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ABSTRACT
In this Account, we present several representative studies of thin-
film growth by chemical vapor deposition, with particular emphasis
given to elucidating the mechanistic, energetic, and structural
aspects of nucleation and growth. These understandings have
allowed us to develop new methods to deposit patterned, as
opposed to blanket, thin films. We show how such procedures can
be exploited to effect the directed assembly (i.e., the additive
fabrication) of a device architecture.

Introduction
The growth of thin films via chemical vapor deposition
(CVD) is an industrially significant process with a wide
array of applications, notably in microelectronic device
fabrication. In this Account we will describe aspects of
the research we have undertaken to gain an understanding
of CVD processes on a chemical and mechanistic level,
and in so doing, we will attempt to illustrate areas of need
and opportunities for research.

In general terms, chemical vapor deposition (CVD) is
carried out by passing a volatized precursor (such as an
organometallic or metal coordination complex) over a
heated substrate.1,2 Thermal decomposition of the precur-
sor produces a thin-film deposit, and ideally, the ligands
associated with the precursor are cleanly lost to the gas
phase as reaction products.2 Compared to other thin-film
production techniques, CVD offers several significant

advantages, most notably the potential for effecting selec-
tive deposition,3-12 lower processing temperatures,2,3,13 and
enhanced conformal coverage of nonplanar substrates.13,14

The microstructural habits of a CVD-derived film can be
complex, however, and limit its utility.1 In addition, side
reactions, such as those leading to the incomplete removal
of ligand-derived species, can introduce undesired impu-
rities into the film.15

To better understand the causes of these undesirable
features and to improve the efficiencies of CVD processes,
it is useful to establish the nature and kinetics of the
molecular mechanisms responsible for the decomposition
of the precursor. In our research we have been especially
interested in achieving selectivity in film growth and using
this selectivity as a means to deposit patterned (or
additive) thin-film microstructures.16

A CVD process usually involves several discrete mecha-
nistic steps, most importantly those involved in nucleation
and those that carry the reaction forward under steady-
state conditions. In the nucleation steps, the precursor
molecules generally contact non-native surface materials
(e.g., Si, SiO2, TiN, polymeric resists, etc.). The activation
of the precursor on such surfaces via reactive gas-solid
collisions often dominates the growth process because the
rates of steady-state growth on the native substrate are
often much faster (that is to say, the reaction demonstrates
a nucleation-limited autocatalysis). Although much progress
has been made in determining the nature of steady-state
CVD growth mechanisms, our understanding of the criti-
cal steps involved in activated nucleation is still quite
limited.

A first step toward developing an understanding of a
complex CVD process is to investigate the temperature-
dependent surface chemistry of the precursor (or one of
its possible reaction products). We employ an array of
surface-specific analytical techniques, each appropriate
to report on a given aspect of the mechanism. For
example, Auger electron spectroscopy (AES),17-19 X-ray
photoelectron spectroscopy (XPS),17,18 and low-energy
electron diffraction (LEED)20,21 are extremely useful meth-
ods with which to examine surface composition and order.

Temperature-programmed reaction spectroscopy
(TPRS)22-25 and reactive molecular beam surface scattering
(MBSS)15 are particularly useful for examining both the
kinetics and reaction pathways of a CVD process. In a
TPRS experiment, a cold surface is dosed once from the
gas phase with a limited amount of an adsorbate. After
dosing is complete, the surface is heated, causing various
species (typically with different molecular masses) to
desorb from the surface. The relative amount of each
desorbing species is monitored as a function of surface
temperature with a mass spectrometer. Typically, the
TPRS traces reflect a convolution of the coverage and
temperature dependencies of the surface reaction kinetics
and, when modeled appropriately, can be used to deter-
mine the relevant reaction energetics.23,26 The MBSS
experiment is similar, except that the dosing of the surface
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is done effusively and continues as the surface tempera-
ture is either raised or lowered. The composition of the
scattered flux is measured as the function of temperature,
and the resulting data provide information about the
reaction energetics, reaction order, and product partition-
ing.

Both TPRS and MBSS are sensitive only to species that
desorb into the gas phase. To study the structures of
adsorbate species resident on the surface, surface vibra-
tional spectroscopies are extremely powerful tools, and
we have found reflection absorption infrared spectroscopy
(RAIRS)27-29 to be particularly useful.

