
IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL 39. NO. 8. AUGUST 1Y92 I835 

The Process Window of a-Si/Ti Bilayer Metallization 
for an Oxidation-Resistant and Self-Aligned TiSi2 

Process 
Yung-Song Lou, Student Member, IEEE, Ching-Yuan Wu,  Member, IEEE, 

and Huang-Chung Cheng, Member, IEEE 

Abstract-The dependences of both oxidation-resistant and 
self-aligned silicidation properties on the thicknesses of top 
amorphous-Si (a-Si) and Ti metal in an a-Si/Ti bilayer process 
are presented. It is shown that a thin silicide layer formed dur- 
ing the reaction between a-Si and Ti films becomes a stable ox- 
idation and nitridation barrier for oxygen- and nitrogen-re- 
lated impurities. Moreover, the formation sequence of the 
silicide phase depends on not only the annealing temperature 
but also the thickness of Ti film. In addition, the preferential 
orientation of the silicide phase after annealing at high temper- 
ature also shows a strong dependence of the thickness of Ti 
film, which is attributed to the difference of the grain size in 
the polycrystalline silicide film. The allowed process window 
for the a-Si thickness can be determined experimentally and a 
reproducible and homogeneous self-aligned TiSiz film can be 
easily obtained by using the a-Si/Ti bilayer process in SALI- 
CIDE applications despite of high-level contaminations of ox- 
ygen impurities in both the as-deposited Ti film and the an- 
nealing ambient. 

I .  INTRODUCTION 
S MOS devices are scaled down to submicrometer A dimension, the self-aligned silicidation (SALICIDE) 

technology becomes one of the best approach to solving 
the serious problems resulting from the increase of the 
parasitic series resistances including the contact resis- 
tance and the diffusion sheet resistance [1]-161. TiSi, is 
the most attractive material for this technology because of 
its comparatively low resistivity ( = 2 0  pa 1 cm) and re- 
fractory nature. However, due to its high chemical reac- 
tivity with ambient impurities (e.g., N,, O,, and H20)  
during either vacuum deposition or thermal annealing, the 
quality of the formed silicide depends immensely on pro- 
cess control. Recently, a novel TiSi, process using 
a-Si/Ti bilayer metallization [3], which exhibits both ox- 
idation-resistant and self-aligned silicidation features, has 
been demonstrated to be highly effective in solving the 
oxidation and nitridation problems for Ti silicidation in 
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an oxygen-contaminated N, environment. This method is 
shown to be attractiq:e for preparing a reproducible and 
homogeneous TiSi, tilm while eluding any special equip- 
ment or any complicated process. Another interesting as- 
pect concerning the application of the bilayer metalliza- 
tion in the SALICIDE process is that the selective 
formation property can be retained despite the additional 
thin a-Si layer over the Ti film. Since the use of the top 
a-Si layer as a protective layer may provide a new ap- 
proach for silicide formation, it becomes very important 
to study the limitation of the a-Si film thickness associated 
with the oxidation-resistant and self-aligned silicidation 
properties and the effects of a-Si thickness variation on 
the kinetics of TiSi2 formation during thermal annealing. 

In this paper, the effects of different a-Si thicknesses on 
silicide formation and selective etching properties in an 
a-Si/Ti bilayer process are studied in detail. According 
to the measured sheet resistances, SEM topography, and 
AES depth profiles of the annealed a-Si/Ti on Si and 
S O 2 ,  the allowed process window for the a-Si film thick- 
ness is obtained experimentally. Within the proposed pro- 
cess window, a complete conversion of Ti into TiSiz can 
be achieved even for both the as-deposited Ti film and the 
annealing ambient contaminated with oxygen impurities. 
Moreover, X-ray diffraction analysis reveals that both the 
silicide formation sequence and the orientation of the sil- 
icide phase are dependent on the thickness of the as-de- 
posited Ti film. Finally, a simple empirical rule for de- 
termining the thickness ratio of the a-Si film to the Ti film 
is obtained for the a-%/Ti bilayer process in SALICIDE 
applications. 

