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lutercst m stlicides as advanced matermls 
tor high-pedbrmancc applicatmns has ti)- 
cused signifzcant attentmn on the pwces;iuk, 
t!f these materials. In recent years, uartou5 
processing methodologtcs have been cz'aht- 
ated. This article provides a contprehenst-ve 
review (!f reactivt' proccssin~ tcchmques amf 
the results qf various investigations. 

I N T R O D U C T I O N  

S,ltcides have attracted the attention 
of researchers due to a combinat ion of 
interesting properties. The interest in 
siliclde materials dates back to the start 
of the century when, in 1907, MoSL was 
proposed as a protective laver for-duc- 
ti'e metals) Several vears later, the first 
patent on .~;licides was issued to Kanthal 
in 1956 for their "superka,~thal" heating 
elements. These heating elements  are 
used extensively in h igh- tempera ture  
furnaces becausethev 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,electromigration resistance, 
and excellent diffusion-barrier charac- 
teristics is important for microelectronic 
applications.: Add Kionally, si licides also 
possess the necessary attributes for a 
h igh- temperature  structural  material ,  
including a high melt ing temperature,  
low density, and good mechanical and 
microstructural stability from room tem- 
perature to the service t empera tu re )  
Potential high-temperature appl lcahons 
include turbine airfoils, burning cham- 
ber parts, and missile nozzles? Table I 
presents data on melt ing temperatures,  
densities, and crystal structures of vari- 
ous silicides. 

Conventionally, silictdes a re processed 
either bv arc melting, silicidation of el- 
emental  powders,  or reduction of metal 
oxide. These processes a re energy-in ten- 
sive and require long homogenizat ion 
times in order to obtain desired prod-  
ucts. The loss of silicon bv volatilization 
during arc melting can result in the for- 
mat ion of undes i rab le  i n t e rmed ia t e  
phases. In addition, the siliclde powders  
obtained bv these routes have high oxv- 
gen contents and other impu ritles, which 
are unacceptable for high- temperature  
structural applications and in the fabri- 
cation of mlcroelectronics devices. Bv 
utilizing reactive processing techmques 
such as combustion synthesis (CS), me- 
chantcal alloying, d isplacement  reac- 
t,ons, chemical vapor  deposit ion (CVD) 

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

in a reactive process, constituent ele- 
men t s / compounds  react in-situ and pro- 
duce desirable p roduc t s :  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 alloying and displacement 
reactions i n v o h e  reactions in the solid 
state, while combust ion svnthesis 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 deposit ion of 
resultant products onto a substrate. To 
the best of our knowledge,  plasma pro- 
cessing of silicides has not vet beei~ car- 
ried out. However ,  plasma spraying has 
been used m the deposit ion of MoSi_~ and 
MoSi,-based coatings. "-" 

D I S P L A C E M E N T  R E A C T I O N S  

Displacement reactions are solid-state 
diffusional reactions between elements 
a n d / o r  compounds  to yield thermody-  
namically stable phases compared to tl~e 
starting reactants." These reactions have 
the ability to produce novel composites 
with in-situ reinforcements and tailored 
microstructures. Earlier work on dis- 
placement reactions mvoh ' ing  metals 
and oxides was performed by Rapp and 
coworkers/-~) 

The product morphok,gtes in displace- 
ment-reaction-processe(I products  are 
either tavered or aggre .~ate. The latter 
morphology is further ,ubdivided into 
lamellar or interwoven types. For engi- 
neer ing applicat ions,  at," in te rwoven  
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. '~ 

Di sp lacemen t  reactions have  been 
applied to the processing of NbSi , /SiC' :  
and MoSL/SiC ~3-'" composites.  Corre- 
sponding ~Ji ffusion couples were homog- 
enized (at the specified conditions) to 
yield composi tes  in accordance with the 
following reactions: 

Mo,C + 5Si ---> 2MoSL + SiC 
(1,200~ for 16 hours) 

