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ABSTRACT 
Systematic ellipsometric studies of MoSia(tetragona1) thin films formed by 
RTA processing of cosputtered Mo&i75, Mql&,, and Mo&ia thin films are 
discussed. The optical properties of these films in the measured spectral 
range 1.3-5.3 eV were observed to be dominated by the microstructural 
variations such as due to the changes in density, oxide overlayer thickness 
and composition, surface roughness, and redistribution of available excess 
silicon (after formation of MoSiz (tetragonal) phase). These microstructural 
variations indicated modification of interfaces and significant change in 
conductivity, which were corroborated in the AES depth profiles and the 
electrical resistivity measurements. 
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INTRODUCTION 

Silicide thin films have low resistivity and high thermal stability and find application in 
VLSI as contacts, interconnects, and gates (1-12). The optical properties of materials in the 
range near IR to near UV spectral region are determined by the electronic pokujzabilities, 
which, in turn, are determined by the kind of atoms present, their bonding configurations 
and density, and the presence or absence of long-range order. The study of optical properties 
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thus provides a nondestructive fingerprinting technique for understanding the 
microstructural information of materials as well as an insight into the electronic band 
structure of these materials. The optical properties of some silicides, such as nickel, 
chromium, cobalt, and molybdenum, are available in the literature. However, the emphasis 
of previous studies was on acquiring accurate spectral data and comparison with metal 
counterparts (13-22). Ged et al. (18) studied the optical properties of single crystal MoSiz 
and observed anisotropy effects in the dielectric spectra. The anisotropy effects were 
explained on the basis of the differences in the valence band density of states, which pointed 
to MO ‘d’ electrons being strongly coupled with Si ‘p’ ones along (u,b) directions, rather 
than along c direction. Similar anisotropic effects were reported by Ferrieu et al. (19) in 
WSi2 and MoSi* single crystals. 

In this article, we discuss the systematic ellipsometric studies of MoSi* thin films and the 
microstructural details that can be drawn from the optical properties of these films. The 
microstructural variations indicated changes in conductivity and interface broadening due to 
redistribution of excess silicon available after the formation of MoSi*(t) phase and were 
corroborated with our observations from AES depth profiles and resistivity measurements. 

EXPERIMENTAL 
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FIG. 1 
The spectral dependence of ~2 for polycrystalline MoSin (tetragonal) thin films formed by 
RTA processing of as-deposited films of composition (A) Mo&i,s, annealed at (a) 
1000 and (b) 1100”and (B) Mo&i, annealed at (a) 1050 and (b) 1150°C. 
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TABLE 1 
The Positions of Maxima in EZ Spectra of MoSi2(t) Films Formed by 

RTA Annealing of As-Deposited Films of Composition Mo&&, Mo$%, and Mo&!&, 

and MoS&(x-tal), MO and Si 

As-deposited Annealing temperature 
composition (“C) 

Ed Peak positions 

(eV) 

Modh 1000 1.54, 1.76,2.50,2.70,3.44 

1100 1.49, 1.74,2.43,2.66 

MO&70 1050 1.48, 1.74,2.43,2.64, 3.44 

1150 1.45, 1.74,2.40,2,58,3.81 (w)* 

Mo3+‘% 1050 1.46, 1.72,2.41,2.61,3.35 

1150 1.45, 1.70,2.36,2.58,3.35 (w) 

MoSi,(x-tal) (18) a and h axes 

c axis 

I .32,2.47, 3.8 

I .32,2.58 

MoSiz (19) 

MO 

Polycrystalline film 2.45.2.60,3.75,4.15 

x-tal 1.7, 2.3 

Si 

*w = weak peak 

x-tal 3.4,4.5 

noted that the 3.44 eV peak observed for films annealed at lower temperature (105O’C) is 
conspicuously absent for the films annealed at high temperature (11 SOT). The maxima in 
the ~2 spectra of MoSiz(t) films formed by annealing films of composition Mo&i70 at 
1050°C were observed at 1.48, 1.74, 2.43, 2.64, and 3.44 eV, whereas in the case of high- 
temperature (1150°C) annealed samples, the maxima were observed at 1.45, 1.74, 2.40, and 
2.58 eV and a weak maximum at 3.81 eV. The e2 peak observed around 3.4 eV in low- 
temperature annealed samples is not present for high-temperature annealed samples, instead 
a weak peak at 3.8 1 eV is observed. The ~2 spectra of MoS&(t) samples formed by annealing 
films of composition Mo3&iti at 1050°C exhibited maxima at 1.46, 1.72, 2.41, 2.61, and 
3.35 eV, whereas the MoSi2(t) samples obtained by annealing films of the same composition 
at a relatively higher temperature (ll5OoC) exhibited maxima at 1.45, 1.70, 2.36, and 2.58 
eV and a weak maximum at 3.35 eV. Thus, we can see that the zz2 peak positions have 
shifted to lower energies along with an associated decrease in peak height with increase in 
the annealing temperatures for all these compositions. Further, the magnitude of EZ values of 
MoSiz(t) thin films decreases with the decrease in silicon content of as-deposited thin films 
and show a corresponding shifts to lower energies. 