11. EXPERIMENTAL RESULTS AND DISCUSSIONS 
cm, n-type Si wafers were used in 

this experiment. After a standard cleaning process, the Si 
substrates were etched in a diluted HF solution immedi- 
ately prior to loading into the vacuum system. The thin 
titanium film was deposited by an electron gun with a base 
pressure of about 5 X lop6 torr, subsequently the a-Si 
film was evaporated without breaking the vacuum. The 
samples were annealed in N, ambient for 40-50 min at 
different temperatures between 400 and 900°C. It should 
be noted that no special equipment was used to minimize 
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the oxygen content in the flowing N2 ambient before in- 
troducing it to the furnace. 

A .  Oxidation-Resistant Silicidation Properties 
The measured sheet resistances as a function of the a?- 

nealing temperature for various a-Si thicknesses on 500- A 
Ti film are shown in Fig. 1. The variations of the sheet 
resistance with the annealing temperature apparently show 
the same features for different a-Si/Ti bilayer systems, 
e.g., a high sheet resistivity value for the as-deposited 
sample, a sharp decrease of the sheet resistivity for the 
increased annealing temperature, and a minimum sheet 
resistivity of less than 2 Q/ 0 for samples annealed above 
750°C. These phenomena reflect that an additional a-Si 
layer on Ti film does not affect the basic reaction kinetics 
between Ti and the Si substrate during heat treatment, de- 
spite the slight difference in sheet resistance for the cases 
with annealing temperature below 700"S. For the sam- 
ples yith a-Si thickness of less than 30 A or greater than 
100 A ,  the measured sheet resistances are shown to be 
highe: than those with the a-Si thickness between 50 and 
100 A .  This can be correlated with the effects of the re- 
action between Ti and a-Si and the redistribution of oxy- 
gen impurities during silicide formation. The AES depth 
profile for the as-deposited a-Si/Ti bilayer is shown in 
Fig. 2, in which a strong oxygen peak at the Ti/%-sub- 
strate interface, marked with Oi in the figure, suggests the 
presence of native oxide and the adsorption of oxygen im- 
purities during film deposition. The adsorption of oxygen 
impurities can be confirmed by the poor vacuum of about 
5 x torr during deposition or the observation of a 
rapid change in vacuum pressure at the beginning of Ti 
evaporation. The high oxygen content is responsible for 
the high sheet resistance value observed from the as-de- 
posited samples. 

Figs. 3 and 4 show the AES depth profiles for a-Si/Ti 
bilayer on Si with different a-Si thicknesses on 500-A Ti 
layer after annealing at 650 !nd 750"C, respectively. 
Since the a-Si thickness of 30 A is insufficient to prevent 
further contamination of oxygen impurities from the an- 
nealing ambient, the incomplete expulsion of oxygen im- 
purities initially contaminated in Ti during silicide for- 
mation may occur. The encroached oxygen impurities 
together with the residual oxygen impurities in silicide, 
as marked with 011 in Fig. 3(a), will accumulate at the 
TiSi2/Si-substrate interface. Since Si atoms are the pre- 
dominant moving species during TiSi2 formation [7], the 
011 layer will act as a diffusion barrier for Si flux from the 
Si substrate and can thus impede the further growth of 
TiSi2. It should be noted that the formed diffusion barrier 
is so stable that even after annealing at a high temperature 
of 750"C, the oxygen peak 011 can be still observed, as 
shown in Fig. 4(a). So, the higher sheet resistance shown 
in Fig. 1 for ?-Si/Ti bilayer with the a-Si thickness of 
less than 50 A is attributed to the ineffective transfor- 
mation of Ti into TiSi, caused by the presence of interface 
impurities. 

Annealing in N, tor 40 min 'r 

IO 
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Fig. 1. Measured sheet resistances as a function of annealing temperature 
after annealing in an oxygen-contaminated Nz ambient for 40 min. 
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Fig. 2. The AES depth profiles for the as-deposited 50-A a-Si/5OO-A Ti 
bilayer structure on bare Si. 

