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Optical constants of palladium silicides measured by a multiple-wavelength ellipsometer
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The optical absorption and dispersion of as-deposited Pd, Pd,Si, and PdSi are measured by an el-
lipsometer at wavelengths of 400 to 700 nm. The imaginary part of the refractive index is shown to
decrease by a value of 4 from the as-deposited Pd to the high-temperature annealed PdSi. The bind-
ing energy of the Pd 3ds,, core electrons shifts by 1.8+0.2 eV as studied by x-ray photoelectron

spectroscopy.

I. INTRODUCTION

Though palladium silicides have long been used in op-
toelectronic devices such as in buffering layers for
preventing the interdiffusion of silicon and other metals,’
or in the Schottky-barrier contact of infrared image sen-
sors,? few of their optical and electronic properties are re-
ported.> A study of their electronic bond structures and
refractive indices is important to devise fabrication. Sili-
cides grown at high temperatures are usually accompanied
by a thin oxide layer on the surface. Direct determination
of optical constant by the absolute reflectivity method*
usually introduces catastrophic errors. In the present
study, a multiple-wavelength ellipsometer is constructed
to detect optical constants of multiple layers. The chemi-
cal composition and depth profile of palladium silicides
formed at different annealing temperatures are examined
by an Auger-electron spectrometer (AES). The silicides
are determined to be Pd,Si and PdSi, respectively, for an-
nealing at temperatures of 400 and 800°C, respectively,
with a duration of 40 min. The electronic binding energy
of Pd 3ds,, measured by an x-ray photoelectron spec-
trometer (XPS) increases as the annealing temperature in-
creases. This means a loss of electrons from the Pd
valence shell in forming the silicide complexes. The re-
fractive indices change drastically in response to different
electronic structures.

II. ELLIPSOMETRY STUDY

Ellipsometry is the measurement of the effect of reflec-
tions on the s and p polarization states of incident light.
The extinction ratio of the reflected p and s waves can be
derived from the Fresnel reflection coefficients and is
given by’
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where 1 is the arctangent of the ratio of the amplitudes of
the R, and R, reflecting waves, and A is the difference
between the phase shift of the reflecting p and s waves. If
the compensator is a quarter-wave plate, the relationships
between A and ), then the extinction settings are simply
given by

A=90°—2P0, l/l‘—"—AO > (2)

where Py and A are the polarizer and analyzer extinction
settings, respectively. For a simple bulk substrate, the
complex refractive index N, of the substrate can be readi-
ly derived from the value of p by exploiting the following
equation:
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where ng is the refractive index of the ambient and ¢, is
the incident angle. In the silicide system, multiple reflec-
tions between interfacial layers of air to silicide (with
subindices of 0 to 1), silicide to substrate (1 to 2), and sili-
cide back to air (1 to 0) occur, therefore the total reflec-
tion is
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where r,, and ¢,, are the Fresnel reflection and
transmission coefficients, respectively, from medium n to
medium m, and B is the phase shift through the silicide
thickness d which is written as

d,

B=2m X

N)COS¢] , (5)

where ¢, is the angle of refraction. If the reflectance R is
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decomposed into p and s polarized waves, the ellip-
sometry function becomes
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For an absorbing silicide film, N;=n,—ik,, we need
multiple incident angles to solve the unknown parameters
from sets of equations. Each refractive angle ¢; can give
one pair of A;(B,#;) and ¥;(B,$;). The parameters B
with a component b; denoting one of the Ny, Ny, N, d,
and ¢ can be numerically solved from an elaborate mean
least-squares fit.
First, we define an error function G as

M
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where the indices m and c are the experimental and calcu-
lated values of the specified items, respectively. Numeri-
cal iteration is used to obtain the optical constants and
film thickness by minimizing the value of G(B). If the
2 M sets of equations

M 3y, M 3,
> —8b;=0 and > ——8b;=0, (8)
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where i =1, ..., M, are linearly independent, then the pa-
rameters B can be solved to satisfy the equations
Y =4i{(B,¢;) and A"=A{B, ;). 9)

On the other hand, if some of these 2M equations are
linearly dependent, the number of independent equations
is less than the number of unknown parameters, then

N aA¢
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Here we neglect the terms (34 /0b;)8;, since in general
0vY/db; <<3A/db;. Equation (10) implies that a change
of the incident angle ¢; cannot be used to obtain new in-
formation about A{. In this case, the correlated optical
constants cannot be determined by the method of multiple
incident angles. Some of the parameters should be mea-
sured by other techniques. The linear dependence of the
ellipsometry functions should be checked at first, so that
one can stop to proceed the elaborate measurements
without obtaining useful data.

