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The Reactive Processing of Silicides
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Daterest in silicides as advanced materials
tor lugli-performance applications has fo-
cused significant attention on te processing
of these materials. i recent years, various
processitg methodologies have been evalu-
ated. This article provides a comprehensive
review of reactive processing technigues and
the results of various investiqations.

INTRODUCTION

Silicides have attracted the attention
of researchers due to a combination of
interesting properties. The interest in
silicide materials dates back to the start
of the century when, in 1907, MoS1, was
proposed as a protective layver for duc-
ti'e metals.' Several vears later, the first
patenton silicides was issued to Kanthal
in 1956 for their “superkanthal” heating
elements. These heating clements are
used extensively in high-temperature
fumacesbecause thev can withstand pro-
longed exposure in air. The formation of
a thin silica laver is attributed to their
excellent oxidation resistance.

The low electrical resistivity of sili-
cides in combination with higher ther-
mal stability, electromigrationresistance,
and excellent diffusion-barrier charac-
teristics is important for microelectronic
applications.* Additionally, silicides also
possess the necessary attributes for a
high-temperature structural material,
including a high melting temperature,
low density, and good mechanical and
microstructural stability from room tem-
perature to the service temperature.’
Potential high-temperature apphcations
include turbine airfoils, burning cham-
ber parts, and missile nozzles.* Table |
presents data on melting temperatures,
densities, and crystal structures of vari-
ous silicides.

Conventionally, silicides are processed
either by arc melting, silicidation of el-
emental powders, or reduction of metal
oxide. These processes areenergy-inten-
sive and require long homogenization
times in order to obtain desired prod-
ucts. The loss of silicon bv volatilization
during arc melting can result in the for-
mation of undesirable intermediate
phases. In addition, the siliaide powders
obtained by these routes have high oxy-
gencontents and other impurities, which
are unacceptable for high-temperature
structural applications and in the fabri-
cation of microelectronics devices. By
utilizing reactive processing techmques
such as combustion svnthesis (CS), me-
chanical alloving, displacement reac-
tions, chemical vapor deposition (CVD)

and plasma vapor deposition, high-pu-
tity powders can be obtained.

In a reactive process, constituent ele-
ments/compounds reactin-situ and pro-
duce desirable products.® A characteris-
tic parameter of these processes is the
state (e.g., solid, liquid, gas, or plasma)
at which the in-situ reactions take place.
Mechanical alloving and displacement
reactions involve reactions in the solid
state, while combustion synthesis in-
volves reaction in the liquid state. Reac-
tions occurring as a result of the applica-
tion of a shock wave can either be in the
solid or liquid state. CVD involves the

By utilizing
reactive processing
techniques such as
CS, mechanical
alloying,
displacement
reactions, CVD
and plasma

vapor deposition,
high-purity powders
can be obtained.

reaction of gases and the deposition of
resultant products onto a substrate. To
the best of our knowledge, plasma pro-
cessing of silicides has not vet been car-
ried out. However, plasma spraving has
been used in the deposition of MoSi, and
MoSi.-based coatings.”*

DISPLACEMENT REACTIONS

Displacement reactions are solid-state
diffusional reactions between elements
and/or compounds to vield thermody-
namically stable phases compared to the
starting reactants.” These reactions have
the ability to produce novel composites
with in-situ reinforcements and tailored
microstructures. Earlier work on dis-
placement reactions involving metals
and oxides was performed by Rapp and
coworkers. !

The product morphoicgiesindisplace-
ment-reaction-processed products are
either lavered or aggre sate. The latter
morphology is further subdivided into
lamellar or interwoven tvpes. For engi-
neering applications, arn*interwoven
morphology in particulate composites
or in the reaction zone (between matrix

and fiber) in fiber-reinforced compos-
ites is beneficial to the transfer of stresses
and crack-growth resistance."

