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Ellipsometry and structure studies of chromium, molybdenum, and platinum silicides
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The surface morphologies and structural phases of CrSi,, MoSi,, and PtSi are investigated using a
transmission electron microscope. Epitaxial PtSi and polycrystalline CrSi; and MoSi, are formed by
rapid thermal annealing and conventional thermal annealing, respectively. The complex refractive
indices are determined using a polychromatic ellipsometer at wavelengths of 400 to 700 nm.

I. INTRODUCTION

Despite the technical importance of transition-metal sil-
icides in very-large-scale integration (VLSI) electronics,
little is known about the optical constants N =n —ik of
these materials. However, due to their high potential for
application in optoelectronic devices,' a better understand-
ing of their properties would be highly desirable.

In previous papers>> we have successfully determined
the optical constants of thin films of Ni/Si and Pd/Si
systems using a polychromatic ellipsometer. In the
present work we report the values of n and k for three
silicide systems (CrSi,, MoSi, and PtSi) using the same
method. Both the morphology and the phase
identification of these silicides were investigated by use
of a transmission electron microscope (TEM). A
modified Drude model is used to explain the experimen-
tal data. For the Pt/Si system, the rapid thermal an-
nealing (RTA) method is applied to attain a stable PtSi
which can be epitaxially grown on the silicon substrates
in forms of Pt(010)//Si(111) and PtSi[001]//Si{110)
(where // represents an orientation relationship between
epilayer and substrate). For the Cr/Si and Mo/Si sys-
tems, the annealing was done isothermally at 900°C for
1 h in an oil-free high-vacuum chamber. The final stable
phases are polycrystalline C40 CrSi, and hexagonal C40
and tetragonal C11b MoSi,, respectively. All of the re-
fractive indices are rather flat within the visible range
and the values of n and k have a tendency to approach
each other for the Pt and Cr silicides after annealing,
whereas for MoSi, n and k separate further as compared
with their virgin-film values.

II. EXPERIMENTAL PROCEDURES

Silicon wafers of 3—10 Qcm with (111) and (001)
orientations were first cleaned chemically by the usual
procedures.* The samples were etched in a buffered HF
solution (HF:H,O=1:50) for 2 min and then dried with a
pressurized nitrogen gun immediately before being loaded
into the electron-gun-deposition system.

Metal thin films of 300-400 A in thickness were elec-
tron gun deposited onto silicon substrates at room tem-
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perature. The deposition rate was about 2 A/s under a
pressure of 2 10~® Torr. For the Pt/Si system, the de-
posited samples were annealed in a Perkin-Elmer HGA-
300 graphite furnace at 900 °C for 100 s (Ref. 5) in an am-
bience of high-purity Ar gas. For the Cr/Si and Mo/Si
systems, all the deposited samples were annealed at 900 °C
for 1 h in an oil-free vacuum furnace under a pressure
below 1< 10~¢ Torr.

In order to prevent the deposited film from oxidation
and/or contamination during heat treatment, all samples
were stacked with metal films facing each other.*” Such a
configuration is referred to as a “face-to-face” arrange-
ment. For samples annealed with this arrangement, their
surfaces have a uniform, shiny optical appearance.

Before taking ellipsometry measurement, all annealed
samples were stored in a vacuum chamber to prevent con-
tamination. The morphologies and phases of silicide films
were characterized by use of a transmission electron mi-
croscope (TEM). Randomly oriented particles will give
diffraction rings lying in a cone with apex angle 46,;, cen-
tere;i on the incident beam direction, satisfying the Bragg
law

nk:ZthsinOhk/ N (1)

where nA is an integral number of electron-beam wave-
lengths, and dj;, is the interplanar spacing for the {hkl}
planes. An epitaxial layer or highly oriented polycrystal-
line particles will give spot patterns corresponding to
magnified images of planar sections through the reciprocal
lattice. For the silicide compounds, phase identification
was done by indexing the selected-area diffraction (SAD)
patterns using internal (Si:d,,y) calibration data for ob-
taining the camera length. The errors in these experimen-
tal d spacings are within 3% as compared with the Amer-
ican Society for Testing and Materials (ASTM) x-ray
diffraction cards. Analysis of the direct images and
diffraction patterns revealed unambiguously the presence
of single-phase epitaxial PtSi and polycrystalline CrSi,
and MoSi, which uniformly cover the surface of the sil-
icon substrates without evidence of island formation.

The refractive indices of PtSi, CrSi,, and MoSi, are
measured by a polychromatic ellipsometer as described in
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previous work.> Samples annealed by this face-to-face ar-
rangement are free from oxidation as examined by the
Auger spectrum and showing a smooth mirror reflection.
Therefore a single air-material model can be used to solve
the data from the ellipsometry extinction parameters.

