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Abstract  Annealing hehavior, at different annealing temperatures, of an ultrathin
Mo layer located between a Ti film and Si substrate or deposited on the top of sur-
face of a Ti film was investigated by Rutherford backscattering spectrometry (RBS),
cross-sectional transmission electron microscopy {TEM) and energy dispersive X-ray
spectrometry (EDS). In a TifMo/Si structure, partially reacted film with layer strue-
ture of Ti-rich silicide/TiSiz/(Mo, Ti)Si; on a Si substrate was formed after 5350°C
annealing for 30min. The ratio of Mo to Ti in (Mo, Ti)Siy layer decreases from near
Sisubstrate upwards and becomes zere at about 20 nm away. In a Mo/T1/Si structure,
the surface Mo layer enhances the Si diffusion from the substrate during annealing.
Mo bearing Ti rich silicide exists on the surface until 600°C and then converts to (Mo,
Ti)Siz after 650°C annealing, and the atomic ratio of Mo to Ti decreases from the top
surface into Ti silicide film, and becomes zero at about 30 nm away from the surface.
In both cases of interface Mo and surface Mo layer. the atomic ratie of Mo to Ti
the region of {Mo, Ti)Si, was found to be very low. with an average value of less than
0.2. Low content of Mo in Mo contalning ternary silicide leads easily to the formation
of the stable phase of C54 (Mo, Ti)Siy, which acts as a template for the formation of
C54 TiSi» bencath when Mo is deposited on the surface.
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1 INTRODUCTION

TiSis has been widely used in Si-based very large scale integration (VLSI) technol-
ogy owing to its low resistivity, high thermal stability and technological maturity-!2],
TiSiy usually exists in two phases. One is the metastable base-centered orthorhom-
bic crystallographic structure (C49) with resisitivity of 50~70 uQcm and the other is the
equilibrium face-centered structure (Ch4) with resistivity of 15~20 uflem. The C54 TiSis
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of low resistivity is desired in microelectronic devices. Metastable C49-TiSi, forms first
at 300°C~550°C and higher temperature of about 700°C is needed for the formation
of equilibrium C54 TiSi; through transition of C49-C54. However, the temperature for
the transition of C49-C54 will be increased in narrow Si line with width smaller than
0.5um due to reduced density of C54 TiSi; nucleation sites™) Tt is well known that the
formation of C54 TiSi; will be enhanced by the introduction of refractory metal (such
as Mo, Ta and Nb) into a Ti-5i system, either by ion implantation into §i prior to Ti
deposition, by deposition as an interposed layer between Ti and §i, or by co-deposition
with Ti as an alloy filml*~7). Intensive studies including experimental and theoretical
works have been focused on mechanisms of the enhancement effect of refractory metal
on the formation of C54 TiSi, 8~11, Template effect was proposed to account for the
enhancement effect by refractory metal on C54 TiSi; formation, in which the formation
of C40 (Mo, Ti)Si is invoked for the direct formation of C54 TiSi; since C40 and Cb4

561 It is obvious

lattices share the same atomic arrangement in their stacking planes!
that the structure of (Mo, Ti)Siz is the critical factor for its role as seeds for C54 TiSi,
nucleation. The thermodynamic equilibrium phase of (Mo, Ti)Sig is either C40 or C54,
which is related to the atomic ratio of Mo to Til'2'?l. Both C40 and C54 (Mo, Ti1)Sis will
enhance the formation of C54, TiSi; due to the template effect, even a Mo layer locates
at surfacel®!]. On the other hand, phases of Ti rich silicide, such as TizS8iy, Ti5Siz and
TiSi, existing in partially reacted film formed at low temperature, are also important for
the formation of TiSi, [14-16],

By investigating the annealing behavior of Mo layer within the Ti-5i system, the
present paper focuses on the Mo redistribusion after annealing. The result here will be

beneficial to shed a light on the formation of Mo containing ternary silicide.

2 EXPERIMENTAL

In this experiment, Ti and Mo films were deposited with different sequences on
lightly doped 8i {100) by electron-beam evaporation without breaking the vacuum. Two
sets of samples with different structures were prepared. One is 50nm Ti/0.9 nm Mo/5i
which is denoted as sample [ (Mo at interface) and the other is 1nm Mo/44dnm Ti/S:
which is denoted as sample S (Mo on surface). A 48nm Ti on Si substrate without
Mo deposition was also prepared as a reference sample denoted as sample N. All the
samples were annealed in a diffusion furnace in purified Ar at 550°C to 650°C for 30 min.
Solid-state interactions of Ti, Mo and Si were then characterized mainly by Rutherford
backscattering spectrometry (RBS) with 2 2MeV *He™ beam with large incident angles,
such as 50°, 70°, to improve depth resolution and avoid the plane channeling effect. By

resorting to cross-sectinal transmission electron microscopy (TEM) and energy dispersive
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X-ray spectrometry (EDS) with an electron beam of 6~9nm in diameter, a study of the
local change of the atomic ratios of (Ti+Mo) to 5i and of Mo to Ti inside the silicide

film was cartied out.