Displacement reactions have been
applied to the processing of NbSi,/SiC"
and MoSi,/SiC'*'* composites. Corre-
sponding diffusion couples were homog-
enized (at the specified conditions) to
vield composites in accordance with the
following reactions:

Mo.C + 55i — 2ZMoSi, + SiC
(1,200°C for 16 hours)
NbC + 3Si — NbSi, + SiC
( 1,300°C for 60 hours)

The reaction zones in both diffusion
couples exhibited an interwoven mor-
phology and contained a homogenous
distribution of SiC particulates with an
average size of one micrometer in a ma-
trix of MoSi, and NbSi,, respectively.

The results from the diffusion couples
were extended to the fabrication of solid
samples. Powder compacts of Mo.C and
silicon were hot pressed at 1,300°C for
two hours followed by 1,700°C for one
hour.'** These compacts contained
about 30 vol.% of SiC in an MoS1, matrix
(Figure 1). The SiC particulates were
spheroidized with a radius of 1 um. A
densification step at 1,700°C was neces-

Table |. The Physical Properties of
Silicides
Melting

Density Crystal

Silicide  Temp. (°C) (g/cm?) Structure
MoSi, 2,030 6.24 C11,
Mo.Si, 2,180 824
Nb.Si, 2,484 7.16 DS,
NbSi, 1,930 566 C10
TisSi, 2,130 132 DS,
Tisi, 1542 104 G5
TiSi 1,570 4.21 B27
ZrSi, 2,210 5.90 DS,
ZrSi, 1,520 188 CHO
Z15i 2.095 5.56 B27
V.Si 1,973 5.71 Al5
V.Si, 2,010 532 DS,
vsi, 1673 163 cif
Ta.5i, 2,450 13.55 Cle
Ta.Si, 2.505 13.4 DS,
TaSi, 2,204 9.08 C40
Cr.Si 1,77 6.46 Al5
CrSi 1,475 5.18 B20
Crsi, 1477 163 C40
W.Si, 2,370 14.5 D8,
Wi, 2,160 986  CII.
Re S, 1,960 1443 D8,
ReSi 1,880 13.08 B20
ReSi, 1,980 1069  CI1.
CoSi 1,460 6.58 B20
CoSi, 1,326 4.98 1
NSt 992 592 B31
NiSi, 993 183 C
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sary, although the reaction between
Mo,C and silicon proceeded to comple-
tion at 1,350°C. The final composition in
the hot-pressed samples liesin the three-
phase field, constituting MoSi -SiC-
Mo 5i.C.

The reaction characteristics and the
reaction mechanisms in the formation of
MoSi,/SiC composites established sili-
con as the fastest diffusing species.”” The
ternary phase (Mo,5i,C) was the first to
form, followed by the MoSi, phase. The
SiC phase formed at the interface be-
tween the ternary phase and MoSi, and
grew into the ternary phase. In the case
of the formation of NbSi,/SiC compos-
ites, twopossible diffusion paths—NbC/
NbSi,/SiC/Stand NbC/SiC/NbSi, /Si—
were suggested.

Displacement reactions must be per-
formed in combination with hot press-
ing or hot isostatic pressing in order to
process dense materials. Although dis-
placement reactions have the ability to
produce tailored compositions and mi-
crostructures, longer times are needed
to homogenize the desired product
phases. This could be of concern if the
process is to be scaled-up for commer-
cial application.

MECHANICAL
ALLOYING

Mechanical alloyingis anintense high-
energy milling process that is used to
synthesize intermetallic compounds
from elemental powder blends."”!* The
processinvolves repeated fracturing and
welding of powders {both metallic and
nonmetallic) in a highly energized ball
mill (Figure 2). The fracturing of the
powders by the grinding media pro-
duces clean surfaces, and when these
surfaces comein contact they are welded
together. The kneading of powders due
to repeated fracturing and welding leads
to alloying at the atomic level. Interme-
tallics, composites, and second-phase
dispersed alloys with nanometer grain
size have been obtained by mechanical

alloying. The process can also be used to
synthesize amorphous alloys. The ex-
tension of solid-solubility limits in bi-
nary systems and the synthesis of novel
phases in somebinary systems with lim-
ited or no miscibility have been re-
ported.!”1¥