The schematic arrangement of the multiple-wavelength
ellipsometer is shown in Fig. 1. The chopped light of Xe
lamps after passing through a monochromator is focused
by a set of lenses to give a nearly parallel beam. The po-
larizer and analyzer are made of dichroic films with an
extinction ratio of 1:50 within the visible light. The po-
larizers are mounted on a divided circle assembly which
rotate 360° with a precision of +0.05°. The quarter-wave
plate is an L-135 Gaertner Soleil-Babinet compensator
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FIG. 1. Schematic construction of the multiple-wavelength
ellipsometer.

which is composed of two quarter wedges having their op-
tical axes parallel to their faces and to each other com-
bined with another plane parallel quartz plate and its opti-
cal axes perpendicular to the axes of the wedges. The
amount of transverse motion is indicated by a micrometer
drum divided into 100 parts. Since the light is partially
polarized after transmitting through the monochromator,
a mica sheet with a thickness of 0.3 mm mounted on a
tiltable holder is inserted at the exit of the monochroma-
tor for compensating the polarization. The photosignal is
detected by an EG&G SGD-100A p-i-n photodiode and
then demodulated by a Princeton HR-8 lock-in amplifier
to enhance the signal-to-noise ratio. The refractive in-
dices of Ni and Si (Ref. 6) measured by this system are
checked with the reported data,” and the deviation is
found to be within 10%.

The precision of the measurement determined by vary-
ing repetitively the incident angles with the same sample
is better than +1.71% and *+1.56% for the real and imag-
inary parts of the refractive index, respectively.

III. SAMPLE PREPARATION

Palladium films of about 400 A are evaporated by
radio-frequency (rf) sputtering onto (100) silicon sub-
strates at room temperature. The wafers purchased from
Monsanto were polished to a flatness of A/20. The sili-
cides Pd,Si and PdSi are formed by annealing at tempera-
ture of 300 and 800°C, respectively, for 40 min under an
oil-free vacuum system to a pressure below 10~ Torr.
The resulting PdSi films are very stable® and form
polyhexagonal structures as determined by a transmission
electron microscope. The depth profiles of the Pd,Si and
PdSi phases have been identified by a Perkin-Elmer
PH590 Auger-electron spectrometer (AES) as shown in
Figs. 2 and 3, respectively. Since the ion-beam sputtering
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FIG. 2. Peak-to-peak AES depth profile of Pd,Si. The AES
sensitivity factors for Pd and Si are 0.83 and 0.37, respectively.
The electron beam energy is 3 keV, argon ion beams of 2 keV,
are used for sputtering the surface under a based pressure of
10~ Torr.

during AES profile measurement will introduce local heat
to the sample which might be larger than from the an-
nealing process, the relative sensitivities of silicon Auger
signals in different compound matrices are still not quite
clear, and the AES determination of compound composi-
tion cannot be very accurate. The Auger spectrum of the
high-temperature annealed PdSi (Fig. 3) will be less influ-
enced by localized heating than that of Pd,Si and thus
gives a better composition identification. The silicon ox-
ide which is grown during annealing is etched by a buf-
fered solution (5% high frequency) (HF) just before the el-
lipsometry measurement. The samples are rejected if the
surfaces show milky reflection or are spotted after anneal-
ing. Therefore the effects due to oxides, surface rough-
ness, and contaminants are greatly reduced. A and ¢ for
each sample are measured ten times and averaged for each
wavelength.
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FIG. 3. Direct plot of the atomic concentrations of the AES
depth profile of the PdSi.
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IV. EXPERIMENTAL RESULTS

The real (n) and imaginary (k) parts of the refractive
indices of the as-deposited Pd,Si and PdSi are shown in
Figs. 4, 5, and 6, respectively. It succinctly reveals that
the character of k changes from monotonically increasing
from Pd,Si to decreasing for PdSi. The magnitudes of k
also show a great reduction from 5 to 1.2 at 700 nm for
these two silicides with a consequence of reducing the re-
flectivity. These results are likely to be due to the change
of valence electrons from forming metallic bonds into in-
termetallic silicide compounds as the annealing tempera-
ture increases. The change of the real part n is not so
rapid, but indicates the existence of an extremum value
near 520 nm for the PdSi which may arise from the
interband-electron and phonon interaction with a thermal
broadening of the phonon spectrum.