NbC + 3Si --e NbSL + SiC 
( 1,300~ for 60 hours) 

The reaction zones in both diffusion 
couples exhibited an in terwoven mor- 
phology and contained a homogenous  
distribution of SiC particulates with an 
average size of one micrometer  in a ma- 
trix of MoSL 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 fol lowed by 1,700~ for one 
hour./~~" These  compac t s  conta ined  
about 30 vol.% of SiC in an MoSL matrix 
(Figure 1). The SiC particulates were 
spheroidized with a radius of 1 ,um. A 
densification step at 1,700~ was neces- 

Table I. The Physical Properties of 
Silicides 

Melting Density Crystal 
Silicide Temp. (~ (g/cm 3) Structure 
MoSi, 2,030 6.24 C11 
Mo,SL 2,180 8.24 D8,,, 
N'b,Si~ 2,484 7.16 [18~ 
NbSi, 1,930 5 66 C40 
TLSi," 2,130 4.32 D8~ 
TiSi, 1,542 4.04 C54 
TiS*" 1,570 4.21 B27 
Zr,Si~ 2,210 5.90 D8, 
ZrSi, 1,520 488 C49 
ZrSi" 2.095 5.56 B27 
V,Si 1,973 5.71 A15 
V,Si, 2,010 5.32 D8 
Vsi, 1,673 4.63 C40 
Ta:-Si~ 2,450 13.55 C16 
Ta,Si~ 2,505 13.4 D8. 
TaSi, 2,204 9.08 C40 
Cr,Si 1,773 6.46 :%15 
CrSi 1,475 5.18 B20 
CrSi, 1,477 4.63 C40 
W~Si'~ 2,370 14.5 D8 
Wsi. 2,160 9.86 C1 i~, 
Re,.qi~ t,960 14.43 118 
ReSi 1,880 13.08 B20' 
ReSi, 1,980 10.69 C l l  
CoSi- 1,460 6.58 B20 
CoSi, 1,326 4.98 C1 
NtSi" 992 5.92 B31 
NiSi. 993 4.83 C1 
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sary, although the reaction between 
Mo:C and silicon proceeded to comple- 
tion at 1,350~ The final composition in 
the hot-pressed samples lies in the three- 
phase field, const i tut ing MoSi,-SiC- 
MosSi;C. 

The reaction characteristics and the 
reaction mechanisms in the formation of 
MoSiJSiC composites established sili- 
con as the fastest diffusing species. ~ The 
ternary phase (MosSi~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, two possible diffusion paths--NbC / 
NbSi:/SiC/Si and NbC/SiC / NbSi : /S i - -  
were suggested. '2 

Displacement reactions must be per- 
formed in combination with hot press- 
mg 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 alloying is an intense high- 
energy milling process that is used to 
synthesize intermetall ic compounds  
from elemental powder  blendsJ 7.~8 The 
process involves repeated fracturing and 
welding of powders (both metallic and 
nonmetallic) in a highly energized ball 
mill (Figure 2). The fract-dring of the 
powders by the grinding media pro- 
duces clean surfaces, and when these 
surfaces come in con tact they a re 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 

I l b  

Figure 1. A micrograph of MoSi2-SiC composite processed by 
displacement reaction and thermally etched. The light areas 
are MoSi 2 and dark areas are SiC. 

alloying. The process can also be used to 
synthesize amorphous allovs. The ex- 
tension of solid-sohibility limits in bi- 
nary systems and the synthesis of novel 
phases in some binary systems with lim- 
ited or no miscibility have been re- 
ported.~7."~ 

Several reports on the processing of 
silicides and silicide composites by me- 
chanical alloying are available in the 
literature. '9~ Many useful silicides have 
been synthesized both in the amorphous 
and crystalline states. Mechanical alloy- 
ing of transition-metal silicides have been 
widely investigated as a result of their 
potential for high-temperature structural 
applications. 2].22 The alloying process 
was nonuniform and different even 
when the expected compounds (Nb~Si 3 
and TarSi3) 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 
vanadium silicides. In the Nb-Si system, 
rapid and instantaneous formation of 
N~Si 3 was observed. 2J24 No reaction was 
detected, and the powders remained in 
their elemental state before this instanta- 
neous transformation. This behavior 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-AI system. :s 

