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ABSTRACT 

We invest igated the effects of deposi t ion variables on the growth of stable TiSi2 films and the silicon consumpt ion  
from the substrate  during the deposi t ion of TiSi2 in a cold wall plasma enhanced chemical  vapor  deposi t ion system. Low 
resist ivity silicide films were deposi ted at temperatures  ranging from 590 to 775~ and a SiH~TiC14 flow rate from 6/2 to 
10/6 (sccm). The as-deposi ted films did not require any postannealing to lower the resistivity. I t  was observed that, depend-  
ing on deposi t ion conditions,  substrate  silicon consumption occurred during silicide deposition. However, a high S i I~  
flow rate and low deposi t ion temperature  effectively suppressed silicon consumption. The deposi t ion of a conformal 
b lanket  TiSi2 film with no silicon consumption at 590~ and SiH4/TiC14 of 8/4 (sccm) confirmed the effects of tempera ture  
and gas flow ratio on silicon consumption.  A kinetic model  of silicon consumption is proposed to provide a descr ipt ion of  
the effects of silane gas flow rate on silicon consumption.  

Refractory metal  silicides have been used as intercon- 
nection and gate materials  instead of, or in conjunction 
with, polycrystat l ine silicon to realize faster and smaller 
devices. Among the refractory metal  silicides, t i tanium sil- 
icide has received much attention due to its lowest resis- 
t ivi ty and its lower contact  resistance as compared with 
the A1/Si contact  structure (1). Recently, low pressure 
chemical  vapor  deposi t ion (LPCVD) of t i tanium disilicide 
has been invest igated as a means to deposi t  gate and inter- 
connect silicide on SiO2 or silicon (2, 3). However, LPCVD 
of TiSi2 occurs in a narrow deposi t ion window (4, 5), and a 
systematic investigation of the effects of deposi t ion vari- 
ables on the growth of the silicide is difficult to carry out. 

In addition, LPCVD of TiSi2 experiences severe diffi- 
culties in controll ing excessive silicon consumption (6, 7) 
with the  rough interface of  the result ing films, and nucle- 
ation problems due to the  presence of the native oxide (8). 
Silicon consumpt ion is expected to be a strong function of 
the deposi t ion temperature  and the SiHJric14 flow rate 
ratios. 

Plasma enhanced chemical  vapor  deposit ion (PECVD) 
enlarges the deposi t ion variable window, especially the 
deposi t ion temperature,  thus enabling a better  control of 
the process. By utilizing the large deposi t ion variable 
space available with PECVD, we have studied the effects 
of deposi t ion variables on the growth of silicide films and 
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silicon consumption. A kinetic model of sihcon consump- 
tion is proposed to explain how the Sill4 gas flow rate af- 
fects silicon consumption. In  addition, the thermodynami- 
cally possible reactions based on the by-product gases de- 
tected by a quadrupole mass spectrometer (QMS) are dis- 
cussed to explain the effects of experimental variables on 
the deposition of the silicide. 

In Part II (II. Silicide Properties) (7), the effect of deposi- 
tion parameters on the material properties of as-deposited 
silicide films such as resistivity, surface morphology, 
structure, and composition is reported. In  addition, a 
PECVD polycide structure was realized and the thermal 
stability of TiSi2 on SiO2 at 950~ was investigated to ex- 
plore its application as a gate electrode material. 

We modified a high vacuum, cold wall CVD reactor to in- 
corporate plasma for the deposition of silicide films as well 
as for in situ surface cleaning prior to deposition. 

Deposition System 
The schematic of the PECVD system used in this work is 

shown in Fig. 1. A turbomolecular pump, with a pumping 
speed of 500 l/s, is used to obtain a base pressure of 
<1 • 10 -7 Torr with the gate valve open. Sill4 and TIC14 
were used as the silicon and t i tanium sources, respec- 
tively. 

The flow of gases in the reactor is controlled by mass 
flow controllers. A mass flow controller (MKS) of TiC14 was 
specially designed to avoid the need for a carrier gas to de- 
liver TIC14 into the chamber and to avoid a surge of gas 
flow at the opening of the valve. However, a sudden in- 
crease in the TiCI, flow at the opening of the valve to the 
chamber was observed. This initial surge of TiCI4 flow in- 
fluenced initial deposition conditions, thereby resulting in 
lack of reproducibility. Therefore, a bypass line from the 
mass flow controller to a cold trap was installed to prevent 
the surge of the gas flow. A quadrupole mass spectrometer 
connected to the back side of the chamber was used for de- 
tecting by-product-gases, as well as for monitoring the 
tightness of the system. The pressure inside the chamber 
was monitored by a capacitance manometer  during depo- 
sition. 