III. EXPERIMENTAL RESULTS
A. Pt/Si system

The as-deposited Pt film on the Si(111) substrate with a
thickness of 300 A shows a fine crystalline structure with
grain sizes of about 200 A. The values of n and k mea-
sured by the ellipsometer as shown in Fig. 1, indicate a
tendency of k >>n. The discrepancy between this work
and others® is about 10% as can be seen on the same
chart. This can be expected since different deposition
methods and different substrates can introduce unlike sur-
face morphologies and optical reflectivities. = The
reflectivity inserts in the same figure indicating a value ly-
ing between 60% and 70% over the visible range.

The as-deposited Pt film on the silicon substrate can
be completely transformed into PtSi (orthorhombic MnP
type) after 900 °C for 100-s rapid thermal annealing. Ep-
itaxial growth of the PtSi silicide overlayer is found on
the Si(111) substrate which can be checked by the ap-
pearance of a pseudohexagonal spot pattern as shown in
the inset of Fig. 2. The epitaxial relationships were
determined to be PtSi(010)//8i(111), and
PtSi[001]//Si[220].1° There are three variants of PtSi
grains in the silicide layer. Every variant with 0.15 ym
in average size is preferably oriented with the same epit-
axial symmetry resulting in a spot TEM diffraction pat-
tern.

The optical constants as shown in Fig. 3 reveal lower
values of n and higher values of k for Pt silicide than
those of the as-deposited Pt film. In the same chart, we
find that the reflectivities for PtSi and Pt film are 0.40 and
0.50, respectively.

B. Cr/Si system

Metal Cr of 400 A in thickness was deposited on a p-
type Si(001) substrate. Randomly oriented Cr grains of
200 A in grain size were observed in this sample. Optical

4000 5000 6000 7000
Wavelength (&)

FIG. 1. Values of n and k for as-deposited Pt/Si of 300 A,
the data from Ref. 9 are denoted by N and K. The reflectivity R
is also plotted on the same chart.

FIG. 2. Bright-field (BF) micrography of PtSi on Si(111) for
900°C, 100 s annealed; inset is the diffraction pattern (DP). The
grain size is about 8.15 um.

constants as shown in Fig. 4 also have the tendency of
k>>n. The Cr thin film appears silvery shining. The
normal-incident reflectivity is flat over the visible region
as shown in the same figure. Its values are as high as Pt
thin film in a range from 60% to 70%

Polycrystalline C40 CrSi, grains'' of 1000 A in average
grain size are found in the samples annealed at 900 °C for
1 h. Dark-field (DF) image and phase identification of
CrSi, are shown in Figs. 5 and 6, respectively. Optical
constants depicted in Fig. 7 indicate lower values of k£ and
higher values of n than those of the as-deposited Cr film.

This figure clearly shows that the values of n drastically
increase at wavelengths longer than 6500 A.

The CrSi; film has a silvery shining appearance, too.
Its reflectivity is flat over the visible region and has values
within 40% to 50% which is lower than that of the origi-
nal Cr film.

C. Mo/Si system

The grain size of the as-deposited 400- A Mo film is
measured to be about 100 A. A comparison between the
measured optical constants (# and k) in a thin-film speci-

4000 5000 6000 7000
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FIG. 3. Values of n, k, and R for PtSi.
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FIG. 4. Value of n, k, and R for as-deposited Cr/Si of 400 A.

men and the published data!? is plotted in Fig. 8. The
considerable discrepancy between these values may arise
from different sample preparations, in which the electron
relaxation time depends on the impurity contents and
grain size which inevitably will affect the optical conduc-
tivity. The reflectivity remains at about 50% in the visi-
ble region as shown in Fig. 8.

Both hexagonal C40 and tetragonal C11b MoSi, (k-
MoSi, and #-MoSi,) were formed after 900°C, 1 h vacuum
annealing."’ The grains were measured to be about 1000
A in size as shown in Fig. 9. The optical constants n and
k are shown in Fig. 10. Their values are nearly flat and
only slightly vary over the visible region. The values of n
are greater, while the values of k are less than those of the
as-deposited metallic thin film. The reflectivities appear to
be no different with the as-deposited Mo films and have
values about 0.50.