In the sections that follow, we will discuss some
representative mechanistic studies of CVD processes
culled from our research. We will discuss how these
studies may lead to improvements in CVD methods, and
we will illustrate how additive fabrication based on
selective CVD growth might find broader applications in
technology. Several excellent reviews related to the mate-
rial discussed here are available, and the interested reader
is directed to them for more detailed discussions.1,5,8

Unimolecular CVD Processes: Aluminum
Aluminum CVD via the Thermolytic Decomposition of
Triisobutylaluminum (TIBA). One of the first CVD mech-
anisms we studied in depth was the deposition of alumi-
num thin films via the thermal decomposition of triisobu-
tylaluminum (TIBA).15 To model the steady-state growth
behaviors, we avoided the complications of the nucleation
steps by carrying out the reactions on a single crystalline
aluminum surface. The mechanism of aluminum deposi-
tion from this precursor was poorly understood at the
time, and the complex growth patterns limited the scope
of its application in device fabrication.13,30,31

Reactive scattering studies were performed by directing
an effusive beam of TIBA onto both Al(111) and Al(100)
surfaces while simultaneously monitoring the desorbed
and scattered species via mass spectroscopy. Figure 1
shows the results of these experiments on the Al(100)
surface. The intensity of the m/e ) 141 ion, a representa-
tive fragment of the TIBA precursor molecule, remains
constant up to a temperature of ∼500 K. At this point,
the scattered flux decreases dramatically until reaching a
background level at ∼600 K. This result indicates that TIBA
begins to react on the surface at a high rate at tempera-
tures near 500 K (presumably depositing a film of alumi-
num). Concurrently, the fragments measured at m/e )
56 (isobutylene) and m/e ) 2 (dihydrogen) increase; no
intensity changes are seen at m/e ) 58 (an isobutane
fragment).

Taken together, these results suggest that the TIBA
undergoes a surface-mediated reaction to give a metal
deposit and the gaseous byproducts isobutylene and
hydrogen. These results strongly suggest that an important
step in the deposition process is â-hydrogen elimination
from a surface-bound alkyl group.15,32 TPRS studies also
showed that the isobutylene and hydrogen are evolved
from the decomposition of an adsorbed monolayer of

TIBA at ∼520 K, in good agreement with the scattering
data. Independent studies have shown that H atoms
recombine and desorb as H2 from aluminum surfaces at
∼330 K,33,34 and isobutylene desorbs from aluminum at
∼130 K. Therefore, the evolution of these products at ∼520
K in the thermolytic decomposition of TIBA must be a
reaction-limited process, that is to say, one limited by the
energetics of the â-hydrogen elimination step. The change
in the ion profiles seen in the reactive scattering data
above 600 K reflects the onset of a rate regime limited only
by the TIBA flux.

Using AES, we determined that, below 600 K, the
aluminum deposited on the surface remains carbon-free.
Therefore, the CVD process occurring in this limited
temperature range is quite efficient. At higher tempera-
tures (>650 K), however, carbon contamination becomes
a factor. Our subsequent studies strongly suggested that
â-methyl elimination becomes a kinetically competent
decomposition pathway above 600 K.15 This deleterious
side reaction leads to the evolution of propylene and the
formation of methyl groups on the aluminum surface
(which are known to dehydrogenate at T g 400 K).35 These
reaction steps are summarized in Figure 2. It is interesting
to note that our data suggest that the barrier for â-methyl
elimination is only ∼4 kcal/mol higher than that for
â-hydride elimination (see below), a result that mirrors
the known reactivity differences of aluminum alkyls in
homogeneous solution.15

Perhaps most intriguing was the presence of only one
TPRS desorption feature for isobutylene. This result
demonstrates that the decompositions of the three isobu-
tyl groups in the adsorbed TIBA are kinetically indistin-
guishable. Thus, the dissociation of the TIBA into an

FIGURE 1. Scattered species as a function of surface temperature
when TIBA (Tgas ) 330 K) is impinged onto an Al(100) surface at an
effective pressure of 10-6 Torr. The surface temperature is ramped
linearly at ∼2 K s-1. The arbitrary units are different for each of the
scattered fragments, which prohibits comparison of their relative
intensities.
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adsorbed Al atom and three kinetically equivalent isobutyl
groups must take place below 520 K (i.e., dissociative
adsorption is not the rate-determining step).