During silicide deposition, the gate valve was closed and 
a pressure control arm was used as a pumping line to in- 
stall a cold trap (-70~ in the line. Unreacted TiCI= gases 
condense on the inner  tube of the cold trap, preventing 
their attacking of the turbopump. However, HC1 generated 
in the system seems to pass through the cold trap, at- 
tacking the bearings of the turbopump. 

The temperature of a single wafer sitting on a four-pin 
quartz holder was monitored by an infrared pyrometer 
through a sapphire window. A bank of 6 infrared lamps 
was designed to heat a single wafer directly utilizing maxi- 
mum electrical power effectively, which facilitated abrupt 
changes in the wafer temperature. This was desirable to 
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Fig. 1. Schematic of the PECVD titanium silicide reactor. 

quickly switch from in situ plasma cleaning at 650~ to a 
different deposition temperature. 

The RF power supply was a 500 W, 13.56 MHz generator 
coupled through an automatic matching network to a 
14 cm diam power electrode spaced 20 cm apart from the 
ground electrode. The wafer sitting on the quartz suscep- 
tor was electrically isolated. The plasma allowed in situ 
hydrogen plasma clean prior to a t i tanium silicide deposi- 
tion as well as a plasma deposition of silicide. The electri- 
cal isolation of the wafer being in contact with the plasma 
allows a high flux of reactive radicals to the wafer surface 
under  conditions of minimal  ion bombardment ,  which fa- 
vors the formation of a stable t i tanium disilicide. 

Experimental 
Depositions were carried out on 100mm, n-type, 

2.5 fl-cm, (100) silicon wafers under  the conditions sum- 
marized in Table I. Wafers with a 100 or 500 nm thermally 
grown oxide were patterned. The oxide patterned wafers 
were cleaned in an RCA procedure followed by dipping 
into a 50:i HF solution to remove the native oxide prior to 
loading. The wafers were rinsed, dried, and placed in the 
ultraviolet (UV)/ozone cleaning system to grow a passi- 
vating oxide (9). The clean wafer was moved directly from 
the ozone system into the chamber. After loading the 
wafer, the chamber was pumped down to a base pressure 
of 1 • 10 .7 Torr. The wafer was then heated to deposition 
temperature and the chamber baked in argon to achieve a 
"hot" base pressure of 5 • 10 .7 Torr. While baking the sys- 
tem, the cold trap was installed along the pressure control 
arm. The deposition procedure consisted of an in situ hy- 
drogen plasma clean followed by a PECVD step. Bypass 
lines were used to stabilize the flow of gases before intro- 
ducing the gases into the chamber. The deposition was ini- 
tiated by striking a plasma after the TIC14 and Sill4 gas flow 
stabilized into the chamber. 

In this research, one of the goals was to determine the 
limiting step to silicon consumption to facilitate its sup- 
pression. Since a native oxide is thermodynamically stable 
up to high temperatures and also acts as a barrier layer to 
silicon diffusion, a clean silicon surface is necessary to 
study the dependence of silicon consumption on deposi- 
tion variables. In our system, pure hydrogen plasma was 
used to remove the UV/ozone oxide pr ior  to deposition. 
Removing the UWozone oxide (-15 A) was expected to 
leave the silicon surface relatively free of impurities such 
as oxygen and carbon (I0). The hydrogen plasma cleaning 
was done under  the following conditions: H2 flow rate of 
30 sccm, total pressure of 55 mTorr, substrate temperature 
of 650~ duration t ime of 40 min, and input  power of 15 W. 
This condition was identified to be effective to clean the 
surface prior to deposition of silicide. Any damage on the 
surface was not observed under  scanning electron micros- 
copy (SEM) and cross-sectional transmission electron mi- 
croscopy (XTEM). Two samples were prepared under  the 
same deposition conditions: one was exposed to UV-ozone 
in the UV-system, followed directly by deposition of TiSi2 
in the reactor; the other was exposed to UV-ozone, fol- 
lowed by the H2 plasma cleaning prior to deposition of 
TiSi2. Figure 2(a) shows that for the sample without plasma 
cleaning, the TiSi2 film in some surface areas ruptures the 
interface and grows into the silicon substrate. The rupture 
of the UVOC oxide is shown in Fig. 2(b). In  the sample 
with plasma cleaning, the silicide is recessed into the sili- 
con substrate, showing significant silicon consumption 
(see Fig. 2(c)). This difference between the~two samples in 

Table I. Deposition conditions. 