3 RESULTS AND DISCUSSION

During annealing of the Ti/Si sample,
formation of the Ti riched silicides begins,
followed by the growth of TiSi;, through
the continuous diffusion of 5i atoms from
the substrate. Ti silicide formation in the
three sets of samples (N, I and S) with re-
spect to annealing temperature could be
The
formation of TiSi; has not completed at
550°C in the three sets of samples, lead-
ing tc partially reacted silicide films. If

drawn from RBS, shown in Fig.1.

increasing the termperature to 600°C, the
TiSis formation seems to be almost com-
pleted through the entire film because the
curve of RBS remains unchanged when an-
nealing temperature was further increased
(not shown in Fig.1).

By measuring the Si signal in the
RBS spectra of the partially reacted sili-
cide film at 550°C, the thickness of the
TiSiz(z =2) layer in sample I is calcu-
lated to be about 65nm. For simplicity
the TiSi.(z =2) is denoted as TiSiy layer
in sample T which is thinner than those of
sample N and sample S. The TiSi; layer
in sample I is thinner because of the hin-
drance of 8i diffusion from silicon sub-
strate to react with Ti by the interfacial

(8)
3 As-deposited [\ Ti

Yietd / a.u.

Yield / a.u.

3
As-deposited
4 ~fln
L/ 550°C
h-} 2 0,
] 600 °C
B
1 r Sl Mo
0
0.8 1.0 1.2 1.4 16 18

Energy / MeV

Fig.1 RBS spectra for the silicide formation
in {a) sample N, (b) sample I, (c)sample S
The spectra for the samples annealed at 650
and 700°C for 30 min (not shown) are almost
identical to that for the sample at 600°C for

30 min

Mo containing silicide layer. By comparing the Si to Ti signals in Fig.1, it was found that
the Si diffusion seems to have been greatly enhanced by the Mo surface layer in sample
8, resulting in a thicker layer of the TiSi; layer in this sample.
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During annealing of sample I, the Si atomns diffusion from the §i substrate through
the interface Mo layer to react with Ti led to the comsecutive shifts of the Mo peak to
lower energy (Fig.2). The change of Mo peak shape is due to the redistribution of Mo

during the formation of Mo containing ternary silicide.
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Fig.2 Partial RBS spectra which is the Mo Fig.3 Partial RBS spectra showing Mo
signal of Fig.1b showing Mo redistribution in redistribution after annealing {a) At
sample T after annealing at 550°C and 600°C 850°C~650°C for 30 min. To enhance the
for 30 min depth resolution for the Mo signal. an

incident angle of 70° was used

For sample 5, Si and Ti are believed to have reached the top surface since their
signals stem from their surface positions after annealing, but the Mo peak leaves away a
little from its surface position to lower energy (Fig.3). The phenomenon indicates that a
very thin layer containing Si and Ti but free of Mo was formed on the surface, which was
confirmed by XPS results, whereas the oxidation layer consisting of 510, and TiO, but
free of Mo element was formed on free surface!'”). The shape of Mo peak also indicates
the Mo redistribution in the surface Mo containing ternary silicide alter annealing. The

Mo distribution is found to keep almost steady after 600°C annealing.

Fig.4 shows the cross-sectional transmission bright field morphology of partially
reacted film of sample [ after 550°C annealing. The whole silicide film is measued to be
about 90nm. An EDS measurement was performed vertically and laterally in the film at
the positions marked by the white points in Fig.4 to obtain the composition information,
as summarized in Table 1. It is found that Si content in the entire silicide layer reduces
consecutively from the interface near to Si substrate to the top surface. In the bright
region from A to C of about 60nm thick, TiSi; formation has been almost completed,
which is in agreement with the RBS result presenied above. The Ti rich silicide layer
exists above the TiSis, i.e., in the dark region in the film in Fig.4 exists the Ti rich

silicide layer. At position A, the effect from the Si substrate leads to a smaller value of
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the atomic ratio of metal (Mo+Ti) to 51, Increasing the anealing temperature o G007C,
the entire silicide layer grew to be about 100 nm thick due to the further formation of
Ti51s.