The activation energy and preexponential factor of the
rate-limiting â-hydrogen elimination can be obtained from
a Redhead analysis of TPRS data taken at different
temperature ramp rates.26 An activation energy of 27.2 kcal
mol-1 and a preexponential factor of 3.8 × 1011 s-1 were
found for the production of isobutylene on Al (111). For
the (100) surface, these quantities were 32.6 kcal mol-1

and 1.4 × 1013 s-1. These data demonstrate that a marked
surface rate-structure sensitivity favoring the growth of
the (111) face operates in this CVD system. The energetics
measured here do, in fact, completely rationalize the
strong (111) texture seen in CVD growth from TIBA in
commercial reactors.13

Trimethylamine Alane (TMAA). Trialkylamine alanes,
specifically trimethylamine alane (TMAA), have also proven
useful as precursors for aluminum thin films.36 The
primary advantage of TMAA over TIBA is that aluminum
deposition can be effected at lower temperatures. TMAA
is relatively stable and has a reasonably high vapor
pressure at room temperature, making it a good choice
for use in CVD.37,38 AES verified that high-purity Al films
are obtained from TMAA, and LEED data showed that the
growth proceeds epitaxially on both (100) and (111) Al
surfaces.

The major products derived from the decomposition
of TMAA (besides Al metal) are trimethylamine (TMA) and
molecular hydrogen, both of which bind only weakly to
the growth surface and thus desorb with a high rate. Our
TPRS data suggested that the kinetics of the deposition
are limited by the rate of heterolytic cleavage of the Al-N
bond of adsorbed TMAA molecules.36 Reactive scattering
studies at a variety of precursor fluxes (Figure 3) were
consistent with this conclusion: the deposition rate at low
temperatures was first-order in precursor, and the de-
composition of the precursor was characterized by a
preexponential factor of 3 × 1012 s-1 and an activation
energy of 17.8 kcal mol-1. This barrier is some 9.4 kcal/
mol lower than that of the TIBA CVD process.

The deposition kinetics can be modeled by a mecha-
nism consisting of the following discrete steps:

where the subscripts g, ads, and m refer to the gas,
adsorbed, and metal phases, respectively. In principle, the
non-flux-limited reaction rate should be controlled either
by the surface-mediated cleavage of the Al-N bond in
TMAA (k2) or by the recombinative desorption of hydrogen
(k5). The 17.8 kcal mol-1 activation energy and the first-
order reaction kinetics are inconsistent with the known

FIGURE 2. Proposed surface reaction mechanisms for the TIBA
ligands on aluminum surfaces during steady-state aluminum CVD.
For simplicity, the attached aluminum atoms are not shown. The
â-hydrogen elimination reaction (top) dominates at surface temper-
atures <600 K and leads to carbon-free, crystalline aluminum films.
We propose that the â-methyl elimination reaction (bottom) and
subsequent R-hydrogen abstractions from the surface methyl group
are the source of carbon incorporation into aluminum films deposited
above 600 K.

FIGURE 3. Scattering profiles of trimethylamine alane from clean
Al(111) as a function of temperature and with varying gas flux. The
heating rate is 4 K s-1. The inset shows that the decomposition
reaction is first-order in TMAA flux on both Al(111) (2) and Al(100)
(0).
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kinetics of H atom recombination, and strongly suggest
that Al-N bond cleavage is the rate-determining step (k2).

A Bimolecular CVD Process: Redox
Transmetalation
TIBA and TMAA both afford an elementary phase Al, as a
CVD product. Compositionally more complex materials,
however, are often used in industrial applications; for
example, alloys are frequently used to combine the
favorable aspects of two different metals (e.g., aluminum/
copper to optimize conductivity and resistance to electro-
migration).39-42 We have been broadly interested in the
deposition of Cu and its alloys, and toward this end we
have examined the CVD reactions of several metal dike-
tonate complexes on copper surfaces. We highlight in this
Account one alloy CVD system that demonstrates remark-
able properties.