A classical model of a free-electron gas derived by
Drude® assuming the phase velocity of the incident wave
being greater than the Fermi velocity of the electron indi-
cates that the conductivity can be written as

r,(1+iwT) 1+,w7-
> f (1

dSr=0
Lroir G0

where 7 is the electron relaxation time, o is the incident
wave frequency, oo=(Ne?/m)r= 1/417(0,2,7 is the dc con-
ductivity, and w, is the plasma frequency. The real and
imaginary parts can be derived from
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FIG. 4. Real (n) and imaginary (k) parts of the refractive in-
dices for as-deposited Pd at various wavelengths.
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where o; are all the possible resonance transitions with a
structure factor f;. For pure metals, the relaxation time
may be smaller than 10~ % sec. Thus near the infrared, if
®<<1/7, we have | €| << | €| and k >n >>1. The re-
flection and absorption are both high in this classical
shin-depth region. In addition to the pure conduction-
band transition, the electrons of Pd metal also show the
optical transition from the valence 4d to conduction band
for photon energy being greater than 3.1 eV. The reflec-
tance is high for the whole visible light range with
hv <3.1 eV and the as-deposited film shows a shiny color.
For Pd,Si, n =~k within the visible region, but k becomes
smaller than n at photon energies greater than 2.95 eV.
This intersection point usually occurs at the plasma oscil-
lating frequency which decreases as the density of conduc-
tion electrons decreases due to silicide hybridization. On
the other hand, the imaginary part k of Pd and PdSi al-
ways remains greater than the real part within the uv and
visible region therefore is in agreement with the relaxation
mechanism.
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FIG. 6. n and k of PdSi.
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To study the influence of electronic band structure on
the optical reflectivity, an x-ray photoelectron spectrome-
ter (Perkin Elmer PHI1905) is used to study the binding
energies of Pd 3ds,, and 3d;,, core levels. As shown in
Fig. 7, the binding energy of Pd 3ds,, shift from 335.2 eV
for the pure Pd metal, to 336.2 eV for the Pd,Si and then
to 337 eV for the PdSi. The binding energies of electrons
are proportional to the attractive force with the nuclear
charges and are counterbalanced by the outer valence elec-
trons which exert a repulsive force on the core electrons
acting as a screen potential. If an electron is removed
from the outer shell, the screening of the inner electrons is
reduced by one electron charge, and the core electrons ex-
hibit higher binding energies. On the other hand, if the
metals are oxidized, i.e., a gain of an outer electron, it has
the opposite effect of increasing the shielding and there-
fore decreasing the binding energy.

The effective charge of the core electrons contributed
from neighbor atoms can be deduced from the electro-
negativity of the elements'® as written by

—0.25(X ;, —Xp)?
[1—e (X 4 x,,>],

(15)

where X 4 and Xp are the electronegativities, respectively,
for the atom under study and its neighbor, and 2,. is
summed over all of the electronic bonds. The chemical
shift AE,; for the orbital nl between a free atom and a
particular molecular state can then be approximated by
the Koopmans’ theorem, which yields

AEg=e?Aq/{vg)m » (16)

where (yp ), is the average Bohr radius. For PdSi com-
pounds, we have X(Si)=1.95 eV, X(Pd)=2.2 eV, 2,.=2,
and e*/{yp )4, ,~39 eV. The calculated AEp~12 eV

is very close to the experimental value as given by 1.8 eV.
Examining the binding energy of the Si 2p orbital which
only shifts slightly from 99.15 eV for a clean Si surface to
99.6 eV for the silicide clearly indicates the charge
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FIG. 7. Binding energy of Pd 3ds,, and 3d;,, as measured
by XPS. The Al Ka x rays were used with an analyze scan
range of 1000—0 eV.



5442

transfer from Pd to Si.!' Since silicides are intermetallic
compounds, the conductivity of silicides decreases as the
temperature increases resulting from the hybridization of
the 4d electrons of Pd with the valence 3p electrons of Si
and empty 3d orbitals of Si. The resistivities measured by
four-point probes are 10.8, 20, and 35 pQcm for the as-
deposited Pd, Pd,Si, and PdSi, respectively, which clearly
confirms this result. The decrease of conductivity
presumably increases €;(=1—4moT<0) and decreases
€s(=4mo/w>0) and k is likely to approach n, the sili-
cides have a lower reflectivity than pure Pd within the
visible light.

V. CONCLUSIONS

Optical properties and electronic band structures of sili-
cides need further exploration for device modeling. The
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optical refractive indices change rapidly from phase to
phase in a very complex manner at different growth tem-
peratures. The optical absorption and dispersion of sili-
cides may be controlled mainly by conduction-electron ab-
sorption for the pure transition metals and then by
valence and core electron absorption through interband
and intraband transitions for high-temperature annealed
silicides.
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