Similar observations were also re- 
ported during the mechanical alloying 
of MoSL.. 26.27 The abrupt transformation 
to MoSi~ occurred between 3-3.25 hours 
of milling. Traces of unreacted molyb- 
denum were still present. The large nega- 
tive heat of mixing and stored interfacial 
energy were responsible for the initia- 
tion of a combustion reaction. 

Nanocrystalline MoSi, and WSi 2 with 
grain sizes of 10-15 nm synthesized by 
mechanical alloying were consolidated 
to above 95 percent of theoretical den- 
sity, at 1,500~ a tempera ture much lower 

than that used for con- 
sol idat ing commercial  
powders. 2~.29 Despite all 
the precautionary mea- 
sures taken to avoid SiO 2 
contamina t ion  dur ing  
processing, it was still 
p resen t  at the gra in  
boundaries.  An in-situ 
carbothermal reduction 
due to carbon addition 
was able to remove the 
SiO: layer that formed 
during hot pressing. -~).3~ 
Besides eliminating the 
silica layer, carbon addi- 

1__1 tions were also helpful 
l~tm in o b t a i n i n g  in-s i tu  

MoSi,-SiC composites. 
In addition to crystal- 

line mater ia l s ,  amor-  

phous silicides were also processed by 
mechanical alloying in the M-Si system. 32- 
;4 In the Ti-Si binary system, mechanical 
alloying proceeds with the formation of 
a solid solution of titanium in silicon 
followed bv the formation of amorphous 
Ti~Si~ and "I~iSi2. 3-" 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. 33 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,  p romot ing  amorphiza t ion .  
Amorphous Ni2Si, Co3Si, Mo3Si , Mn3Si , 
and Cr~Si were processed using the RSD 
mode. 

Although mechanical alloying has 
proven to be versatile m 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 / products by gases 
such as oxygen and nitrogen as well as 
contamination from the vial and the bail. 
These contaminants can form glassy 
phases and segregate to the grain bound- 
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- 
crvstalline materials are obtained by 
mechanical alloying, care should be taken 
to retain the nanometer gram 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- 
metallic compounds is referred to as 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 the reaction 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. 3s.~ 
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 alloying processk ~ 

structures and properties, higher purity 
of the products as compared to reac- 
tants, and the synthesis of metastable 
phases) 5-~ A significant disadvantage is 
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 si:nultaneously 
in the whole compact) TM 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. 3" 

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? ~ and AzaWan et a12 ~ 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? 2 Among sili- 
tides, MoSi: and Ti,Si~ have been exten- 
sively studied with respect to their pro- 
cessing by the combustion synthesis 
route. Stochiometric MoSi, and Ti~Si 3 
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-oven approach in addition to the self- 
propagation mode2 *-4" Preheating of the 
reactants or the presence of inert atmo- 

sphere results in higher combustion tem- 
peratures and combustion velocities. 4s4~ 
Quenching experiments established the 
formation of MoSi, in a single step dur- 
ing CS, while differential thermal analy- 
sis established two reaction mechanisms 
for the formation of MoSi.. a4 With lower 
heating rates (<100~ a solid-state 
reaction to form M%Si~ is followed by a 
reaction between Mo~Si~ and molten sili- 
con to yield MoSi v At higher heating 
rates (>100~ a liquid silicon- 
solid molybdenum reaction occurs, lead- 
ing to the formation of MoSi v The latter 
is typical of a combustion reaction. 