Several reports on the processing of
silicides and silicide composites by me-
chanical alloying are available in the
literature."*-* Many useful silicides have
beensynthesized both in theamorphous
and crystalline states. Mechanical alloy-
ing of transition-metalsilicideshavebeen
widely investigated as a result of their
potential forhigh-temperature structural
applications.?'* The alloying process
was nonuniform and different even
when the expected compounds (Nb.Si,
and Ta.Si,) had similar physical proper-
ties and crystal structure. In the Ta-Si
system, amorphization resulted after al-
loying for ten hours, while crystalline
phases were obtained for niobium and
vanadiumsilicides. In the Nb-Si system,
rapid and instantaneous formation of
Nb.5i, was observed.»* Noreaction was
detected, and the powders remained in
their elementalstate before this instanta-
neous transformation. Thisbehavior was
attributed to an exothermic reaction be-
tween niobium and silicon. The genera-
tion of hot spots that subsequently ini-
tiate an exothermic reaction during me-
chanical alloying has been reported pre-
viously in the Ni-Al system.®

Similar observations were also re-
ported during the mechanical alloying
of MoSi,#%¥ The abrupt transformation
to MoSi, occurred between 3-3.25 hours
of milling. Traces of unreacted molyb-
denum werestill present. Thelarge nega-
tive heat of mixing and stored interfacial
energy were responsible for the initia-
tion of a combustion reaction.

Nanocrystalline MoSi, and WSi, with
grain sizes of 10-15 nm synthesized by
mechanical alloying were consolidated
to above 95 percent of theoretical den-
sity at 1,500°C, a temperature much lower

Figure 1. A micrograph of MoSi,-SiC composite processed by
displacement reaction and thermally etched. The light areas

are MoSi, and dark areas are SiC.

.
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than that used for con-
solidating commercial
powders.*** Despite all
the precautionary mea-
sures taken to avoid SiO,
contamination during
processing, it was still
present at the grain
boundaries. An in-situ
carbothermal reduction
due to carbon addition
was able to remove the
Si0O, layer that formed
during hot pressing.®¥
Besides eliminating the
silica layer, carbon addi-
tions were also helpful
1um in obtaining in-situ
MoSi,-SiC composites.
In addition to crystal-
line materials, amor-

phous silicides were also processed by
mechanical alloying in the M-Sisystem .-
* In the Ti-5i binary system, mechanical
alloying proceeds with the formation of
a solid solution of titanium in silicon
followed by the formation of amorphous
Ti.Si,and TiSi,.” Utilizing a slight varia-
tion of ball milling called revolution-
step-like decreasing (RSD) mode, it was
possible to promote amorphization in
some M-Si systems.” After milling at
high-vial rotation speeds to enhance
chemical alloying, the rotation speeds
are gradually reduced during subse-
quent milling stages in the RSD mode.
By reducing milling speeds, the nucle-
ation of stable phases is suppressed,
thereby, promoting amorphization.
Amorphous Ni,5i, Co,5i, Mo,Si, Mn,Si,
and Cr,Si were processed using the RSD
mode.

Although mechanical alloying has
proventobe versatile in processing amor-
phous and crystalline silicides, large-
scale production of these materials is yet
to be realized. A significant problem
with mechanical alloying is the contami-
nation of the powders/productsby gases
such as oxygen and nitrogen as well as
contamination from the vial and the ball.
These contaminants can form glassy
phasesand segregate to the grainbound-
aries, resulting in poor mechanical prop-
erties. While detailed reports exist on
the processing and characterization, no
details on the mechanisms of formation
are currently available. When nano-
crystalline materials are obtained by
mechanical alloying, care should be taken
to retain the nanometer grain size after
consolidation in order to fully utilize the
benefits of nanometer grain-sized mate-
rials. In most systems, mechanical alloy-
ing requires a long time to achieve equi-
librium and stable phases. This can be
overcome by increasing the rate of reac-
tion between the reactants.