H2 plasma Titanium silieide 

650 550-780 
5-10 
2-7 

30 5-30 
5-15 

55 37-83 
40 1-10 
15 5 

Temperature (~ 
Sill4 flow (sccm) 
TiCl4 flow (sccm) 
H~ flow (sccm) 
Argon flow (sccm) 
Pressure (mTorr) 
Deposition time (min) 
Power (W) 
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Fig. 2. Crass-sectional TEM of titanium silicide films deposited with- 
out H2 plasma cleaning, (a and b), and with Hz plasma cleaning, (c), 
prior to deposition of silicide deposited at 650~ a SiH4/TiCI4 flow rate 
ratio of 6/4 (sccm), a power of 5 W, and a duration time of 3 min. 

the location of the interface between TiSi2 and silicon 
shows clearly that the hydrogen plasma effectively re- 
moved the passivating oxide under the stated conditions. 
The presence of the UV/ozone oxide layer seemed to block 
silicon diffusion into the silicide, but  was not stable with 
respect to TiSi2 film, thereby leading to the rupture of the 
oxide. It is not yet clear what mechanism, i.e. the exother- 
mic reaction of TiSi2 formation or the driving force for a re- 
duction of SiO2 surface area, caused the rupture of the 
oxide. In addition to its use in the above comparison, H2 
plasma cleaning was successfully used to deposit TiSi2 se- 
lectively on oxide patterned wafers around 750~ 

TiSi2 film thicknesses were measured using a surface 
profilometer. XTEM was used to assess the crystalline 
quality of silicide films, the consumption of the silicon 

substrate, and the grain size of a silicide film. Glancing 
angle x-ray diffractometry was used to determine the 
phases and the preferred orientation of the deposited 
films. SEM was used to study the surface morphology and 
Auger electron spectroscopy (AES) was used to detect im- 
purities such as carbon and oxygen in the silicide films. 
Rutherford backscattering spectroscopy (RBS) spectra 
taken using 2 or 3 MeV He ++ at normal incidence and 4 ~ 
scattering angle determined the stoichiometry of the films. 
The sheet resistance of the silicide was measured using a 
four point probe. 

Results and Discussion 
Growth  ra te . - -Growth  rate experiments were conducted 

at different temperatures, times, gas flow rate ratios, and 
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Fig. 3. Arrhenius plot of the growth rate of titanium silicides depos- 
ited on silicon and SiO2 for deposition conditions of SiH/I' iCI4 flow 
rate ratio of 6/4 (sccm), 650~ 40 mTorr, 3 min, and 5 W. 
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Fig. 4. The thickness of TiSi2 films deposited on silicon and on SiO2, 
respectively, as a function of time, for deposition conditions of 6/4 
(sccm), 650~ 40 mTorr, and 5 W. 

dilution gas (Ar or H2) flow rates. Typical duration times 
were 3 min. Figure 3 shows the growth rate of t i tanium sili- 
cide deposited on silicon window (open circle) and on s ~HI 
con dioxide (closed circle) as a function of temperature. As 
the data show, for both substrates, there are two distinct 
regions of deposition rates. Region 2, at the higher tem- 
peratures, is only slightly temperature activated. At the 
lower temperatures (Region 1), the growth rate shows a 
strong temperature activation. In an attempt to reduce the 
effects of temperature variation on silicide growth rate, the 
dependence of the growth rate on duration times, gas flow 
rate ratios, and dilution gas flow rates was investigated at 
the constant temperature of 650~ (Region 2). According to 
CVD theory, Region 2 can be defined as mass transport 
limited and Region I as surface reaction limited. 

At 570~ no deposition of silicide occurred and several 
t iny etch pits were found scattered on the surface. As the 
temperature was increased to 590~ the deposition started 
to take place. In the temperature range of 580 to 600~ the 
reaction rate seems to be limited by surface kinetics on the 
substrate. As the deposition temperature was increased 
above 600~ the difference in the growth rates of silicide 
between on silicon and on SiO2 increases. This indicates 
that, in the growth of silicide on silicon, increasing the 
temperature results in more silicon supplied from the sub- 
strafe participating in the silicide formation. 