Similarly, single-phase Ti~Si 3 has been 
processed in the self-propagating mode 
in an inert atmosphere) T M  Interme- 
diate phases (TiSi, Ti~Si4) and oxides 
(SiO:, TiO:) may form in addition to 
ri~si~ when combustion is performed in 
air. a~ Diluent additions up to 25 wt.% of 
TisSi ~ 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,_, TisSi 4, 
and SiO, being present in addition to 
Ti~Si3.~ 

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 TM, a trademark of 
IVlartin Marietta Corporation. s-' 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 
exothermic reaction amongst its constitu- 
ents. The XD process offers the flexibility 
to incorporate up to 95 wt.% ceramic in 
a metal l ic/ intermetall ic  matrix. Ex- 
amples of composites produced by the 
XD process include TiB,/A1, MoSi,/AI, 
TiB,/Co, and ZrB,/AI. ~' 

MoSL composites with TiB,, ZrB,, 
HfB,, and SiC reinforcements have been 
processed by the XD process) >'5 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 coworkers2 "-'~ This tech- 
nique has been referred to as field-as- 
sisted combustion synthesis (FACS). gv 
applying an electric field, 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, ~' niobium27 and 
ZrO~ ~a 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 MoSE-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 a better understanding of the syn- 
thesis of various silicides. A significant 
issue that has not yet been addressed is 
the processing of dense silicide materi- 
als by CS. It is 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 MoSL from elemental reac- 
tants. 5~ 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 shapes22 These 
fabrication steps could introduce defects 
in the composites such as porosity, com- 
positional inhomogeneity, stress crack- 
ing, and orientation of the grains. 

S H O C K  S Y N T H E S I S  

The application of 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 

Combushon 
Front 

Reactants 

F~gure 3. A schematic Illustration of the com- 
bustion synthesis process. 
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synthesis was a natural ou tg rowth  of the 
work on shock-induced phase transfor- 
marion."  Shock compression of elemen- 
tal powder  mixtures can lead to chemi- 
cal reactions resulting in the formation 
of equil ibrium and nonequ ilibrium 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 composit ion,  volumetr ic  
distribution of constituents,  and shape 
of the void space are affected as a result 
of shock compression. Shock processes 
are best described in terms of depar tures  
from equil ibrium and can be classified 
into two t ypes - - shock -a s s i s t ed  and 
shock-induced reactionsW 

Chemical reactions occurring in shock- 
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 equil ibrium, but at t imes 
significantly greater than for pressure 
equ i l ib r ium It 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 oxides and 
non-oxide ceramics, improv ing  the cata- 
lytic activities of materials, and enhanced 
l<inetics of nucleation of precipitat ing 
phases. 

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

Shock synthesis has been used to pro- 
cess silicides in the Nb-Si, Mo-Si, Ti-Si, 
and Ni-Si svstems. ~-~* Recovery experi- 
ments in tl~e Nb-Si and Mo-Si svstems 
revealed fully reacted, partially reacted, 
and unreacted regions. ~ Fully reacted 
regions were characterized by the pres- 
ence of large po res /vo ids ,  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-svnthesis reaction 
increases with an increase in shock en- 

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

Recently, Thadhan i"  reported the ef- 
fect of particle-size distribution on the 
overall efficiencv 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- 
se rved  that when  res idual  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 
due to a chemical reaction is greater than 
the energy dissipated from the svstem?" 

Based on electron microscopic obser- 
vations, Meyers et at.'"' 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 to surface tension forces 
and eventually squeezed out into the  
interface, thus, exposing a newer  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 
morpho logy  of the p o w d e r s  used. TM 

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 is observed. In the Ni-Si sys- 
tem27 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. 