COMBUSTION
SYNTHESIS

The process that utilizes the exother-
mic heat of reaction between elements/
compounds to synthesize useful inter-
metalliccompoundsisreferred toas self-
propagating high-temperature synthe-
sis (SHS) or combustion synthesis. Upon
initiation, the reaction wave propagates
from one end of a compact to the other
end. As thereaction front passes through
the compact, it transforms the reactants
to products. A schematic of the combus-
tion synthesis process is shown in Figure
3. Pioneering work on combustion syn-
thesis is credited to Merzhanov and co-
workers at the Institute of Chemical
Physics in the former Soviet Union.*%
Demonstrated advantages of the CS pro-
cess include the utilization of a simple
reactor, a very low energy requirement,
the ability to simultaneously synthesize
and densify the product, tailored micro-
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Figure 2. A schematic of the mechanical ailoying process.

structures and properties, higher purity
of the products as compared to reac-
tants, and the synthesis of metastable
phases.™* A significantdisadvantageis
the generation of pores and cracks due
to the violent nature of the reaction.

Combustion reactions take place ei-
ther in the self-propagating mode or the
thermal explosion mode. A self-propa-
gating reaction occurs when the reaction
is initiated locally in the compact and
propagates as a wave front through the
compact. In the explosion mode, the
powder compact is heated in a furnace
until combustion occurs sizaultaneously
in the whole compact.** An assessment
based on the thermodynamic principles
is needed to ascertain whether a reaction
will occur in the propagating mode. Such
an analysis is available for a number of
silicides.”

Combustion reactions are influenced
by the density and diameter of the green
compact, reactant particle size, process-
ing atmosphere, amount of diluent ad-
ditions, and the stoichiometric ratio of
the reactants. The effect of these param-
eters on the combustion synthesis of sili-
cides has been reported by Sarkisiyan et
al. 0 and Azatvan et al."' Generally, with
an increase in particle size and compact
density and a lowering of compact di-
ameter, the combustion velocity and
combustion temperature are lower,
thereby, rendering the reactions in-
complete.

The first report on the CS of silicides
was preliminary in nature.” Amongsili-
cides, MoSi, and Ti.Si, have been exten-
sively studied with respect to their pro-
cessing by the combustion synthesis
route. Stochiometric MoSi, and TiSi,
have been obtained by igniting a com-
pact of stochiometric elemental mix-
tures. "+ Compact diameters of 20 mm
and greater are needed to ensure a com-
plete conversion of reactants and to ob-
tain single-phase MoSi, and Ti.Si..

Theoretical calculations of the adia-
batic temperature for MoSi, indicate that
this reaction is on the border of being
self-propagating. To ensure complete-
ness of the reaction, the synthesis of
MoSi. has been carried out in the ther-
mal-explosion mode®* and the chemi-
cal-ovenapproach inaddition to the self-
propagation mode. *» Preheating of the
reactants or the presence of inert atmo-

sphereresults inhigher combustion tem-
peratures and combustion velocities.
Quenching experiments established the
formation of MoSi, in a single step dur-
ing CS, while differential thermal analy-
sisestablished two reaction mechanisms
for the formation of MoSi,.* With lower
heating rates (<100°C/min.), asolid-state
reaction to form Mo,Si, is followed by a
reaction between Mo.Si, and moltenssili-
con to yield MoSi,. At higher heating
rates (>100°C/min.), a liquid silicon-
solid molybdenum reactionoccurs, lead-
ing to the formation of MoSi,. The latter
is typical of a combustion reaction.