Mo was found to stay still at the interface region close to the 5i substrate after
annealing, and the Mo content varied greatly when measured al position Al to A3 with
atomic ratio of Mo to Ti between 0.04 and 0.23. The atomic ratio of Mo {o Ti has a
decreasing tendency with 0.13 at the mterface close to the substrate and 0 at aboul 20 nm
away. The average ratio of Mo to Ti s very low, estimated to be less than 0.2 in Lhe

region contaming Mo,
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Fig.h shows the layer structures of sample 5 after annealed at 6007C, An oxidation
layer of about 10nm forms on top of the silicide layer. The entire silicide film is about
120 nm thick, At the positions marked by A, B and C near to the surface, the ratios of
(Ti+Mo) to the §i and of Mo to Ti are also summarized m Table 1. The measurad value
of the atomie ratio of metal to Si at position A 15 0.4, which is the mdication ol Tisi

In the region between point B and (0, the EDS result shows about 15 nm thick metal
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rich silicide layer close to the surface oxidation layer. A TizSiz phase has been detected
by glancing angle XRD in the same sample!], Therefore, the value of 1.25 of the ratio
of (Ti+Mo) to Si at position C indicates that about 10nm (Mo, Ti};8i; remains at the
region close to the surface oxidation layer.

The ratio of Mo to Ti between position B and C is low, i.e., 0.08~0.09, and reduces
drastically to be 0.01 at position A. Therefore, while most of Mo locate in metal riched
silicide just beneath the surface oxidation layer, a small amount of Mo is imbedded into

underneath TiSi,.

If the annealing temperature is raised to 6560°C, the change of Mo content has a
similar tendency as that of sample S5 annealed at 600°C. (see Table.1) However, the
atomic ratio of (Mo+Ti) to Si becames over 0.4 from A to C, indicating the conversion of
the remaining (Mo, Ti)s5is layer at 600°C to (Mo,Ti)Si; at 650°C. At positions from C to
D, the ratio of Mo to Ti reduces obviously from 0.16 to 0.08. This result is in agreement
with both the RBS result presented above and XPS result. Similarly, all values of Mo
to Ti ratios measured were found to be very low, which possibly makes the (Mo, Ti)Si,
with G54 structure a stable phase due to thermordynamic reason'®, Once formation
of C54 (Mo, Ti)Siz occurs firstly, transition of C49 to Ch4 TiSi; is expected to take
place downwards induced by the surface C54 (Mo, Ti)Siz ', C54 (Mo, Ti)Si; acts as a

templete for the enhanced transition of C49 to C54 TiSia.

4 CONCLUSIONS

Different effects of an ultrathin Mo layer located between a Ti film and Si substrate
or on the free surface of a Ti film on the diffusion of 5i and on the annealing behavior
of the Mo layer were investigated by Rutherford backscattering spectrometry (RBS),
cross-sectional transmission electron microscopy (TEM), and energy dispersive X-ray
spectrometry (EDS). It was found that the interface Mo layer hinders the diffusion of $i
during annealing, whereas the surface Mo layer enhances the diffusion of Si. In Ti/Mo/Si
structure, partially reacted film with a layer structure of Ti-rich silicide/TiSis /{Mo,Ti)Sis
on Si substrate was formed after 550°C annealing for 30 min. The ratio of Mo to Ti in
(Mo, Ti)Sip layer decreases continuously from near Si substrate upwards in the region
of (Mo, Ti)5i5. In Mo/Ti/Si structure, Mo bearing Ti-rich silicide exists on the surface
until 600°C and then converts to (Mo, Ti)Si; after 650°C annealing. The atomic ratio of
Mo to Ti decreases continuously from the surface into Ti silicide film and becomes zero
at about 30nm away from the surface. In both cases of interface Mo and surface Mo
layers, atomic ratio of Mo to Ti in the region of (Mo, Ti)Siy was found to be very low,

with average value of less than 0.2.
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Table 1 Atomic ratios of Metal, i.e., {Mo+Ti), to Si, and those of Mo to Ti obtained by EDS

measurements vertically and laterally at positions marked by leticrs from A to D and Arabic

numerals from 1 to 3 of sample I at 550°C shown in Fig.4. Ratios of Mo to Ti in a selected arca

close to the surface of sample 5 at 600°C as shown in Fig.5 and at the similar positions in a

selected area close to the surface of sample S at 630°C were also obtained by EDS.

Sample Atomic ratio Position
A B C D
1(550°C) Metal/Si 1 0.29 0.45 0.87 T
2 0.37 0.43 1.34 11
3 0.34 0.41 0.93 12
Mo/Ti 1 0.04 0 0 0
2 0.19 0 1] 0
3 0.23 0 0 {
S(600°C) Metal/Si 0.40 0.80 1.25
Mo/ Ti .01 0.08 0.09
5(650°C} Metal/Si 0.44 (.46 0.43 (.38
Mo/Ti 0.01 D.12 0.16 0.08
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