The AES depth profile for the 50-A a-Si/SOO A Ti 
bilayer case after annealing at 650°C is shown in Fig. 
3(b), in which a prominent oxygen peak OI is located in 
front of the silicide layer and the interface oxygen Oi peak 
shown in Fig. 2 disappears, This behavior is the well- 
known ''oxygen snow-plow effect" during silicidation. If 
the accumulated oxygen content OI reaches a critical level, 
the suppression of further growth of the TiSi, phase by 
blocking the outward diffusion of Si atoms from the Si 
substrate will occur. Therefore, for the case of a;Si/Ti 
bilayer with a-Si thickness between 50 and 100 A ,  the 
measured sheet resistances shown in Fig. 1 are almost kept 
unchanged for annealing temperature between 600 and 
650°C. With a moderate a-Si thickness, a higher anneal- 
ing temperature (2 700°C) can be used to expel the ox- 
ygen impurities out of silicide and thus to completely re- 
solve a-Si into Ti to form the TiSi2 phase, as shown in 
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Fig. 3 .  AES depth profiles for the a-Si/Ti bilayer structure on bare Si with 
(a) 30-A, (b) 50-A, and (c) 100-A a-Si film on 500-A Ti metal after 
annealing at 650°C. 

Fig. 4(b). This result indicates that the thin a-Si layer can 
effectively prevent the Ti film from the contamination by 
0 2 / H 2 0  impurities in the annealing ambient, and this fact 
also gives an explanation for the lowest sheet resistance 
obtained for the cases annealed at 750°C. 
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Fig. 4. AES depth profiles for the a-Si/Ti bilayer structure on bare Si with 
(a) 30-A, (b) 50-A, (c) 100-A a-Si film on 500-A Ti metal after anneal- 
ing at 750°C. 

For the case of 150-A a-Si bilayer annealed at 65OoC, 
it is interesting to note that a new oxygen peak, marked 
as 0111 in Fig. 3(c), occurs just under the unconsumed a-Si 
in addition to the oxygen peak OI. This new oxygen peak 
is believed to be produced by the snow-plow effect through 
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the reaction between a-Si and Ti. The formation of a thin 
silicide layer between 0, and Om, probably TiSi, will play 
an important role in the silicidation process with higher 
annealing temperatures. As mentioned previously, the 
pile-up of oxygen impurities can prevent the outdiffusion 
of Si atoms, and the formation of TiSi2 is retarded. From 
this point of view, it is clearly seen from Fig. 3(c) that 
the transport of Si atoms from the top a-Si layer to the 
sandwiched thin silicide layer is easier than that from the 
Si substrate. Moreover, the exhaustion of the top a-Si 
layer will reduce the total effective sheet resistance in an 
a-Si/TiSi2 couple, thus the formation of the sandwiched 
silicide layer is associated with the anomalous plateau re- 
gion which appears between 600 to 650"C, as shown in 
Fig. 1. Since the abundant supply of Si atoms from the 
top a-Si film results in the growth of the intermediate sil- 
icide layer for various annealing temperatures, and the ra- 
tio of the Si peak to the Ti peak of the sandwiched silicide 
layer is varied from = 1 for the case annealed at 650°C 
(Fig. 3(c)) to 1.5 for the case annealed at 750°C (Fig. 
4(c)). From the Si-Ti binary phase diagram, it is reason- 
able to expect that an alternation of the silicide phase from 
TiSi to TiSi, occurs. Due to the stability of the silicide 
layer formed on the Si substrate, the accumulated oxygen 
impurities 0, cannot be pushed out even after annealing 
at the high temperature of 750°C. 

From the measured sheet resistance and AES depth pro- 
files, the formation of thin silicide layer between a-Si and 
Ti may stabilize the Ti surface; the capped a-Si layer can 
successfully act as a protective layer. Although the real 
phase of this stable layer is too thin to be identified, using 
the intentional deposition of a thick a-Si film on Ti metal, 
the formation of the stoichiometric-like silicide between 
two oxygen peaks, e.g. ,  either TiSi at 650°C or TiSi2 at 
750"C, may support the possibility of such a reaction. 
Moreover, this observation is consistent with the previous 
report [8] that the Ti film reacts faster with a-Si than with 
the Si substrate and the formation temperature of the TiSi2 
phase could be as low as 525°C. The presence of inter- 
face impurities is attributed to different reaction behav- 
iors. Therefore, the oxygen distribution of the as-depos- 
ited a-Si/Ti/Si substrate system, as shown in Fig. 2, 
significantly shows different amounts of accumulated ox- 
ygen impurities at the a-Si/Ti and Ti /% substrate inter- 
faces. These facts give us another reason to expect that 
the formation of a thin silicide layer between a-Si and Ti 
may act as an isolation barrier at a lower annealing tem- 
perature. 