Transmetalation of Pd(hfac)2 on a Copper Surface.
Preliminary studies of bis(hexafluoroacetylacetonate)-
palladium(II), Pd(hfac)2, on polycrystalline copper sub-
strates revealed that the deposition of Pd occurs via a
redox transmetalation reaction as shown below:3,39,43

Detailed mechanistic studies demonstrated that Pd(hfac)2

readily dissociates on a clean copper surface and that this
reaction leads to the formation of Cu(hfac)2 at tempera-
tures between 330 and 600 K. Our studies showed that
the transmetalation reaction involves six principal steps:
(1) the adsorption of the Pd(hfac)2 molecules on the
surface, (2) the reduction of the PdII centers to Pd0 by
copper, (3) the dissociation of the hfac ligands from the
palladium centers, (4) the recombination of hfac with
copper surface atoms, (5) the reaction-limited desorption
of Cu(hfac)2, and (6) the interdiffusion of palladium into
the copper substrate.

XPS studies indicated that, upon adsorption of the
precursor on Cu, even at low temperatures (∼120 K), the
measured Pd 3d5/2 binding energy corresponds to that of
Pd0 rather than PdII. This result suggests that the palla-
dium(II) centers of the adsorbate are reduced readily by
the copper surface. Adsorption of Pd(hfac)2 evidently
occurs dissociatively; i.e., the hfac ligands transfer from
Pd to the Cu surface. The RAIR spectra shown in Figure 4
show significant dichroism that can only be rationalized
by a tilt-order transition of the surface-bound hfac ligands
near 300 K. In this transition, the hfac ligands, whose
molecular planes initially are mostly parallel to the surface
plane, reorient and become perpendicular to the surface.
The latter organizational state persists until the ligands
begin to decompose (∼500 K). That the hfac ligands
remain intact on the surface up to temperatures near 500
K was further supported by the XPS data.

Extensive kinetic studies were conducted to demon-
strate the controlling effects of diffusion in the solid state
on this novel reaction (Figure 5). To facilitate interdiffu-
sion, a polycrystalline Cu substrate was used in this
experiment. The data in the figure show that both Cu-

(hfac)2 and Pd(hfac)2 are present in the desorbing flux at
temperatures between 300 and 400 K. Above 400 K,
however, the Pd(hfac)2 intensity drops dramatically as it
is more quantitatively converted to products. Above 400
K, the reaction rate is limited by the flux of Pd(hfac)2 to
the surface. This conclusion is corroborated by the
increased yields of Cu(hfac)2 obtained at higher Pd(hfac)2

fluxes. The decrease in Cu(hfac)2 intensity seen at higher
temperatures is due to the onset of the thermal decom-
position of the hfac ligands on the surface. This latter

Pd(hfac)2 + Cu f Pd + Cu(hfac)2 (6)

FIGURE 4. RAIR spectra of submonolayer amounts of Pd(hfac)2 on
a Cu(111) surface after the surface was annealed to different
temperatures.

FIGURE 5. Profiles obtained during the reactive scattering of Pd-
(hfac)2 on copper foil surfaces: (a) m/e ) 244, which tracks the
desorption of Pd(hfac)2, (b) m/e ) 201, which tracks the desorption
of Cu(hfac)2, and (c) m/e ) 201 but at twice the incident flux of
Pd(hfac)2. For (a) and (b) the flux was 5 × 1013 molecules cm-2 s-1;
for (c) the flux was 1 × 1014 molecules cm-2 s-1. The heating rates
were 7 K s-1. The arrows indicate whether the traces were obtained
upon heating or cooling. In both curves, the lowest signal corre-
sponds to zero flux.
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branching necessarily limits the yield of the Cu(hfac)2

transmetalation product. The overall process is depicted
in Figure 6.

The kinetics revealed by the reactive scattering experi-
ments can be analyzed in considerable detail. Based on
well-supported simplifying assumptions, the ratio of the
Cu(hfac)2 desorbed to the incident Pd(hfac)2 flux can be
written in terms of the energetics of the various elemen-
tary rate processes involved in the competing reactions.
From this model, using a least-squares analysis to fit the
data, we were able to estimate that the activation energy
for the transmetalation reaction was remarkably small: 13
kcal mol-1 (with a corresponding preexponential factor
of 2 × 10-10 molecules-1 cm2 s-1). The data are consistent
with known temperature dependencies of the diffusion
of Pd into Cu.

In principle, the redox transmetalation process can
serve as a method to deposit metals selectively; for
example, if Pd(hfac)2 is passed over a substrate that
consists of regions of various compositionsscopper here,
silicon there, etc.spalladium metal will only be deposited
on the copper. This selectivity arises because few materials
(copper being one) are able to reduce the PdII ions in the
precursor to palladium metal. This approach to effecting
patterned or surface-selective depositions, however, relies
on a preexisting pattern of surface compositions. A much
more widely applicable approach to obtaining patterned
metal thin films is described in the following section.

