer may be unable to catalyse further platinum CVD
eposition. In the case of a silica substrate supporting a dis-
ontinuous layer of non-crystalline platinum formed by vacuum
vaporation, CVD platinum settles only on the zone where this
rst layer was absent [94]. Furthermore, platinum crystallites
ormed by CVD on SiO2 grow faster than on non-crystalline
latinum deposited by vacuum evaporation. Five-micrometer
rystallites of platinum are obtained and their adhesion, in this
ase, is poor. The growth initiation stage corresponds to the for-
ation of platinum clusters which allow the catalytic formation

f the deposit [95]. This stage is determined by the nucleation
rocess. The energy necessary for the growth of the deposit
n platinum is less than on a virgin support (Si/SiO2, etc.). At
ow oxygen pressure and low temperature, the film growth rate
ecomes fast when one deposits on a pre-formed platinum layer
82]. Platinum particles can also catalyse the decomposition of
rganometallic precursors other than platinum precursors. Small
latinum particles, obtained by deposition of (cod)Pt(Me)2, 14
n a mixture of helium with 3% hydrogen at 120 ◦C, thus allows
he deposition of palladium at a temperature as low as 60 ◦C
ith (hfac)Pd(�3-C3H5) [67]. The catalytic effect here is clearly
ighlighted. Conversely, the platinum deposition on polystyrene
eads is possible between 70 and 85 ◦C with (cod)Pt(Me)2, 14
n the presence of a catalytic quantity of (hfac)Pd(C4H7) [96].
alladium grains are deposited at low temperature and initiate

he platinum deposition.

. Mass transfer and supersaturation

In conventional CVD, high concentrations of precursor in the
as phase are maintained by a high precursor partial pressure.
his improves the nucleation rate and increases the homogeneity
nd density of the film, which is composed of fine particles
49]. The phenomenon of “supersaturation” can be achieved by
eating the precursor while placing the substrate in a turbulent
as flow which supports the mass transfer. This approach is used
n the fluidized bed deposition process. Hence, deposition in
uidized bed studies of carbon nanospheres and graphite stems
howed that increasing the precursor partial pressure by 25 times
at higher sublimation temperature) resulted in 15 times smaller
articles, dispersed in a homogeneous fashion [27].

0. Precursor decomposition

Decomposition of the precursor is a key stage in the for-
ation of the film. Fast and complete precursor decomposition

sually ensures that a film of good purity and a good quality is
btained. The chemical nature of the precursor is the dominant
actor here, requiring stability under the vaporization conditions
nd decomposition only under the deposition conditions. Com-

ared to other metals, the catalytic properties of platinum are
specially suited to this process.

In the presence of hydrogen, platinum behaves as a hydro-
enation catalyst. There is precursor adsorption on the surface,
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hen oxidative addition of hydrogen and reductive elimina-
ion of a hydrocarbon. Thus, CpPtMe3, 6 liberates methane
nd cyclopentane and (cod)Pt(Me)2, 14 affords methane and
yclooctane. The formation of platinum-hydride species was
ighlighted by the isomerization of C C double bonds [33]. The
se of oxygen results in water and carbon dioxide production.

In the absence of reactive gases, the proposed mech-
nisms differ according to the nature of the precursor.
he formation of coupling products is observed, thus the
omplex Pt(MeNC)2Me(�3-C3H5), 12 produces ethane and 1,5-
exadiene by intermolecular coupling [67]. In this case, two
athways are proposed: reaction on the platinum surface or a
adical mechanism. With Pt(�3-C3H5)2 9, the proposed decom-
osition mechanism occurs by �-elimination which affords a
inylidene. Propene can depart or vinyl C H activation occurs,
eading to a metallacyclobutene. Cycloreversion of the latter
pecies leads to a metal methylene moiety with acetylene release;
-elimination leading to an allene is also discussed [66].

Certain precursors can lead to films selectively deposited onto
ertain surfaces by a transmetallation redox mechanism. Hence,
t(hfa)2, 2 will deposit platinum at low temperature on copper
nd iron, but not on silicon. A TPRS (temperature-programmed
eaction spectroscopy) study showed that deposition was accom-
lished according to the following steps [97]:

at 100 K: adsorption of the precursor.
at 175 K: loss of a hfa (and hfa-Cu formation).
at 283 K: loss of the second hfa, release of Cu(hfa)2.
at 450 K: partial decomposition of adsorbed hfa; Pt, CO, CF3
remain adsorbed.
at 800 K: Pt, C remain adsorbed.

A limit to the transmetallation process is the formation of a
t layer on copper at low temperature. At higher temperature,

here is copper diffusion to form a Pt–Cu alloy that makes this
eaction possible.

1. Conclusions

General methods of platinum OMCVD have been sum-
arized in this article. Two different objectives have been

nvestigated throughout these studies: some methods aim at the
nhancement of deposit purity, rate and yield. Other methods
im at the formation of local deposits, especially to form 3D
bjects: lines, spots, etc. LCVD and EBCVD are good exam-
les of the latter allowing the formation of sub-micro-objects
sing these techniques. Very good results can be obtained due
o the availability and versatility of precursors having good
olatility and a good thermal stability window. The best sys-
ems are MeCpPtMe3, 7 and EtCpPtMe3, 8 this one being
xygen and water stable at ambient temperature. On the other
and, (cod)Pt(Me)2, 14 is less volatile but it is easily synthe-
ized in high yield and also gives very interesting results. These

recursors benefit from facile decomposition under the CVD
onditions. Decomposition is particularly effective and rapid
n the presence of oxidizing or reducing gases. The contri-
ution of hydrogen and oxygen as reactive gases also allows

[
[

[
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otable improvements in the quality of the film deposited and
xperimental conditions (lowering temperature in particular).
ilms have therefore been obtained with only traces of impuri-

ies, carbon being the most common. A good understanding of
ucleation and growth mechanisms has enabled fine-tuning of
perating conditions to improve the rate of deposition and purity,
hile also allowing formation of local deposits according to the

urface chemistry. OMCVD remains a dynamic process with
any complex factors that are not always taken in account: e.g.

eactor geometry.
An update of the intervening mechanisms in the deposition

rocess should also allow further development and better con-
rol, according to the parameters such as the nature of the support
nd the gas.
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