Figure 4 shows the thickness of the silicide deposited 
both on silicon and on SiO2 as a function of time. The error 
bars in the thickness of silicide are partly due to the sur- 
face roughness and partly due to the interface roughness. 
As shown in Fig. 4, the growth rate of silicide appears to be 
constant  with time. This suggests that TiSi2 growth is lim- 
ited by the transport  of gases (TIC14 and/or Sill4) to the 
surface. 

The effects of the gas flow rate of argon and hydrogen on 
the growth rate at 650~ is shown in Fig. 5. Both dilution 
gases decrease the growth rate of silicide with increasing 
flow rate. X-ray spectra reveal different effects of the two 
diluents on the preferred orientation of the silicide films. 
Hydrogen enhances the formation of randomly oriented 
grains, while argon does not change the orientation of 
grains. Therefore, the two dilution gases are expected to 
decrease the growth rate by influencing the reaction paths, 
such as mass transport of gases and surface reaction of ad- 
sorbed gases, in different ways in temperature Region 2. 

Figure 6 shows the effects of silane gas flow rate on the 
thickness of silicide on silicon dioxide. As the Sill4 flow 
rate increases, the thickness of the silicide increases and 
reaches a maximum value at a Sill4 flow of 6 sccm, then it 
decreases. According to Fig. 3, the mass transfer of active 
radicals to the surface limits the growth of the silicide at 

650~ Therefore, local equil ibrium may be assumed to 
exist between the adsorbed species and the gas species. 
Consequently, increasing the silane gas may reduce the 
concentration of adsorbed TiCI~ radicals leading to the de- 
crease in the growth rate if TiCI= species limit the growth. 

The effects of TIC14 gas flow rate on the growth rate is 
shown in Fig. 7. As the TIC14 gas flow rate increases, the 
growth rate also increases, reaches a plateau, and then de- 
creases. The decrease in the growth rate may be partly due 
to the reduced concentration of Sill= radicals on the sur- 
face and partly due to the etching of the silicide which may 
occur with high chlorine concentrations (11). However, the 
evidence of etching of the silicide was not observed under  
SEM. The surface of silicide deposited on SiO2 was usually 
smooth. Therefore, according to Fig. 6 and Fig. 7, both re- 
actants (TIC14 and Sill4) seemed to be limiting sources to 
silicide formation so that the maximum growth rate was 
obtained at the opt imum gas ratios in the temperature 
Region 2. 

Si l icon c o n s u m p t i o n . - - F i g u r e  2(c) reveals the silicide de- 
posited on a SiO2 patterned wafer at 650~ for 3 min, 
showing a uniform thickness on silicon as well as SiO~. Ex- 
cessive silicon consumption (3000 to 6000 A) was observed 
to result in the vertical encroachment into the silicon sub- 
strate, especially at the base of the contact cut. This verti- 
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o 
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I o SiH4/TiCI4/Argon I 

�9 SiH4/TiCl4/H2 

110 210 

H2 or  Ar Gas F low Rate ( sccm)  

Fig. 5. The effects of (a) H2 and (b) Ar gas flow rates on the growth 
rate of silicide deposited on silicon with deposition conditions of SiHd 
TiCI4 of 6/4 (sccm), 650~ and 5 W. 
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Fig. 6. The thickness of TiSi2 deposited on Si02 as a function of Sill4 
flow rate for 3 rain, at a TiCI4 flow of 4 sccm, 650~ and 5 W. 

cal encroachment  at the base of the contact window in 
Fig. 2(c) corresponds to the rough surface at the edge of 
the silicon window shown in Fig. 8(a). In  addition, the sur- 
face morphology of silicide on SiO2 is smooth, while that of 
silicide on silicon is rough (see Fig. 8). These observations 
suggest that the surface roughness on silicon is not caused 
by the etching of the silicide, but  by nonuniform silicon 
consumption as well as silicon etching. In addition, the 
small difference (200 to 1000 A) in the thickness of silicide 
on silicon and on SiO2 cannot be explained by the large 
amount  of silicon consumed (3000 to 6000 A) if solid silicon 
is assumed to be a main contributor to silicide formation. 
Therefore, it is expected that a large fraction of silicon dif- 
fuses through the silicide layer and is etched away at the 
surface, while only a small fraction of silicon participates 
in silicide formation. Consequently, the silicon from the 
silane gas can be the main contributor to silicide forma- 
tion. This fact is consistent with the constant growth rate 
in Fig. 4 and the observation of the maximum growth rate 
at the opt imum gas ratios in Fig. 6 and Fig. 7. 