IV. DISCUSSIONS

The optical constants of metals can be derived from the
static Hartree dielectric function by'4

FIG. 5. Dark-field (DF) micrography of CrSi, on Si(001) with
grain size of 0.1 um; inset is the DP.
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where n,=dn /d§ is the density of states per unit energy
at the Fermi energy &, V, is the total applied potential, g
is the photon wave number, and o is the incident frequen-
cy. At long-wavelength limit (g =0), if we retain the elec-
tron relaxation and the finite incident frequency, then Eq.
(1) is reduced to Drude formula as given by

47iN,e’r

mo(1—ior)

elgq,w)—1+ , (3)
where 7 is the electron relaxation time and N, is the con-
duction electron density. For intermetallic silicides, the
conduction electrons come mostly from the metals while
the silicon atoms contribute a small amount by charge
transfer through p-d or p-f hybridization. This can be in-
spected by noting that the optical constants of silicides are
modified from their original metals. Clarification of the
band structures of silicides having not yet been attempted,
the absorption peaks can possibly be attributed to the d-
band and conduction-band transitions as given by'*

. 2{—k+q |A|d){d|A|k)
n(g)= % (Eq—ExNEx —Ey 14)

Sk |A|d){d |Ak)
(Eg—Ex )

) 4)

where A is the variation of pseudopotential due to elec-
tron change of valence states and d states. The above
equation together with the Boltzman transport equation
also gives the frequency dependence of the optical con-
stants.

Within the visible light, we have 1/7<<w <<w, for
metals, where 7 is the electronic relaxation time and
w, =(4mN,e?/m)'? is the plasma frequency. The Drude
model implies

nz—kzzl——a)f,/a)2 and 2nk zw,z,ﬂ'/a) . (5)

Since w}/w?>1, n?—k? is negative and we have k > n.
This occurs in most noble metals. If the number of con-
duction electrons increases during silicide formation, then
o, becomes larger and the discrepancy between k and n
increases. On the other hand, with the loss of electrons
during silicide formation, k is likely to approach n and
even reverse the relative values as occurs in the semicon-
ductors.

Charge transfer can also occur between metal and sil-
icon during silicide formation. The total electronic charge
in the ith cell atom of the a atomic orbital can be numeri-
cally calculated by the extended Huckel theory'>'® which
specifies

Ef .
0,a=23 3 [ dES(E —E.)B,(k)
k n —*®

X Saiai(k) | Cailkn) | %, (6
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FIG. 6. A typical SAD ring pattern of CrSi, (1200 A)/Si(001) implying an evidence of single phase.

where B, (k) is a normalization factor of the Slater wave
function, S,; g;(k) is the matrix element of the overlap in-
tegrals of two Bloch wave functions ¢4;(k) and ¢pi(k),
and C,;(kn) is the proper expansion coefficient of the ath
orbital to the n band. With the values of ¢,;, B,, and
Sqip; one can evaluate the charge transfer. To form sili-
cides, the 3s and 3p single & Slater orbitals for silicon and
both single and double & orbitals for s, p and d states of
metallic atoms are hybridized. The calculation implies
that every Si atom loses 0.044 electrons to PtSi (Ref. 16)
while Pt gains almost the same number of electrons from
PtSi. If the value of total conduction electron density is
the dominant effect that controls the dielectric constant,

O 1 | 1 | 1
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FIG. 7. Values of n, k, and R of CrSi,.

then the reverse of the relative values of n and k of PtSi
with respect to its original films will not be so prominent.
Although Pd and Pt belong to the same group of noble
metals and have almost the same resistivity (28 ) cm for
PtSi and 35 p€) cm for PdSi), the k of PtSi is much larger
than that of PdSi (Ref. 3) implying that PtSi behaves
much more like a metal. The large increase of n for
MoSi, indicates a great reduction of conduction electrons
during silicide formation which can be confirmed by the
sharp increase of resistivities from Mo (~5.78 u€ cm) to
MoSi; (100 €2 cm). MoSi, has the same character of res-
onance transitions as occurs in NiSi,.2 The constancy of
optical constants of the Cr/Si system implies that the con-
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FIG. 8. Values of n, k, and R of as-deposited Mo/Si of 400 A
in thickness and 100 A in grain size.
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FIG. 9. BF of MoSi; on Si(111) with grain size of 1000 .&; the
inset is the DP.

duction electron density is only slightly changed.
Stoichiometric CrSi; is a p-type degenerate semiconductor
with band gap of 0.3 eV (Ref. 17) and has a high resistivi-
ty of 600 ) cm.

In conclusion, we have reported the optical constants of
PtSi, CrSi,, and MoSi,. Their phases are carefully
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FIG. 10. Values of n, k, and R of MoSi,.

checked by the diffraction patterns of a transmission elec-
tron microscope. The complex refractive indices qualita-
tively agree with the Drude model.
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FIG. 2. Bright-field (BF) micrography of PtSi on Si(111) for
900°C, 100 s annealed; inset is the diffraction pattern (DP). The
grain size is about 8.15 um.



FIG. 5. Dark-field (DF) micrography of CrSi, on Si(001) with
grain size of 0.1 um; inset is the DP.



FIG. 6. A typical SAD ring pattern of CrSi, (1200 A)/si(001) implying an evidence of single phase.



FIG. 9. BF of MoSi, on Si(111) with grain size of 1000 ;\; the
inset is the DP.



