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Abstract—The effects of internal oxygen impurities released from the Ti-SiO, reaction on the lateral
silicide growth using the a-Si/Ti bilayer structure are presented. The lateral silicide growth can be
effectively retarded by internal oxygen impurities using a-Si/Ti bilayer process after silicidation at a
temperature below 700°C. Compared with the simultaneously processed single Ti layer process, it is
observed that both high-level oxygen impurities and their redistribution in the possible Si diffusion paths
play the same important role on the suppression of the lateral silicide growth. Finally, the oxygen-
redistribution-dependent kinetics is developed to give a self-consistent explanation for the experimental
observations from both the single Ti layer process and the a-Si/Ti bilayer process.

1. INTRODUCTION

Recently, the self-aligned silicidation (SALICIDE)
technology has been extensively studied because of
its important application in MOS/VLSI fabrication
as MOS devices are scaled down to submicron
dimension[1]. Among all refractory silicides, TiSi, is
the most promising material for this technology due
to its low resistivity and high thermal stability[2].
Since silicon atoms are the dominant diffusion species
during thermal reaction, the out-diffusion of Si atoms
will lead to the lateral silicide formation over the
sidewall oxide spacers and further results in short-
circuit between the gate and the source/drain. This
undesirable bridging phenomenon has been minimized
by several techniques[3-7]. Among them, the reaction
performed in a purified nitrogen ambient has been
widely used to prevent Si movement during the TiSi,
process. Because of the formation of titanium nitride
over the oxide region, the lateral silicide growth is
consequently inhibited[3]. The NH, plasma-assisted
thermal annealing has also been developed to
enhance the surface nitridation of titanium during
silicidation[4]. However, the competing formation
of TiSi, and TiN on the Si region cannot be avoided,
resulting in the uneven loss of Ti metal and further
making the precise control of Ti silicidation im-
possible. Since the shortest possible time at a fixed
temperature can be provided to reduce the chance of
bridging, the rapid thermal annealing (RTA) instead
of the conventional furnace annealing has been
explored[5]. Although the critical process temperature
and time have been proposed to suppress the lateral
silicide growth, it is still impossible to completely
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convert Ti metal into TiSi, without the lateral silicide
growth. Also, the influence of the ambient gas on the
silicide formation and the lateral silicide growth still
exists. Recently, the extent of lateral Si diffusion has
been greatly suppressed by using ion implantation
through Ti metal film[6]. With the subsequent RTA
process, not only the retardation of lateral silicide
growth can be achieved, but also a shallow junction
can be obtained[7]. Although the silicide reaction rate
can be enhanced by the dispersion of the interfacial
oxide barrier, the ion-beam-induced mixing of Ti
and SiO, and the associated chemical effects still
need further investigation for application in VLSI
devices[8]. Moreover, the degradation of gate-spacer
isolation integrity has been shown to strongly depend
on whether Si ion mixing is used in the Ti SALICIDE
process. It is found that Si ion implantation through
Ti metal will result in the enhanced deeper Ti pene-
tration into SiO, and the formation of a Ti-rich oxide
layer to generate a leakage path(9].

In this paper, a simple method using the a-Si/Ti
bilayer metallization[10,11] is proposed to suppress
the lateral silicide growth. After silicidation at a
temperature below 700°C, the lateral diffusion of Si
atoms is found to be inhibited by the oxygen impurities
released from the internal reaction between Ti and
Si0O,. Then, by comparing with that of single Ti layer
on the patterned poly-Si island, the lateral-growth-
free and self-aligned features are demonstrated by
Scanning Electron Microscopy (SEM). Moreover, a
test structure with a thin W interposing layer selec-
tively deposited over the SiO, region to mask the
Ti-Si0, reaction is designed to identify the proposed
oxygen-dependent lateral growth mechanism. Finally,
the oxygen-redistribution-related kinetics is proposed
to give a self-consistent interpretation of the lateral
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silicide growth for both the single Ti layer process
and the a-Si/Ti bilayer process.