According to Table II, the silicon consumption de- 
creases rapidly at the Sill4 flow rate of 9 sccm. Figure 9 
shows the influence of Sill4 flow rates on the difference in 
the thickness of silicide on silicon and on SiO2. The differ- 
ence increases, reaches a peak, and then decreases rapidly 

Table II. The depth of silicon consumption as a function of Sill4 flow 
rates for a constant TiCI4 flow rate of 4 sccm. 

Sill4 flow rate (sccm) Depth of Si consumption (nm) 

6 350-550 
9 <10 

when the gas flow rate is 9 sccm. The increase in the differ- 
ence is attributable to more solid silicon participation in 
the silicide formation. The rapid decrease is due to a de- 
crease in silicon consumption, as shown by Table II. 
Therefore, silane seems to have two different effects on sil- 
icide formation depending on silane gas flow rates: En- 
hancing solid silicon reaction with TiCI=; and suppression 
of silicon consumption. 

Blanket silicide with no Si consumption.--XTEM of a sil- 
icide deposited at 590~ with a gas flow ratio (SiH~ric14) of 
6/4 (sccm) shows a conformal step coverage and no Si con- 
sumption from the substrate (see Fig. 10). This silicide film 
with no silicon consumption has promising applications to 
shallow junct ion contacts as well as via hole fillings. 

Extended Discussion 
Deposition chemistry.--In the reactor system used here, 

neutral species can be regarded as dominant  species for 
film growth because ion bombardment  effects can be ex- 
pected to be minimal. Therefore, we propose here possible 
reactions based on thermodynamic calculations and by- 

E 
e~ 

h, 

100 

} 
} 

T e m p  = 650  (~  
S i l l 4  = 6 ( s e c m )  

I [ I I I I 
2 3 4 5 6 7 

TiCI4 Flow Rate (sccm) 
Fig. 7. The average growth rate of silicide vs .  TiCI4 flow rates for a 

deposition time of 3 min, a Sill4 flow rate of 6 sccm, 650~ end 5 W. 

Fig. 8. SEM of titanium silicide deposited on an oxide patterned 
wafer for 3 rain, at 650~ 5 W and SiH4/TiCI4 flow rate ratio of (a) 
6/4, (b) 9/4 (sccm). 
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Fig. 9. The effects of Sill4 flow rates on the difference of the thick- 
ness of titanium silicide deposited on silicon and Si02 for a constant 
TiCI4 flow rate of 4 sccm, 650~ end 5 W. 

product-gases detected by a QMS. Thermodynamic calcu- 
lation was used to predict the possible reaction for surface 
reactions based on the assumptions that equilibrium con- 
dition was maintained between gas species and adsorbed 
species, and ion bombardment  on the surface could be ne- 
glected. The formation of stable TiSi2 and the mass trans- 
port limited region may make two assumptions rea- 
sonable. 

Our QMS detects a rapid increase in H2 soon after strik- 
ing the plasma, which suggests that the following reaction 
in the gas phase may be dominant  

SiI~ + e- --> Sill2 + Hz + e- [1] 

H2 + e- --* 2H + e- [2] 

The generated atomic hydrogen radicals may react with 
TIC14 to produce TIC12 and HC1 gases through reaction [3] 

TIC14 + 2H --~ TIC12 + 2HC1 [3] 

In  addition, the generated silylene (Sill2) suggests that re- 
action [4] may be expected 

Sill2 + HC1 -~ SiH3C1 [4] 

Reaction [4] is consistent with the QMS detection of more 
SiH4C1 and less HC1 with increasing silane gas flow rate. 