Similarly, single-phase Ti.Si, has been
processed in the self-propagating mode
in an inert atmosphere.##-#+ Interme-
diate phases (TiSi, TiSi) and oxides
(510,, TiO,) may form in addition to
Ti,Si, when combustion is performed in
air.* Diluent additions up to 25 wt.% of
Ti,Si; or 15 wt.% of SiC additions to Ti +
0.6Si maintain the stability of the com-
bustion wave. Although stable combus-
tion was achieved, the addition of SiC
altered the reaction mechanism, leading
to substantial amounts of TiSi,, TiSi,,
and SiO, being present in addition to
TiSi,*

Combustion synthesis has also been
used to obtain in-situ precipitated sec-
ond-phase dispersants in a metallic/
intermetallic matrix. This process is re-
ferred to as the XD™, a trademark of
Martin Marietta Corporation.® In this
process, constituent elements of the de-
sired ceramic are mixed with the matrix
material and heated in a furnace. Once
the desired temperatures are achieved,
the ceramic dispersant forms due to an
exothermicreactionamongst its constitu-
ents. The XD process offers the flexibility
to incorporate up to 95 wt.% ceramic in
a metallic/intermetallic matrix. Ex-
amples of composites produced by the
XD process include TiB,/Al, MoSi./Al,
TiB,/Co, and ZrB,/Al>

MoSi, composites with TiB,, ZrB,,
HfB,, and SiC reinforcements have been
processed by the XD process.™* The
mechanical properties at room and el-
evated temperatures were found to be
significantly higher for the XD-reinforced
composites.

Recently, the incorporation of an elec-
tric field during the combustion reaction
to transform a sluggish reaction into one

that is self-sustaining has been reported
by Munir and coworkers.** This tech-
nique has been referred to as tield-as-
sisted combustion synthesis (FACS). By
applying an electric tield, completion of
the reaction is ensured and the necessity
to preheat the sample is eliminated. Us-
ing FACS, MoSi, composites with vary-
ing amounts of SiC,* niobium,” and
ZrO,® particulate reinforcements have
been fabricated. Refined microstructures
were obtained due to higher cooling rates
in FACS. The composites contained only
the matrix and the reinforcing phases.
This is of significant interest, especially
in the Mo5i,-Nb composite, as other pos-
sible phases such as niobium silicide
were not detected in the composite.

While considerable work has been
carried out on the CS of silicides, de-
tailed elucidation of the reaction mecha-
nisms has yet to be performed. These
studies need to be performed in order to
obtain abetter understanding of the syn-
thesis of various silicides. A significant
issue that has not yet been addressed is
the processing of dense silicide materi-
alsby CS. Itis necessary to incorporate a
densification step following combustion
if dense materials are to be obtained.
Reaction hot isostatic pressing is one
such approach that has been able to pro-
duce dense MoSi, from elemental reac-
tants.® It has been claimed that the XD
process can be incorporated into con-
ventional processing techniques such as
rolling, forging, extrusion, and machin-
ing to produce near-net shapes.” These
fabrication steps could introduce defects
in the composites such as porosity, com-
positional inhomogeneity, stress crack-
ing, and orientation of the grains.

SHOCK SYNTHESIS

Theapplicationof a high-energy shock
wave to induce reactions in a mixture of
powders forms the basic foundation of
the shock synthesis process. The use of
shock compression for initiating solid-
state chemical reactions and for material

Ignition Coil

—— Product

Combustion
Front

20203030309 Reactants
b20C0C020 0|
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Figure 3. A schematic lllustration of the com-
bustion synthesis process.
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synthesis was a natural outgrowth of the
work on shock-induced phase transfor-
mation.” Shock compression of elemen-
tal powder mixtures can lead to chemi-
cal reactions resulting in the formation
ofequilibrium and nonequilibrium com-
pounds. Shock application on powder
mixtures results in extensive plastic de-
formation, fluid-like turbulent flow, par-
ticle comminution, and the mixing of
constituents with fresh and clean sur-
faces. In addition, irreversible changes
in the starting composition, volumetric
distribution of constituents, and shape
of the void space are affected as a result
of shock compression. Shock processes
arebest described in terms of departures
from equilibrium and can be classified
into two types—shock-assisted and
shock-induced reactions.”