The ~~ spectra of monocrystalline MoSi2 by Ged et al. (18) showed maxima at 1.32, 2.58 
and 3.82 eV along c axis and maxima at 1.32,2.47 eV along a and b axes. The ellipsometric 
studies of Henrion et al. (21) on cosputtered silicide thin films of molybdenum silicide 
exhibited maxima at 2.40, 2.62, and 3.10 eV in the c2 spectra. Ferrieu et al. (19) reported 
maxima in zz2 spectra of MoSh(x-tal) around 2.45 and 4.1 eV alonga and b axes and at 2.60 
and 3.75 eV along c axis. The peak positions can be understood by comparing with the 
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standard &2 spectra of elemental molybdenum and silicon. The Ed spectrum of molybdenum 
shows maxima at 1.70 and 2.3 eV. The EZ spectrum of crystalline silicon shows maxima at 
3.4 and 4.5 eV. The low energy features of ~2 observed by Ged et al. in the monocrystalline 
MoSi2 around 1.3 and 2.5 eV were predicted to be due to MO ‘d’ electrons, whereas those in 
the monocrystalline MoSi2 around 4 eV are Si ‘p’ electron derived with contributions from 
MO ‘d’ electrons. The structure around-4 eV was reported-to be strongly anisotropic and 
appears preferentially for the direction E perpendicular to C direction. By considering the 
fact that the differences in the valence-band density of states, they explained the preferential 
3.8 eV peak for a,b directions to be due to strong coupling between MO ‘d’ electrons with 
the Si ‘p’ electrons along a,b directions than along c direction. 

The experimental studies by Weaver et al. (22) on the electronic band structure exhibit 
maxima in the photoelectronic spectroscopy at 2.2, 5.8, 7.5-8.0, and 11 eV below EF. 
They concluded that the electronic structure of MoSi2 is dominated by metal-d derived 
character within 5 eV of the Fermi level and that the Si ‘s’ and ‘p’ derived bands extend to 
12 eV below EF. The peak at 2.2 eV has been associated with the contributions due to metal 
‘d’ bands and as excitation of electrons from metal ‘d’ bands to the Fermi level (EF). The 
theoretical calculations of the band structure of MoSi2 by Bhattacharya et al. (23) exhibited 
maxima in the density of states (DOS) at 2.35 and 6.1 eV below EF. The loss peak at 3.9 eV 
observed in the EELS spectra by Rastogi et al. (24) was associated with the excitation of 
electrons from Mo(4d)-Si(3p) levels to the Fermi level (EF). 

The major factors contributing to changes in the Ed spectrum are surface roughness, 
density changes, surface oxidation, and changes in compositional order. The surface 
morphology studies (SEM micrographs) of our films exhibited increasing roughness with 
increase in annealing temperature. The stress measurements discussed elsewhere (25) 
indicated an increase in stress with increase in annealing temperature. Though grain size 
measurements were not undertaken, we expect an increase in grain size with increase in the 
annealing temperature. The decrease in the ~2 values in the MoSiz(t) films with the increase 
in annealing temperature we observed in all samples (formed out of various compositions, 
Mo2sSi75, Mo&&, and Mo&%, by annealing) could be due to the increase in surface 
roughness, grain size, or stress, or all of these to varying extent. 

The loss of the silicon-derived 3.4 eV peak observed in the case of MoSi2(t) thin films 
formed out of Mo2SSi75 and Mo&i70 with increase in annealing temperature, or 
the suppression of 3.81 eV peak in the case of films formed out of MO&~, with increase in 
annealing temperature cannot be accounted for by the increase in surface roughness alone. 
During the annealing process it is very likely that an overlayer of SiOt of small thickness 
grows on the film, which may contribute to changes in ~2 spectra. The kinetics of SioZ 
growth by thermal annealing of MoSh films on Si02 substrates in dry oxidation ambient is 
reported to follow the relation, x2 + Ax = B(t + z), where x is the thickness, t is time, 
and B/A is the rate constant. The oxide thickness grown on MoSi2 upon annealing at 900°C 
for 1 h in dry ambient is reported to be about 200 A (11). The thickness of oxide grown on 
our films in the RTA process is expected to be about 50 A and is not expected to change 
much by increasing the annealing temperature from 1050 to 1150°C. We, therefore, cannot 
associate the loss of 3.4 eV with increase in oxide formation alone. Because our films are 
polycrystalline and X-ray diffraction results do not show any changes associated with 
preferred orientation effects with increase in annealing temperature from 1000 to 115O”C, 
we rule out the anisotropy contribution to the changes observed in ~~ spectra for the above 
discussed films. 
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FIG. 2 
Simulated EZ spectra along (A) a,b direction and (B) c direction for MoSiz (x-tal) with ran- 
dom mixture of various fractions of silicon: O%,lO%, 20%, 30% (a,b,c,d). 