The following silicon-chlorine-hydrogen by-products 
were detected during the silicide deposition: H~, HC1, 
SiH3C1, SIC1, SiH2CI2, and SIC12. SIC14 and TiCl4 were not 
detected during the deposition in this system, maybe be- 
cause heavy weight molecules experience more transmis- 
sion losses in a quadrupole mass filter than lighter ones. 
Also, heavy weight molecules cannot be sufficiently col- 
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lected through a bypass line having a small diameter hole 
in the ionization chamber (12). SiCI and SIC12 signals were 
interpreted here as the decomposition of SIC14. Based on 
this interpretation and the detection of SiH4C1, we propose 
reaction [5] for silicide formation due to silicon diffusion 
across silicide layer and reaction [6] for silicon etching. 

Silicide formation due to solid silicon.-- 

2T1C12 + 5Si(s)--> 2TiSi~ + SIC14 [5] 

Si~) +HCI* + 2 H * ~  SiH3C1 [6] 

where * notes adsorbed state of gas species on a surface. 
Based on the standard free energy change, both reac- 

tions are thermodynamically favorable. Reaction [6] is 
more thermodynamically favorable than reaction [5], con- 
sistent with Fig. 2(c), which suggests that a small fraction 
of silicon from the substrate contributed to the silicide for- 
mation. TIC12 may react with Sill2 to form TiSi~ through re- 
action [7]. 

Silicide formation due to silane reac t ion . -  
. @ 

T1C12 + 2Sill* --* TiSi~ + 2HC1 + H2 [7] 

Sill*2 + HCI* --* SiH3C1 [8] 

where * notes adsorbed state of gas species on a surface. 
Therefore, increasing the silane gas flow rate increases 

the forward reaction of reactions [7] and [8], and also re- 
tards the surface reaction of silicon, especially silicon etch- 
ing reaction [6], because of consumption of HC1 available 
to reaction [6] through reactions [4] and [8]. 

From these considerations, silicon consumption should 
be a strong function of the gas composition as well as the 
temperature. 

Kinetic model of silicon consumption.--The kinetic 
model proposed to explain the effects of the Sill4 gas flow 
rates on silicon consum[~tion is confirmed by the results 
for thin silicides (-<3000 A). Figure 11 is a schematic repre- 
sentation of the process of silicon consumption as well as 
silane reaction. Silicon consumption can be modeled as a 
sequence of two events; silicon diffusion across a silicide 
layer; and surface reaction of solid silicon including sili- 
cide formation (displacement reaction) and silicon etch- 
ing. We do not include the evaporation of silicon atoms be- 
cause the vapor pressure of silicon is very low at our 
temperatures (13). The flux of silicon across the silicide can 
be expressed as 

( - Q 0 )  o[Si] [9] 
J0=D0exp  ~ Ox 

where J0 is the diffusion flux of silicon across silicide layer, 
Q0 is the activation energy for silicon diffusion, and [Si] is 

Si - S u b s t r a t e  

SIH2 

P r o p o s e d  Reac t ions  

Jl: 5Si +2TiCI 2 ~2TiSi 2 + SiC14 

J2: Si +HCI +2H-~SiH3CI 

J3:2Sill2 +TiCl2 -~TiSi2 + HC! + H2 

Fig. 10. Cross-sectional TEM of blanket titanium silicide deposited 
on an oxide patterned wafer for 5 rain, at 590~ SiH4/TiCI4 flow ratio 
of 8/4 (sccm), and 5 W. 

J4: SiH2+HCI -~SiH3C! 

Fig, ] 1. Schematic representation of the process of silicon consump- 
tion and silane reaction. 
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the concentration of silicon. The flux of surface reaction of 
solid silicon can be expressed in two parallel ways 

J1 = / ~  exp ~ [Si][HC1][H] 2 [10] 

J2 = K~ exp ~ [Si]5[TiC12] 2 [ii] 

where J~ is the flux of silicon for silicon etching, J2 is for sil- 
icide formation, Q~ is the activation energy for silicon etch- 
ing, Q~. is for silicide formation, and [ ] is the concentration 
of each species on the surface. We assume steady state con- 
dition during silicon consumption,  so the silicon flux can 
be expressed as 

Jsi = J0 = J1 + J2 [12] 

According to Eq. [12], the silicon consumption is limited 
by either silicon diffusion across the silicide (Jo), or surface 
reaction of solid silicon on the surface (Jl and Jz). If the 
mass transport  of silicon across silicide hmits the silicon 
consumption,  the silicon consumption is not dependent  
on gas composition. However, Fig. 10 reveals that increas- 
ing silane gas flow rate decreases the silicon consumption, 
which suggests that the silicon consumption is controlled 
not by the mass transport  of silicon across the silicide 
layer, but  by the surface reaction of silicon on the surface 
for silicide less than 3000 A. 