Chemical reactions occurring inshock-
modified powder mixtures are termed
shock-assisted reactions. Shock-assisted
reactions are initiated due to bulk tem-
perature increases that occur on the time
scale of thermal equilibrium, butattimes
significantly greater than for pressure
equilibrium. [t has been shown that par-
ticle morphology can change as a result
of shock treatments, thus, resulting in
higher diffusivities.** Potential uses for
shock-assisted reactions are the sinter-
ing of difficult-to-consolidate oxidesand
non-oxide ceramics, improving the cata-
lyticactivities of materials, and enhanced
kinetics of nucleation of precipitating
phases.

Shock-induced reactions are those that
are limited to, and occur within, the time
scales associated with pressure equilib-
rium. Shock-induced reactions are diffi-
culttomonitorexperimentally, since they
occur with relatively small changes in
bulk properties.

Shock synthesis has been used to pro-
cess silicides in the Nb-Si, Mo-5i, Ti-Si,
and Ni-5i systems.*** Recovery experi-
ments in the Nb-Si and Mo-Si syvstems
revealed fully reacted, partially reacted,
and unreacted regions.” Fully reacted
regions were characterized by the pres-
ence of large pores/voids, while the
unreacted regions were consolidated to
near theoretical density. Reacted regions
were characteristic of a completely re-
acted, melted, and resolidified material.
The extent of shock-synthesis reaction
increases with an increase in shock en-

ergy, temperature, and the enthalpy of
the reaction.~~*

Recently, Thadhani™ reported the ef-
fect of particle-size distribution on the
overall efficiency of shock synthesis in
the formation of Ti.Si,. Reactions were
favorable under certain combinations of
porosity and particle sizes. The effect of
residual air in the processing chamber
during the shock synthesis of Ti-Si mix-
tures has also been reported. It was ob-
served that when residual air was
present, the reactions were induced at
lesser threshold energies. The require-
ment of threshold energy for the initia-
tion of shock-induced reaction was first
proposed by Krueger et al.** According
to this requirement, no reaction is pos-
sible below a certain threshold energy.
This was later modified based on the
assumption that a steady-state reaction
can propagate if the energy generated
duetoachemical reactionis greater than
the energy dissipated from the system.*

Based on electron microscopic obser-
vations, Meyers et al.™ proposed a self-
sustaining mechanism for the formation
of niobium silicides and molybdenum
silicides. The reaction is initiated at the
interface between niobium and silicon.
After initial solidification, the product is
spherulized due tosurface tension forces
and eventually squeezed out into the
interface, thus, exposing anewer surface
for the reaction to initiate. As a result, a
constant metal-molten silicon interface
is maintained at all times.

Reaction mechanisms in shock-modi-
fied powders are different from those
occurring in unshocked powders. The
nature of the reaction depends on the
morphology of the powders used.™
Coarse/rounded morphology mixtures
react mostly in the liquid state, while
flaky powders react completely in the
solid state. In fine powders, a large solid-
state reaction and limited liquid-state
reaction 1s observed. In the Ni-Si sys-
tem,” shock-compressed powders ex-
hibit a solid-state reaction, resulting in
stoichiometric products. The increased
solid-state diffusivity is attributed to the
presence of defects, shorter diffusion
distances, more intimate particle con-
tacts, and the formation of fresh and
clean surfaces.

Althoughssignificantresearch hasbeen
carried out, many issues remain to be

Table . Chemical Vapor Deposition Conditions for Various Silicides

resolved. It is also not clear it the reac-
tions are completed during the micro-
second duration of shock compression.
The micromechanisms responsible for
chemical reactions in powder mixtures
are not vet well established. While the
role of plastic deformation, defects, and
local hot spots are believed to be impor-
tant, experimental verification of mecha-
nisms for rapid mass-transport remains
an outstanding issue. Conflicting opin-
ions also exist about the state of material
prior to the onset of the reaction.

CHEMICAL VAPOR
DEPOSITION

CVD is a process wherein products
from a chemical reaction in the vapor
phase are deposited onto a heated sur-
face.” The process is versatile and can be
used to coat materials in order to im-
prove wear resistance, corrosion resis-
tance, strength, and electrical conduc-
tivitv. The mostattractive feature of CVD
is its ability to deposit thin films in crev-
ices and deep recesses such as those
encountered in electronic circuits. Sili-
cide coatings on silicon are widely em-
ployed in the semiconductor industry to
improve electrical resistivity.”