2. EXPERIMENTAL PROCEDURE

The (100), 5-15Q-cm, n-type Si wafers with or
without thermally grown SiO, were used as the
substrates. The poly-Si film of 4000 A was deposited
on the oxidized substrate by a LPCVD reactor and
doped by POCI, source and ther. patterned by plasma
etching. The positive photoresist was used to define
the poly-Si island. The patterned samples were used
to monitor the lateral silicide growth during thermal
annealing. For part of the patterned poly-Si samples,
the positive photoresist over the poly-Si surface was
preserved as a self-aligned lift-off mask for selective
deposition of W layer (100 A) on the exposed SiO,
region. Since the reaction between Ti and SiO, will be
retarded by the thin W layer, the effect of the Ti-SiO,
reaction on the lateral silicide growth can be evaluated
by using these specially designed test structures. After
a standard cleaning process, the substrates were
immediately etched in a dilute HF solution (HF:H,O
= 1:15) prior to loading into the vacuum system.
Since the strength of HF is diluted and the dip time
is short, the thin W layer can be retained after
etching in the HF solution. The thin titanium film
was deposited by an E-gun evaporator with a base
pressure of about 5 x 107°torr, then the a-Si film
was evaporated subsequently without breaking the
vacuum([10,11]. For the most cases, the samples with
a-Si capping were annealed in N, ambient at a
temperature varied from 400 to 900°C for 5-120 min,
and there was not any special equipment used to
minimize the oxygen content within N, before intro-
ducing to the furnace. For comparisons, both the
single Ti layer and the a-Si/Ti bilayer on the patterned
poly-Si island were simultaneously annealed in Ar
ambient to investigate the effects of a-Si capping on
the lateral silicide formation. It should be noted that
a special furnace is designed to reduce the oxygen
content in Ar ambient by a preheated Ti sponge filter
and thus to prevent the single Ti layer from oxidation.
The lateral silicide growth was evaluated by SEM
after 650°C annealing and selective etching in NH,OH
+ H,0, + 4H,0 (NHH) solution at 50-60°C.

3. RESULTS AND DISCUSSIONS

For the SALICIDE technology, the control of
lateral silicide growth during the initial sintering
step is the most important consideration. The lateral
silicide growth and the self-aligned growth of TiSi,
are carefully examined using the SEM microphoto-
graphs for both the single Ti layer and the a-Si/Ti
bilayer on the patterned poly-Si island after simul-
taneously annealing at 650°C in Ar ambient for
30 min and the selective etching in solution. For the
SEM microphotographs shown in Fig. 1{a), a well-
defined edge between the grown TiSi, region and the

Fig. 1. The SEM microphotographs of (a) 90 A a-Si/1000 A
Ti bilayer, and (b} the single Ti layer of 1000 A.

SiO, substrate without any residue left on the exposed
Si0O, surface is observed for the case of 90 A a-Si/
1000 A Ti bilayer. On the contrary, the significant
lateral silicide growth with 1.3 um beyond the
patterned poly-Si edges is clearly demonstrated for
the case of the single Ti layer of 1000 A, as shown
in Fig. 1(b). In order to explain the difference in the
experimental observations, the dependence of lateral
silicide growth on the Ti-SiO, reaction is evaluated.
Figures 2(a) and 3(a) show the SEM microphoto-
graphs of the simultaneously processed a-Si/Ti bilayer
and single Ti layer on the poly-Si island after 700°C
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Fig. 2. The SEM microphotographs for the 90A a-Si/

1000 A Ti bilayer on the patterned poly-Si island (a) with-

out. and (b) with a thin W layer over SiO, after 700°C
annealing in Ar ambient for 60 min.

annealing in Ar ambient for 60 min, respectively.
Similar to that of 650°C annealing, the obvious
lateral silicide growth with more than 3 gm is found
only for the single Ti layer case. The SEM micro-
photographs for the a-Si/Ti bilayer and the single Ti
layer on a specially designed test structure with the
Ti-Si0, reaction inhibited by the selectively deposited
W layer of 100 A over the SiO, surface are shown in
Fig. 2(a) and (b), respectively. It is interesting to