Another interesting question is whether a thicker a-Si 
film is preferable for the a-Si/Ti bilayer process. Due to 
the abundant supply of Si atoms from the a-Si film, the 
surface silicide layer will act as an "anti-snow-plow" 
barrier during thermal annealing, and thus a large amount 
of oxygen impurities may still remain within the silicide 
film after the silicidation process. The presence of oxygen 
impurities in either Ti film or silicide layer will impede 
the grain growth and thus increase the impurity scattering 
[7], so the buried oxygen impurities are believed to con- 

tribute to the higher sheet resistance v$ue for the a-Si/Ti 
bilayer with a-Si thicker than 100 A after thermal an- 
nealing, as observed in Fig. 1. 

B.  SelfAligned Silicidation Properites 
The selectivity of the etching behavior strongly de- 

pends on the products on SiOz0after therma! annealing. 
The AES 9epth profiles for 50-A a-Si/500-A Ti bilayer 
on 3000-A-thick Si02 after annealing at 600 and 650°C 
are shown in Fig. 5(a) and (b), respectively. By compar- 
ing the AES depth profile of the as-deposited sample with 
that of the annealed one, it is clearly seen that not only 
the oxygen profile is drastically redistributed within the 
Ti film, but also a new and sharp Si peak at the Ti /Si02 
interface, as marked by Si,, in Fig. 5 ,  appears in addition 
to the top a-Si peak marked by Si,. The reaction between 
Ti and a-Si or between Ti and SiO, is rather complicated 
after thermal annealing; however, the disappearance of 
oxygen peak Oi and the uniform distribution of oxygen 
impurities in Ti are presumably known to be due to the 
interaction between Ti and S O 2 .  Ti film could react with 
the SiO, substrate after thermal annealing with the thin 
Ti& layer formed between the Si02 substrate and the top 
TiOx layer [9], [lo], as shown in Fig. 5 .  Moreover, the 
reaction between a-Si and Ti will also result in a thin sil- 
icide layer formed on the top surface of TiOx after an- 
nealing at 600°C. According to the Si-Ti binary phase 
diagram, a metal-rich silicide phase, which may be a mix- 
ture of Ti5Si3 and Ti3Si, seems to appear at the top surface 
if the annealing temperature is raised to 650°C. It is in- 
teresting to note that the thin Ti& layer on the Si02 sub- 
strate is not a stoichiometric one. Since the oxygen con- 
tent is observed within Ti5Si3, a mixed phase of silicide 
and metal oxide or a ternary compound is more suitable 
to describe this product. With a moderate thickness of a-Si 
film on Ti, the removal of the a-Si/Ti bilayer after an- 
nealing at 650°C can be fully accomplished because the 
final products over Si02,  which include the top metal-rich 
silicide layer, the middle titanium oxide layer, and the 
bottom oxygen-embedded silicide layer, are all remov- 
able in conventional NH40H /H202  / H 2 0  (NHH) or 
H2S04/H202 (HH) solutions. 

The AES depth profiles for the 150-A a-Si/5OO-A Ti 
bilayer on Si02 after annealing at 600 and 650°C are 
shown in Fig. 6(a) and (b), respectively. Due to the re- 
action between a-Si and Ti, the top a-Si peak has been 
split into two distinct peaks as marked by Sir, and SirB in 
Fig. 6(a). This reaction is similar to that on bare Si, as 
shown in Fig. 3(c). The further growth of a top Si-rich 
silicide layer, probably TiSi2, can be achieved by increas- 
ing the annealing temperature to 650"C, as shown in Fig. 
6(b). During the formation of the Si-rich silicide layer, 
the supply of Si atoms from the a-Si film is certainly 
enough, and the supply of Ti atoms by breaking the Ti- 
0 bond to favor a-Si-Ti bonding also seems to be easier. 
This may be due to the fact that the titanium oxide is not 
a fully stoichiometric product after annealing at 600°C. 
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Fig.oS. AES depth profiles for the a-%/Ti bilayer structure on SiO, with 
SO-A a-Si film on 500-A Ti metal after annealing at (a) 600°C and (b) 
650°C. 