Prior to conducting CVD in any sys-
tem, it is necessary to evaluate the vari-
ous process parameters such as precur-
sor, deposition temperature, substrate
temperature, and substrate material with
the help of thermodvnamic principles.
By choosing aratio of the precursors, itis
possible to evaluate the stability of the
material to be coated. It is essential for
the coating to be thermodynamically
stable with the substrate and not decom-
pose into other compounds. Thermody-
namic analysis can predict the optimum
processing conditions to achieve the de-
sired coating.

For the deposition of silicides, the
source of silicon has been either SiH,,
SiH,Cl,, or SiCl,, and the source of the
metal (W, Ti, Ta, Nb, or Mo) has been its
corresponding fluorides or chlorides.
The various precursors used for depos-
iting each silicide and their processing
conditions are listed in Table I1.

As stated previously, the characteris-
tics of the silicide films that are depos-
ited are influenced by a number of vari-
ables. These include substrate tempera-
ture, deposition temperature, pressure,
and the ratio of the precursors. Substrate
cleanliness is very important in order to
prevent any difficulties during subse-

Silicide Precursor Deposition Temperature  Deposition Pressure Reference !
MoSi, MoF, and SiH, 250-300°C <2 torr 71 quent processing steps such as anncal-
MoSi. MoCl. and SiH, 630-950°C 0.6-2.0 torr =6 ing or con'tact.metil\lllzatmn. S.u.rface
TaSi, TaCl, and SiH, 400-500°C 1-2 torr 71 cleaning using freon™ and silane** has
TiSi., TiCl, and SiH, 825°C 150 m torr 74 been applied before deposition of tung-
TiSi. TiCl, and SiH, 720-780"C 1.2 m torr 75 sten silicide and titanium silicide, re-
TiSi, TiCl, and Si 850°C <1torr 71 spectively. With surface cleaning, the
W5i, SiH, and WF, __3soC <1 torr 7 films had the desired properties as well
VWV?: SiHC\%\_, Wj"é(de H; ;33'28328 (’5;: torr ;Z as the ability to withstand post-deposi-
. © and St 290~ Atm. R , b
N Si.Cl and NbCl, 00-600°C 0.3-1 torr 73 ton thermal treatments.
: : The necessity to select a proper pre-
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cursor system is best illustrated by con-
sidering the CVD of tungsten silicide.
Initially, tungsten silicide was depos-
ited from tungsten hexafluoride and si-
lane.”” These films resulted in a high-
fluorine concentration with poor film
adhesion and degradation of properties
during annealing. By replacing silane
with dichlorosilane, it was possible to
overcome these problems and achieve
tungsten silicide (WSi,, 2.2 < x < 2.6 )
films with good conformity and adher-
ence.”7%82%5 Gtresses develop in the as-
processed films due to the mismatch in
the coefficient of thermal expansion be-
tween the film and the substrate. Subse-
quent annealing is necessary to relieve
these stresses. In some instances, the
decrease in stress levels is associated
with changes in the resistivity levels.”
The composition and crystal structure of
the filmsinfluenced the mechanical prop-
erties obtained. In tungsten-silicide films,
theresistivity and the amount of stresses
were dependent on the silicon content in
the as-deposited films.”

In addition to the literature cited, the
enormous amount of literature available
on the CVD of silicides suggests a sus-
tained interest in these materials. In cer-
tain systems, a good handle on the pro-
cessing variables has enabled research-
ers to deposit good, clean, and desired
deposits. In others, the stoichiometry of
the products deposited is not uniform.
During the annealing of films, changes
in resistivity occur; correlations need to
be developed between changes in
resistivities and stress relieving. A pre-
cise methodology toarrive at the desired
resistivity upon annealing is yet to be
established. Also, very little is knownon
the mechanisms of formation of the vari-
ous silicides.
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