Fig. 3. The SEM microphotographs for the single Ti layer

of 1000 A on the patterned poly-Si island (a} without, and

(b) with a thin W layer over SiO, after 700°C annealing in
Ar ambient for 60 min.

note that once the interaction between Ti and SiO,
is isolated by the thin W interposing layer, the lateral
growth can occur and reach ~ 1.2 ym for the a-Si/Ti
bilayer case, as shown in Fig. 2(b). Compared with
Fig. 2(a) in which the Ti-SiO, reaction is proceeded
during thermal reaction, it reveals that the incorpor-
ation of oxygen impurities released from the reduc-
tion of SiO, by Ti into the interface Ti;Si, layer and
the unreacted Ti metal is the major mechanism for the
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Fig. 4. The AES depth profiles of 50 A a-Si/500 A Ti bilayer
structure on SiOQ, (a) as-deposited, and (b) after 650°C
annealing in N, ambient.

suppression of the lateral out-diffusion of Si atoms.
However, the serious lateral silicide growth still
appears for the single Ti layer case although the
amount of oxide loss is compatible for both the single
Ti layer and the a-Si/Ti bilayer cases as obtained for
the samples with different Ti thicknesses after simul-
taneously annealing at different sintering temperatures.
This implies that the ambient effect, which is probably
due to the interaction between the residual oxygen
impurities in the annealing ambient and the Ti metal,
cannot be neglected. The acceptable interpretation
for these results is that the redistribution of released
oxygen impurities plays an essential role for the
lateral silicide formation.

The AES depth profile of the as-deposited 50 A
a-Si/500 A Ti bilayer on SiO, is shown in Fig. 4(a).
By comparing the AES depth profile of the as-
deposited sample with that of the sample annealed at
650°C, it reveals that not only a sharp Si peak named
as Sij; appears at the Ti/SiO, interface but also the
oxygen profile is drastically redistributed as shown in
Fig. 4(b). Many investigations[S,12-14] have found
that Ti would start to react with SiO, after annealing
above 500°C. Accordingly, the chemical reaction
between Ti and SiO, can be expressed as:

Ti + Si0, — TiO, + TisSi,.

with the thin metal-rich silicide layer distinctly sand-
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Fig. 5. The schematic diagram of the relative oxygen depth

profiles within the as-deposited metal and the resulted

products on SiO, after thermal annealing at 650°C for

(a) the single Ti layer, and (b) the a-Si/Ti bilayer structures.

The corresponding layer structure on the patterned poly-Si
island is also described.

wiched between the top metal oxide layer and the
bottom SiO, substrate.

It is interesting to study the effect of the interaction
between a-Si and Ti on the redistribution of oxygen
impurities within the unreacted metal over the SiO,
region. From Fig. 4(b), it is clearly seen that the dis-
appearance of the oxygen peak O; originally existed
at the a-Si/Ti interface as shown in Fig. 4(a) can be
attributed to the a-Si-Ti reaction because the anneal-
ing temperature for a-Si to react with Ti can be as low
as 525°C[15]. For the moderate thickness of a-Si
film on Ti metal, the selective etching behavior can
be maintained since the resulted products over the
surface is metal-rich silicide layer which can be easily
etched off by the conventional wet etching method. If
we compare the arbitrary level of oxygen impurities
in the surface metal-rich silicide layer with that in the
bottom TisSi; layer, a comparatively large amount
of oxygen content is found to be embedded within
the bottom Ti;Si; layer and is independent of the
as-deposited Ti thickness, as shown in Fig. 4(b) and
Fig. 5(a, b). More attention should be paid to explain
this observation. From the previous investigations
using Rutherford Backscattering Spectrometry (RBS)
[12], AES depth profile[5], and Elastic Recoil Detection
(ERD)[14], the interface Ti;Si, layer contains only a
small amount of oxygen impurities for the single Ti
layer process. In this process, the interaction between
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Ti and residual oxygen impurities contaminated in