As compared with the result of a-%/Ti bilayer on Si after 
thermal annealing, the residual a-Si peak shown in Fig. 
4(c) clearly indicates that it is more difficult to release Ti 
atoms from the dense and stable TiSi, layer even after 
annealing at the high temperature of 750°C. 

The high oxygen content and the uniform oxygen dis- 
tribution within Ti metal after thermal annealing not only 
indicate the presence of the titanium oxide layer but also 
provide another “barrier” effect for Si flux. It is found 
that the outdiffusion of Si atoms has been impeded by ox- 
ygen impurities contained in the Ti metal. This feature is 
useful for SALICIDE applications because it will sup- 
press the lateral silicide growth across the sidewall oxide 
and further eliminate the bridging effect, despite the fact 
that Si atoms are recognized to be the moving species dur- 
ing a thermal reaction. 

Fig. 7 shows the edges between the grown TiSi2 region 
and the Si02 region after annealing at 650°C and etching 
in NHH solution. Although the :elective etching can be 
performed for the case of 30-A-thick a-Si film on Ti 
metal, the serious surface roughness of the silicided re- 
gion and the local etching pits on Si02 can be observed, 
as shown in Fig. 7(a). As discussed in Section 11-A, the 
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Fig. 6 .  AES depth profiles for the a-Si/Ti bilayer structure on S i02  with 
1SO-A a-Si film on 500-A Ti metal after annealing at (a) 600°C and (b) 
650°C. 

thin a-Si layer of 30 A cannot resist the invasion of am- 
bient oxygen impurities, thus the incomplete silicidation 
on the Si region will result in a coarse surface, and the 
reaction between Ti and Si02 is locally enhanced to in- 
duce the etching cavities. With a poderate thickness of 
the a-Si film on Ti metal, e.g. ,  50 A ,  a well-defined edge 
after etching in NHH solution can be obtained, as shown 
in Fig. 7(b). Therefore, this gives direct evidence to sup- 
port the concept that the lateral silicide growth can be sup- 
pressed by the presence of the metal oxide layer (Tiox) 
on Si02. Moreover, the surface morphologyo of the sili- 
cided region is smoother than that of the 30-A-thick a-Si 
case. This result is attributed to the full transformation of 
the Ti film into TiSi2 and the complete expulsion of the 
native oxide and oxygen contaminatiop. As the thickness 
of a-Si film is increased beyond 100 A ,  the product over 
Si02 is hard to be removed even after etching in NHH 
solution for a long time. 

In summary, the minimum a-Si thickness required to 
prevent Ti metal from oxidation adwing the silicidation 
cycle should be greater than 30 A ,  white the maximum 
a-Si thickness should be jess than 100 A for the as-de- 
posited Ti metal of 500 A in order to obtain satisfactory 
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(b) 

Fig. 7. SEM microphotographs ( X  10 000) showing the topography of 
TiSi, film and the residues on SiO, for (a) 30-A a-Si/SOO-A Ti, and (b) 
50-A a-Si/SOO-A Ti bilayer structures after annealing at 650°C and etch- 
ing in NHH solution. 

self-aligned silicidation properties for SALICIDE appli- 
cations. 

111. THE PROCESS WINDOW FOR a-Si THICKNESS 
Fig. 8 shows variations of the X-ray $iffraction spFctra 

with annealing temperature for a 50-A a-Si/SOO-A Ti 
bilayer structure, in which the corresponding (h ,  k ,  I )  val- 
ues are used to identify each peak. Clearly, the observed 
phase formation sequence agrees with the measured tem- 
perature behavior of the sheet resistance, as shown in Fig. 
1, and gives a more detailed understanding on the AES 
depth profiles, as shown in Figs. 3 and 4. The (h ,  k ,  I )  
values of the TiSiz phase indicate that the cystallographic 
s p c t u r e  is orthorhoombic with a = 8.267 A ,  b = 4.799 
-4, and c = 8.550 A .  On the other hand, the behavior of 
the X-ray intensities for TiSi and Tis& as a function of 
the annealing temperature also shows a similar tendency 
as reported in the previous study [7], e.g., TiSi and TiSi2 
are first detected after annealing at 600"C, and only TiSiz 
exists after annealing at 800°C. These results imply that 
the final crystallographic structure and the phase growth 
with respect to the annealing temperature can be basically 
retained in an a-Si/Ti bilayer process. 

a-SilTi = 5Oi15oOi 
A TiSiz 

I 

650% 

1 

60 50 40 30 20 

28  

Fig. 8. Variations of X-ray diffraction spectra with annealing temperature 
for a 50-A a-Si/SOO-A Ti bilayer structure. 