To draw the microstructural details from the dielectric function, a fair knowledge of the 
effects of the microstructural inhomogenities such as voids, surface roughness, and the 
random segregation of an element in a matrix is required. The discussion that follows 
describes the simulation of such effects and compares with our experimental observations. 
The Bruggeman effective medium model was used as tbe basis for this simulation. We have 
used the data on single crystals reported by Ged et al. for the spectral response of the MoSit 
(x-tal) for these simulations. 

The most common type of the microstructural variations observed in most of vapor- 
deposited films are voids. Because the dielectric function is defined as the polarization per 
unit volume, it clearly reflects the fraction of voids in it. Voids may be described as bulk 
density deficiency in a material and therefore their volume fraction can be calculated using 
effective medium theories by assuming them to be a phase with E~ = 1 and Ed = 0 in the 
multiphase microstructural modeling. Because the magnitude of the dielectric a constant 
peak is dependent on the density of the material, any decrease in the atmax peak without shift 
in the peak position could be treated as due to the presence of voids and the fraction of voids 
can be calculated relative to the films or quantitatively in any film with respect to a void-free 
bulk sample. Another microstructural variation commonly reflected in the surface 
morphology is the surface roughness. An increase in surface roughness is reflected as a 
decrease in the value of cZmaxaccompanied by a shit? of the peak position towards lower 
energy. 

Figure 2 simulates the effect of random mixture of silicon in the matrix of MoSiz. 
With the increasing fraction of silicon randomly mixed in MoSiz (x-tal) along a,b direction, 
we can observe that the height of 2.58 eV peak decreases without any associated peak shifts. 
The 3.82 eV peak, however, increases in height with increase in the fraction of silicon. In 
addition, two new peaks appear, one around 3.4 eV and the other around 4.3 eV. In the case 
of MoSit (x-tal) along c direction, molybdenum derived peak at 2.47 eV shifts to higher 
energies with an associated decrease in peak height, with increase in silicon fraction. The 
silicon-derived peaks at 3.4 and 4.3 eV shift marginally toward higher energies, with 
increase in silicon fraction. The oxide overlayers on the substrates or thin films are 
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unintentional and sometimes unwanted surface modifications. The presence of an oxide 
overlayer on Si substrates (most commonly used substrates in the semiconductor industry) is 
reflected on the dielectric constant by reducing a2 ,,,= peak height associated with a peak shift. 
A multilayer model based on a simple relation given by Aspnes could be used to study the 
oxide overlayers (25). 

Figure 3 simulates the effect of a silicon-dioxide overlayer on MoSi2. Because Si02 is 
transparent in the spectral region of our interest, no new peaks were introduced by 
increasing the SiO2 thickness; however, the magnitude of &2max increases up to 2.35 eV in 
MoSi2 (x-tal) along a,b direction and up to 2.15 eV along c direction. Beyond this the 
magnitude of &2 decreases with increase in thickness of oxide overlayer and the position of 
the maxima shift to lower energies. We also observe that the silicon derived 3.82 eV peak of 
MoSi2 (x-tal) along a,b direction shifts to higher energies and becomes insignificant for an 
oxide thickness above 30 A. 

These simulation results were taken as guidelines in modeling the microstructural details 
of our silicide thin films. Because the MoSi2(t) thin films formed were polycrystalline in 
nature and MoSiz(x-tal) exhibits anisotropy in dielectric response (18), a reasonable fraction 
of this anisotropy is required to be accommodated. Ferrieu et al., in a similar study on 
polycrystalline WSi2 thin films, showed that a reasonable fit with experimental data could be 
obtained if <E, = 1/3&3, + 2/3&,b, where && and & correspond to single crystal measurements 
along b and c axes, respectively (15). Our experimental results were analyzed according to 
this relationship. However, our results did not fit well with this approximation. Our 
simulation results indicated that <E> = l/5&,, + 4/5&b gave a best fit over the measurements 
of the polycrystalline MoSil(t) thin films chosen in the present study. As no distinct 
orientational changes were observed in the GAXRD patterns of these films annealed at 1050 
and 115O”C, we do not expect any significant change in the qualitative interpretation of the 
data with this assumption. 