the anneaiing ambient is hardiy avoided because of

the high chemical reactivity nature of Ti metal. Such
an interaction will act as a sink for internal oxygen
impurities and leads to a lower concentration of oxy-
gen impurities at the TiO, /Si0; interface. It should be
noted that the concentraiion of exiernai oxygen
impurities considered in this situation is assumed to
be smaller than a critical level in order to prevent
severe degradation of the formed TiSi, film or oxida-
tion of Ti metal on SiQ,. On the other hand, the
oxidation of Ti metal is prevented by the thin a-Si
capping layer and a new metal-rich silicide layer is
developed over the surface region for the a-Si/Ti
bilayer process. The interaction between a-Si and Ti
is assumed to induce a driving force to deplete the
oxygen impurities out of the surface region, thus
the interface TisSi; layer is embedded with oxygen
impurities. It is therefore reasonable to expect that
the resulted surface products due to the interaction
between oxygen contaminated ambient and Ti metal
a-Si/Ti bllayer process will induce different oxygen
profiles and thus results in different reactions for the
lateral silicide formation.

Another interesting aspect, which can be deduced
from the SEM observations, is that the driving force
induced from the a-Si-Ti reaction has a strong effect
on the lateral silicide formation. Comparing the
lateral silicide growth of ~1.25 um in Fig. 2(b) for
the a-Si/Ti bilayer case with that shorting the lines in

i 2R far tha gingla T3 lavar paca aftar aliminating
Cig, J(0) 101 ul€ SHIEIC 11 1dyCl Cast anlr Gillliiidulig

the Ti-Si10, reaction by a thin W interlaver, it can be
concluded that the a-Si—Ti reaction is also a necessary
factor contributing to the feature of lateral-growth-
free in addition to the oxygen impurities released

from Ti—-Si0). reaction for the 2-Si/Ti hilavar nrocess
Irom 1 1-01%0, reacClion ior (N€ a-31/ 11 DLAYer process.

Moreover, the more serious lateral growth of >7 um
after masking the Ti-Si0O, reaction as shown in
Fig. 3(b) compared with that of ~3 gm with normally
proceeded Ti-SiO, reaction as shown in Fig. 3(a)

reveals that the effect of oxygen ;mpnnhpc on the

lateral silicide growth cannot be neglected even in
the single Ti layer process. Although the activation
energy for the lateral silicide growth is obtained to be
about 1.89eV after annealing above 750°C[16], we
believe that the real activation energy for the lateral
silicide growth can be further reduced if the internal
oxygen barrier effect can be avoided.

In the past, the most common explanation for the
lateral silicide formation is the diffusion of Si atoms
through the silicide layer laterally into the conformal
metal film over the SiO, region if Si is the dominant
diffuser during thermal silicidation, e.g. refractory
metals and noble metals at high temperatures. How-
ever, this explanation does not consider the effect
of internal oxygen impurities on the out-diffusion
of Si flux. By considering the Ti-SiO, reaction and
the redistribution of internal oxygen impurities, the
observed lateral silicide growth for the singie Ti layer
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process may result from the lateral diffusion of Si
atoms through the interface TisSi; layer. A smalii
amount of oxygen content within the Ti;Si, layer may
be due to the interaction between Ti and external
oxygen impurities, which enhances the out-diffusion
of internal oxygen impurities. The schematic diagram
showing the reiative depth profiies of oxygen impur-
ities within both the as-deposited metal film and the
resulted products on SiO, after thermal annealing are
shown in Fig. 5(a). The lateral silicide growth along
the interface TisSi; layer is also shown for more
detailed visualization.