Figure 9 shows that the difference between the thick- 
ness of silicide on sihcon window and that on SiO2 in- 
creases and reaches a peak when the silane gas flow rate is 
7 sccm. This suggests that silicon diffusing from the sub- 
strate is participating more in the formation of silicide as 
the silane gas flow rate is increased. Increasing Sill4 flow 
rates increases the forward reaction of Eq. [1]. Increased 
Sill2 favors the forward reaction of Eq. [4]. As a result, the 
consumption of HC1 is increased. Increasing silane gas 
flow rate enhances a surface reaction path of silicon to sih- 
cide formation, while suppressing silicon etching of Eq. [6] 
due to the consumption of HC1. Therefore, the gas compo- 
sition may decide the surface reaction path of silicon ei- 
ther to silicide formation or to silicon etching with differ- 
ent activation energies by influencing the concentration of 
HC1. 

In  addition to the dependence of Sill4 flow rate on the 
surface reaction of silicon, the reaction of silicon with 
TIC12, at high Sill4 flow rates, competes with the reaction of 
SiHz with TIC12. Table II reveals that the silicon consump- 
tion rate at 9 sccm of Sill4 flow rate is much lower than that 
at 6 sccm. This suggests that increasing silane gas flow rate 
increases the forward reaction of Eq. [7] while retarding 
the displacement reaction of silicon, thus leading to low 
consumption of silicon. From this consideration, it is evi- 
dent that high silane flow rate effectively suppresses the 
silicon consumption.  However, maximum silane gas flow 
rate is limited because of whisker formation. 

Summary 
A cold-wall PECVD system has been used to investigate 

the effects of variable conditions on the growth of t i tanium 
disilicide and on silicon consumption by utilizing the large 
deposition variable space available with PECVD. 

The use of plasma with minimal  ion bombardment  on 
the surface enabled the deposition of C54 TiSi2 at the low 
temperature of 590~ 

The deposition rates were divided into two distinct re- 
gions depending on the temperatures: at the temperature 
range of 580 to 600~ the reaction was controlled by sur- 

face reaction; at the high temperature above 600~ it was 
controlled by mass transfer of gases. The thicknesses of 
silicides deposited at 650~ both on Si and on SiO2 in- 
creased approximately proportionally with deposition 
times, indicating that the reaction was limited by gas 
transfer, not by solid diffusion across the silicide layer. 
XTEM of the silicide deposited at 650~ and SiH4/TiC14 of 
6/4 (sccm), revealed that silane seemed to be a main con- 
tributor to silicide formation, and solid silicon a minor 
contributor in temperature Region 2. 

The growth rate was strongly influenced by Sill4 and 
TIC14 flow rates at 650~ As Sill4 was increased, the growth 
rate increased and then decreased. With increasing TiCl4, a 
similar trend in the growth rates was observed. Both reac- 
tants seemed to be limiting sources to silicide formation so 
that the maximum growth rate was obtained at the opti- 
mum gas ratio under  the equil ibrium conditions existing 
between the gas species in the gas and on the surface. 

The difference in thickness of silicide on silicon and on 
SiOz increased as the temperature increased. It  was attrib- 
utable to the enhanced silicon diffusion through the sili- 
cide layer with increasing the temperature. The difference 
was also influenced by the Sill4 flow rates. The difference 
increased and reached a peak when the Sill4 flow rate was 
7 sccm. The increase may be due to the retarding of silicon 
etching on the surface. 

Sihcon consumption rapidly decreased from 4500 to less 
than 100 A when the silane gas flow rate increased from 6 
to 9 sccm for the constant TIC14 flow rate of 4 sccm at 
650~ A conformal silicide with no silicon consumption 
was deposited at 590~ and 8/4 (sccm) of Sill#TiC14 flow 
ratio. Both results confirmed the strong effects of tempera- 
ture and silane gas flow rate on silicon consumption. 

The proposed kinetic model of silicon consumption and 
possible reactions provide a qualitative description of the 
effects of the silane gas flow rate on silicon consumption, 
indicating why low deposition temperature as well as high 
gas flow ratio of SiH4:TiC14 is effective in suppressing sili- 
con consumption.  
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