New Approaches to Patterning CVD Metal Thin
Films44

Many metal CVD depositions are autocatalytic. Growth
of such thin films is characterized by an induction period,
which is a consequence of the higher barriers that pertain

to the activation of the precursor on a non-native sub-
strate. This dependence of the nucleation rate on the
nature of the surface is the basis of powerful new
approaches to control CVD metalization processes. In
principle, a surface tailored to present regions that inhibit
and promote the nucleation step should lead to an
intrinsically patterned (i.e., additive) deposition. We have
broadly explored the utility of molecular thin films, and
self-assembled monolayers (SAMS) in particular, as one
means of doing this. Numerous methods for patterning
SAMS have been described,45-52 but none is as easy or as
generally useful as microcontact printing (µ-CP),14,48-50,53

a method uniquely suited to creating diverse chemical
environments on a sample surface.

The basis of µ-CP as a patterning method for CVD is
illustrated in Figure 7. Using a functional ink, µ-CP can
deposit patterned SAMs on essentially any type of sub-
strate material. In our work, we have made extensive use
of SAMs derived from organosilicon coupling agents in
conjunction with CVD to deposit metal films selectively
in a self-registering pattern.50,53-55 Most typically, stamps
constructed of poly(dimethylsiloxane) (PDMS) were “inked”
with a solution of octadecyltrichlorosilane (OTS). The
stamp was placed in brief contact with a Si(100) wafer or
other substrate, leaving behind a monolayer of the alkyl-
siloxane. Dense OTS SAMs, which take hours or more to
assemble from solution,56-59 can be deposited in less than

FIGURE 6. Overall mechanism for the transmetalation of Pd(hfac)2
on copper surfaces under CVD conditions.

FIGURE 7. Schematic outline of the procedures for patterning
alkylsiloxanes on a planar (a) and a nonplanar (b) substrate.
Nucleation and deposition of copper occur only on those regions
underivatized by the SAM.
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1 min by µ-CP.14,60 A suitable CVD precursor is then passed
at moderate temperatures (usually less than 350 °C) over
the surface bearing the SAM. Deposition of the metal
occurs only in areas not covered by the SAM (this
approach to patterned metalization is termed orthogonal
additive deposition). Even if the nucleation rates on the
modified and unmodified surface regions are similar, so
that the deposition is nonselective, patterned metalization
can still be effected because the SAM can serve as a lift-
off mask.

Figure 8 shows the results of an early study of direct
patterning by Cu CVD. The SEM image shows a patterned
monolayer of OTS deposited by µ-CP on an Al/Al2O3

substrate (Figure 8a). This surface was then exposed to
Cu(hfac)(vtms)sa CVD precursor that was used to deposit
a 0.1-µm-thick copper film on the surface. Figure 8b shows
that the deposition occurs selectively on those parts of
the surface not covered with the SAM. Figure 8c makes
this selectivity more obvious: the AES line scan shows that
the OTS regions are essentially devoid of copper. More
recent studies have shown that the defect densities can
be reduced markedly from the levels demonstrated in this
figure (by at least several orders of magnitude).

Control of the Selectivity and Morphology in CVD
Thin Films. There is a great current need to develop new
methods to control the morphology of a metal film
microstructure fabricated by CVD.61 Generally speaking,
we have only begun to develop a rudimentary under-

standing of how the deposition chemistries can be ma-
nipulated to effect better control over the structural habits
and crystallographic textures obtained. The dimensions
of this challenge are illustrated by a study of the deposition
of Pt from the hexafluoroacetylacetonate precursor, Pt-
(hfac)2. This study answered questions not only about the
efficacy of µ-CP as a method to effect patterned deposition
but also about the influence of deposition parameters on
nucleation and subsequent grain growth.

Deposition of Pt from Pt(hfac)2 requires the addition
of H2 as a reductant. If this mixture is passed over SiO2 or
TiN substrates treated by µ-CP with OTS, platinum
deposition occurs selectively on the unmodified substrate
over a wide temperature range (from essentially room
temperature to 350 °C), provided that the flux of Pd(hfac)2

is kept low. If the flux is raised to sustain growth rates of
Pt above 400 Å/min, however, the growth is less selective.