We may conclude that the lateral diffusion of Si
atoms is inhibited in the a-Si/Ti bilayer process since
the possible diffusion paths for Si atoms including
the unreacted metal and the interface TisSi, layer
are all saturaied by internal oxygen impurities from
the Ti-SiO, reaction. The driving force to deplete the
oxygen impurities out of the surface region and thus
to stuff the diffusion path of the TisSi; layer is
believed to be due to the silicidation stress induced
from the a-Si-metal reaction. rlguw J\u; shows the
schematic diagram of the arbitrary oxygen depth pro-
files before and after thermal annealing. The relative
oxygen intensity within the interface TisSi; layer is
clearly higher than that found in Fig. 5(a). It is inter-
esting to study whether the surface silicide layer due
to the a-Si-Ti reaction is a possible conduction path
for Si atoms because only a small amount of oxygen
impurities exists within this layer. Considering the
volume reduction after silicidation on the poly-Si

ragian and tha sammating ranatiane oaf Ti_ Qi) and
region ana tne CoOmpluiig réaciions 61 1i-5iv, ana

Ti—poly-Si at the boundary between poly-Si and
Si0O,, the corresponding reaction products on the
pattern poly-Si island after thermal annealing can be
described by the layer structure, as shown in Fig. 5(b).

Durino thermal annealing the larce volume reduc-
unng rma: anneaing, ne arge voiume réGuc

tion of metal film on the poly-Si region is expected to
be due to the consumption of Si atoms by the silicide
formation. However, the final thickness of the
resulted products over the SiO, region is nearly
unchanged due to the relatively weak reactions of
a-Si-Ti and Ti-SiO, as compared with that of Ti-
poly-Si. As a result, a serious necking effect for the
a-Si film along the TiSi,/TiO, boundary is observed.
Thus, the necking effect of a-Si film will make the
lateral diffusion of Si atoms through the surface
channel impossible. Such a conclusion coincides well
with our SEM observations.

The dependence of the lateral silicide growth on
internal oxygen impurities and external oxygen
impurities requires more detailed evaluations. In the
single Ti layer process, it suffers from external oxygen
impurities even in a tightly controlled environment
because the trace amount of oxygen impurities can
severely react with the exposed Ti metal to degrade
the quality of the silicide film and results in the
nonreproducible and nonuniform problems. 1t is
not amazing to find that serious lateral silicide growth

occurs in an oxygen-coniained N, ambient using
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RTA[7], while the contradictory result is obtained[3].
In (3], it is reported that the presence of O, in He
ambient will inhibit the lateral extent of the reaction.
A possible explanation for these observations based
on our proposed reaction model may be due to
different levels of oxygen content within the interface
Ti;Si; layer through the difference in ambient purity
and annealing system, e.g. RTA or conventional
furnace annealing. Perhaps, the previous inter-
pretations for the iaterai siiicide growth are iimited by
the uncontrollable nature of the reaction between Ti
metal and external oxygen impurities, thus the internal
oxygen effect is always neglected for the single Ti
layer process. However, using a thin a-Si film as a
protective layer over the Ti metal layer, the external
oxygen effect can be effectively isolated. At the same
time, the retardation of the lateral silicide growth by
internal oxygen impurities can be revealed.

4. CONCLUSIONS

After isolation of external oxygen impurities
originally contaminated in the annealing ambient by
the surface a-Si protective layer, the effect of internal
oxygen impurities released from the reduction of SiO,
by Ti on the lateral silicide growth is revealed.
Moreover, the saturation of the unreacted metal
and the interface Ti;Si; layer by internal oxygen
impurities is responsible for the suppression of the
lateral silicide growth and the termination of the Ti-
Si0, reaction. By considering the surface interaction
and their effects on oxygen redistribution, a self-
consistent reaction model is proposed to explain the
difference in the observed SEM results of the lateral
silicide growth for both the single Ti layer process
and the a-Si/Ti bilayer process. The major features of
this study are not only to give the general nature

Yung-Song Lou and Ching-Yuan Wu

of the proposed model for different thin film systems
with the reactive metal over the dielectric substrate
during thermal silicidation but also to provide a
simple method using the a-Si/Ti bilayer process for
solving the lateral silicide growth problem.
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