Although sibmi ficant research has been 
carried out, many issues remain to be 

Table U. Chemical Vapor Deposition Conditions for Various Silicides 

Precursor Deposition Temperature Deposition Pressure Reference Si l i c ide  

MoSt, MoF., and Sill, 250-300~ 
MoSi~ MoCk and SiH~ 650-950~ 
TaSi. TaCk and SiHa 400-500~ 
TiSi[ TiCI, and Sil-I, 825~ 
TiSi~ TiCIa and Sil-l, 720-780"C 
TiSi] TiCI~ and Si 850~C 
WSi, Sill, and WF, 350~C 
WSi~ SiH:CI v WF,,, and I - l ,  550-65iFC 
WSi~ WF and Si,H,, 290-300~ 
N'bSi. Si:CI[[ and NbCl~ 500-~00~C 

<2 torr 71 
0.6-2.0 torr 76 

1-2 torr 71 
150 m torr 74 
12 m torr 75 

<1 torr 71 
<I tort 71 

0.3- I torr 77 
, \t in.  78 

0 3-1 torr 73 

resolved. It is also not clear if the reac- 
tions are completed during the micro- 
second durat ion 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 outs tanding issue. Conflicting opin- 
ions also exist about the state of material 
prior to the onset of the reaction. 

C H E M I C A L  V A P O R  
D E P O S I T I O N  

CVD is a process wherein products  
from a chemical reaction in the vapor  
phase are deposi ted onto a heated stir- 
face. r~ The process is versatile and can be 
used to coat materials in order to im- 
prove wear  resistance, corrosion resis- 
tance, strength, and electrical ccmduc- 
tivitv. The most attractive fea tureofCVD 
is i tsabili ty to deposit  thin films in crev- 
ices and deep recesses such as those 
encountered in electronic circuits. Sill- 
Ode coatings on silicon are widely em- 
ployed in the semiconductor  industry to 
improve  electrical resistivity, r: 

Prior to conduct ing c v D  in any sys- 
tem, it is necessary to evaluate the vari- 
ous process parameters  such as precur- 
sor, deposit ion temperature,  substrate 
temperature,  and substrate material with 
the  help of thermodvnamic  principles. 
By choosing a ratio of'the precursors, it is 
possible to evaluate  the stability of the 
material to be coated. It is essential for  
the coating to be thermodynamical ly  
stable with the substrate and not decom- 
pose into other compounds.  Thermody-  
namic analysis can predict the op t imum 
processing condit ions to achieve the de- 
sired coating. 

For the deposi t ion of silicides, the 
source of silicon has been either Sill , ,  
SiH,CI,, or SiCI v and the source of the 
metal (ivV, Ti, Ta, Nb, or Mo) has been its 
corresponding fluorides or chlorides. 
The various precursors used for depos- 
iting each silicide and their processing 
condit ions are listed in Table II. 

iks stated previously,  the characteris- 
tics of the silicide fihns that are depos-  
ited are influenced bv a number  of vari- 
ables. These include substrate tempera- 
ture, deposit ion temperature,  pressure, 
and the rat ioof  the precursors. Substrate 
cleanliness is very important  in order  to 
p r e v e n t  an}' difficulties dur ing subse- 
quent  processing steps such as anneal- 
mg or contact  metall ization.  Surface 
cleaning using freon-" and sllane ~'~ has 
been applied before deposit ion of tung- 
sten silicide and titanium silicide, re- 
spectively. With surface cleaning, the 
films had the desired properties as well 
as the ability to withstand post-deposi-  
taon thermal treatments. 

The necessity to select a proper  p r e -  
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cursor system is best illustrated bv con- 
sidering the CVD of tungsten si]icide. 
Initially, tungsten silicide was depos- 
ited from tungsten hexaf luor ide  and si- 
lane. ~ These films resulted in a high- 
f luorine concentration w i th  poor f i lm 
adhesion and degradat ion of properties 
dur ing annealing. By replacing si[ane 
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. =>.~=-~ Stresses devel~p 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 films in fluenced the mechanical prop- 
ertiesobtained In tungsten-silicide films, 
the resistivity and the amount of stresses 
were dependent on the silicon content in 
the as-deposited films, rr 

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 deve loped  be tween  changes  in 
resistivities and stress relieving. A pre- 
cise methodology to arrive at the desired 
resistivity upon annealing is vet to be 
established. Also, very little is k~nown on 
the mechanisms of formation of the vari- 
ous silicides. 
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