Besides the effect of the annealing temperature, the for- 
mation sequence of the silicide phase is dependent on the 
thickness of the as-deposited Ti film. Fig, 9 shows the X- 
ray diffraction !pectra obtaiped from 50-A-thick a-Si film 
on either 500-A - or 2000-A -thick Ti metal after anneal- 
ing at 650°C. In addition to the TiSi phase, several weak 
peaks of the TiSif phase are obtained for the case of thin- 
ner Ti film. However, only the TiSi phase is found from 
the bilayer structure with the thicker Ti film. The diffu- 
sion-limited reaction described by the Arrhenius equation 
can be used to explain this observation. It has been re- 
ported [8] that the TiSi film is formed first, then after the 
full consumption of Ti for TiSi formation, TiSi is taken 
over by the formation of TiSi2. However, such a phase 
formation sequence only occurs for well-controlled de- 
position and annealing conditions. The accepted view in 
our case is that the complete conversion of Ti into TiSi 
has been retarded by accumulated oxygen impurities at 
the Ti/TiSi interface during TiSi formation. Accord- 
ingly, the continuous supply of Si atoms from the Si sub- 
strate will result in the formation of TiSi2 if the as-depos- 
ited Ti film is thinner. On the other hand, for the case of 
thicker Ti film, the amount of Ti atoms is large enough 
during TiSi formation according to the Arrhenius relation 
with the same annealing time. Thus TiSi exists after an- 
nealing at 650°C because the Si flux is all exhausted in 
the formation of TiSi. 
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It is interesting to note that the ( h ,  k ,  1) value of the 
final silicide phase after annealing at 850°C also shows a 
dependence on the thickness of the as-deposited Ti film. 
The normalized X-ray intensities of the observed TiSi, 
peaks with different (h ,  k ,  1) values at a fixed metal thick- 
ness are shown in Fig. 10, in which the preferential ori- 
entation dependence of the silicide phase on film thick- 
ness is clearly obtained, e .g . ,  the arbitrary intensity of the 
silicide phase for TiSi,(3 11) increases, but that of 
TiSi,(202) decreases as the metal film becomes thicker, 
and that of TiSi,(004) incceases to a maximum value at 
the Ti thickness of 1000 A and then decreases with in- 
creasing Ti thickness. After high-temperature annealing, 
the silicide phase of TiSi,(?ll) is the one most frequently 
observed either for 1000-A-thick Ti filmDon poly-Si an- 
nealed in H, or vacuum [7] or for 1000-A-thick Ti film 
on n-Si annealed by the quartz-halogen method in vacuum 
[ l  I]. However, this phase is also observed to be the major 
peak only when the Lhickness of the as-deposited Ti film 
is larger than 2000 A .  Another behavior worth noting is 
that the dominant peaks of the silicide phases are $1 
TiSi2(004) with the same bilayer structure (say, 1000- A - 
thick Ti) after annealing in either N2 ambient or vacuum. 
This result indicates that the final silicide phase is inde- 
pendent of the annealing ambient in an a-Si/Ti bilayer 
process because the thin a-Si layer acts as a barrier for 
ambient impurities. 