The platinum thin films actually consist of a mat of
intergrown, faceted crystals. This morphology is generally
undesirable in technological applications, smooth films
being preferred. We found that addition of water vapor
to the gas flux increased the number of nucleation sites,
so that the platinum grains were smaller and the film was
more uniform. The morphology of the deposit changed
significantly upon raising the temperature of the substrate,
as long as sufficient water vapor was added to maintain
the nucleation density in the non-OTS-bearing regions.
As shown in Figure 9, at low temperatures (200 °C, Figure
9A) the film consists of highly faceted grains. At higher
temperatures, the films obtained are smoother although
still obviously faceted. Intriguingly, above 325 °C, the
grains become round and the surfaces smooth. This latter
result proved to be of particular importance because it
made possible the self-aligned multilevel fabrication of

FIGURE 8. (a) Scanning electron micrograph of patterned SAMs
of octadecylsiloxane (parallel lines, 3 µm in width and separated by
2 µm) on the surface of Al/Al2O3. (b) Scanning electron micrograph
of lines of copper (2 µm in width and ∼200 nm in thickness)
deposited by selective CVD on the same patterned surface shown
in (a). The bright regions correspond to the lines of copper. (c) Auger
electron spectroscopy (AES) line scans on the samples of (b) in the
direction perpendicular to the lines of copper.

FIGURE 9. Scanning electron micrographs of platinum films
deposited at different temperatrues on TiN substrates. The Ar and
H2 flow ratios were fixed at 50 and 20 sccm, respectively. All
depositions were carried out in the presence of water vapor at a
total chamber pressure of 0.5 Torr.
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lead zirconium titanate (PZT) ferroelectric capacitor ar-
rays, in which additively patterned platinum was used as
the contact electrodes.61

Additive CVD Fabrication of Electronic Devices
In the past few years, we have shown that additive
fabrication methods can be used to generate a variety of
multilevel thin-film assemblies and devices, including
ferroelectric capacitors61 and MOSFET devices.16 Much of
this work has also addressed the development of soft
lithography62 as a natural component of this fabrication
method. We have not tried to push the limits of the feature
sizes that can be reached. Rather, our interests have
centered on developing the chemistries of additive pat-
terning and demonstrating how they can be directly linked
to the soft-lithography-based fabrication of multilayer
architectures. Since many of these architectures require
multilevel registration, we have generally adopted design
rules in the 10-100-µm size range to facilitate the labora-

tory-scale demonstration, and thus potential utility, of
these new techniques.

We conclude this Account with a description of the
fabrication of Pt-Si Schottky diodes63 as a representative
example of how selective CVD can be used to construct
multicomponent devices. Figure 10 depicts the fabrication
steps necessary for the assembly of this diode structure.
In the first step, a patterned polyurethane resist was
formed on a thick thermal oxide (SiO2) layer on a silicon-
(100) wafer. The resist was formed by means of micro-
molding in capillaries (MIMIC), a soft lithography pat-
terning method described by Xia, Kim, and Whitesides.64,65

Holes in the oxide were then opened using a wet etch.
The wafer was then placed in the CVD reactor and
exposed to Pt(hfac)2 in the presence of H2; water was
added to the feed during the early stages of deposition to
assist the nucleation. As the figure shows, the polymer
resist strongly directs both the etching and the Pt deposi-
tion steps. At the temperature at which this deposition
was carried out (573 K), interdiffusion yields a layer of Ptx-
Siy at the interface between the silicon wafer and the
platinum film. RBS and Auger depth profiling revealed that
a graded compositional profile is present in this interme-
tallic layer. The diodes showed IV characteristics expected
for these silicide junctions.63

Concluding Remarks
Chemical vapor deposition is an extremely useful process.
Its advantages include versatility, the potential for selec-
tivity, improved conformal coverages, and low processing
temperatures. We believe that additive CVD fabrication
methods could provide an attractive alternative to tradi-
tional patterning techniques, which involve sequential
blanket depositions of thin films followed by a subtractive
etching process. In addition, techniques such as additive
CVD that minimize waste will become increasingly im-
portant in a “green”-conscious manufacturing environ-
ment.

We hope the examples discussed here illustrate the
complexities of the surface chemistries involved in CVD
systems and the opportunities CVD presents for progress
in research and manufacturing.
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