The microstructural modeling discussed in detail elsewhere (27) clearly give an insight 
into the kinetics of silicide formation. The reaction products of silicon-rich silicide thin films 

FIG. 3 
Simulated ~2 spectra along (A) a,b direction and (B) c direction for various thicknesses of 
SiOZ on MoSi2 (x-tal): 0, 10,20,30,40, 50 A (a,b,c,d,e,f). 
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(4 
FIG. 4 

Best fit microstructural modeling curves (a) (----) over experimental curves (b) (-) for 
MoSiz(t) thin films formed out of Mo&i70 by RTA annealing at (A) 105O’C and 
(B) 1 150°C . 

(silicon deposited in excess of the stoichiometry) are MoSiz and silicon. The excess silicon 
available after the formation of MoSit in the silicon-rich silicide thin films is randomly 
mixed in the MoSi2 matrix at low temperatures, diffises toward the interface of the substrate 
and the film, and recrystallizes at higher temperatures. Figure 4 illustrates the typical best tit 
microstructural modeling curves over the experimental curves for MoSil(t) thin films 
formed out of Mo3&i7,, by RTA annealing at 1050 and 1150°C. The microstructure of the 
MoSiz(t) thin films formed out of MO&i70 at 1050°C as modeled results in a first layer of 
polycrystalline MoSiz with silicon (19 f 3%) and voids (2 1 fi 2%) and an overlayer of SiOZ 
of thickness, 33 f 6 A with voids (9 f 1%). The microstructure of the MoSi*(t) thin films 
formed at 1150°C as modeled shows a first layer of polycrystalline MoSiz with voids (20 ?I 
3%) and an overlayer of SiOz of thickness 45 f 5 A and voids (23 + 1%). One can easily 
notice that silicon present in excess in the matrix of MoSiz(t) at low annealing temperatures 
moves toward the MoS&substrate interface and that some of it has contributed to the 
formation of more SiO*. The changes in the microstructure of the overlayer clearly reflects 
roughening upon annealing at higher temperature. It can be observed from Figure 4 that the 
best tit was observed for energy range 2 to 5 eV only. For lower energies (less than 2 eV), 
oscillations were observed in the experimental data. Such oscillations due to multi-reflection 
interferences were also noticed in the study of WSi2 thin films by Ferrieu et al. (19) who 
considered them to be due either to over stoichiometry of the silicide or to the interface 
roughness introduced by the finite grain size and that the interferences are associated with 
the transparency of the material in this energy range. Because such oscillations were noticed 
in MoSil(t) thin films formed out of all the compositions chosen, we attribute them to the 
interface roughness only. 

The shift in the ~2 peak positions to lower energies in these films with increase in 
annealing temperatures can be associated with the increase in conductivity. The increase in 
conductivity at higher annealing temperatures suggests a redistribution of excess silicon 
available after the formation of MoSi*(t) phase (due to the over stoichiometry in the as- 
deposited films and also that which diffises out from the substrate due to annealing). The 
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observed AES depth profiles show broadening of the interfaces. The increase in conductivity 
with increase in annealing temperature in these samples is consistent with the electrical 
resistivity measurements, which indicate a decrease in resistivity with increase in annealing 
temperature. 

The shift of ~2 peak positions of MoSL(t) films, with decrease in silicon content of the 
starting compositions (MoG!&, Mo&Si70, and Mo&i64) can be understood from the 
realization that the volume fraction of silicon available in excess after the formation of 
MoSiz(t) phase decreases in going from Mo&Ghs to Mo_&&. These shifts can be associated 
with an increase in conductivity of the MoSi2(t) samples formed out of Mo3&& with respect 
to those formed out of Mo&&. The presence of excess silicon in the matrix of silicide at 
low annealing temperatures and its outdiffusion leading to recrystallization as an epitaxial 
layer on the substrate has been reported in many other silicide thin films (28-38). The 
resistivities of MoSh(t) formed out of Mo&75 at 1000 and 1lOO’C were 225 and 155 pQ- 
cm, respectively. The resistivity of MoSi2(t) formed out of Mo&Si70 at 1050 and 1150°C 
were 210 and 120 m-cm, respectively, whereas those formed out of Mo36Si64 at 1050 and 
11 50°C were 155 and 95 @-cm, respectively. 

CONCLUSIONS 

A systematic ellipsometry study of the of MoSiz(tetragonal) thin films formed by RTA 
processing of cosputtered Mo&i,s, Moj&i,O, and Mo,&iGd thin films was carried out 
in detail and the maxima observed corroborated with the published reports on the electronic 
band structure. The position of the maxima observed in the dielectric spectra and the 
associated shifts of the maxima with increase in annealing temperature indicated large 
variations in microstructure. The simulation studies, and the microstructural models 
developed thereby, indicated that the reaction products of these as-deposited films at low 
annealing temperatures (about 105O’C) were MoSi2, voids, and silicon and at higher 
annealing temperatures (about 1150°C) were MoSi2 and voids. The modeling results 
predicted the void fraction in various silicide thin films to vary between 12% and 21% and 
an overlayer of Si02 of thickness about 50 A over the silicide thin films. 
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