It is reasonable to expect that the preferential orienta- 
tion of the final silicide phase may be changed by adjust- 

L I  b 

0 500 loo0 1500 2000 2500 3 

TI THICKNESS ( A )  

1841 

3 

Fig. 10. Normalized X-ray intensities in percentage for the prominent Tis., 
phases as a function of thickness of the as-deposited Ti film for SO-A 
a-Si/Ti bilayer structures after annealing at 850°C. 

ing the silicide thickness which is proportional to the 
thickness of the as-deposited Ti film. It is found that the 
grain size of the polycrystalline silicide film and the ox- 
ygen contamination in silicide are closely related to the 
formation of the final silicide phase. It is reasonable to 
expect that some of the oxygen impurities mostly ad- 
sorbed during vacuum deposition have been retained and 
gettered to the grain boundaries during thermal annealing 
and, as a consequence, will impede the grain growth and 
thus modify the orientation of the silicide phase. Al- 
though these oxygen impurities are beyond the AES de- 
tection limit (=  0.01 to 0. l %), this explanation can be 
confirmed by comparing the vacuum pressure during de- 
position in our work (=  5 x torr) with that of the 
reported conditions (a 10-7-10-8 torr). 

The allowed proFess window for a-Si thickness be- 
tween 30 and 100 ,A has been defined under constant Ti 
thickness of 500 A in an a-Si/Ti bilayer process. It is 
now interesting to investigate the variations of this pro- 
cess window with the Ti film thickness. Various a-Si/Ti 
pairs with different thicknesses of the a-Si and Ti films 
were prepared and annealed at 650°C in N2 for 40 min. 
Using the sheet resistance measurement, the AES depth 
profiles, the X-ray diffraction spectra, and the selective 
etching methods, the results were grouped into four types 
according to the characteristics of the oxidation-resistant 
and self-aligned silicidation properties: fully oxidized, 
partly oxidized, good for both oxidation-resistant silici- 
dation and selective etching, and good for oxidation-re- 
sistant silicidation but poor for selective etching. Fig. 11 
shows the experimental results, in which a straight line 
with a slope equal to 10.37 is obtained by using a least 
squares fit to the middle points of the a-Si process win- 
dow. It is clearly seen that the a-Si process window is 
enlarged with increasing thickness of the Ti metal because 



I842 IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 39, NO. 8. AUGUST 1992 

3000 
h e a l i n g  in NI at 656C 

A Qidized 

film thickness. This is attributed to the difference of grain 
size in the polycrystalline silicide film. Finally, the pro- 
cess window is found to be enlarged with the increasing 
thickness of Ti film, and the optimal thickness ratio of the 
a-Si film to the Ti film is about 1 / 10. Thus a simple and 
practical rule is experimentally obtained for the a-%/Ti 
bilayer process in SALICIDE applications. 

0 50 1cc) 150 200 250 

a-?, THICKNESY c i i j  

Fig. 11. Annealing behavior for difierent a-Si/Ti bilayer structures on both 
Si and SiOz after annealing at 650°C. 

the products on either Si or SiOz have been changed with 
variations of Ti thickness. Moreover, the slope of the least 
squares fit gives a very important processing concept for 
the application of a-Si/Ti bilayer technology: the a-Si /Ti 
bilayer can provide excellent oxidation-resistant and self- 
aligned silicidation properties when the thickness ratio of 
the a-Si film to the Ti film is chosen to be about 1/10 
even for the ca:e of the as-deposited Ti film thickness of 
less than 500 A .  

IV. CONCLUSIONS 
The effects of a-Si thickness on the oxidation-resistant 

and self-aligned silicidation properties in the a-Si /Ti bi- 
layer process during thermal annealing have been studied 
in detail. The allowed proFess window for the a-Si thick- 
ness between 30 !nd 100 A has been deduced for the case 
of Ti metal 500 A thick. Within this process window, the 
Ti metal can be fully converted into TiSiz even in an ox- 
ygen-contaminated ambient, and the excess oxygen im- 
purities originally contained within the Ti metal can be 
completely removed to produce a homogeneous and re- 
producible silicide film. Moreover, the self-aligned fea- 
ture, which is an important consideration for SALICIDE 
applications, can be maintained. In addition, the lateral 
silicide growth on the Si02  film can be retarded by the 
released oxygen impurities collected in the Ti film over 
the S O 2  region. 

It has been shown that the formation sequence of the 
silicide phase depends not only on the annealing temper- 
ature but also on Ti-film thickness. These results are due 
to the nature of the diffusion-limited reaction during sili- 
cide formation and the pile-up of excess oxygen impuri- 
ties within the silicide layer. Furthermore, the final sili- 
cide phase after annealing at high temperature shows a 
strong dependence of preferential orientation on the Ti 
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