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II. A () PROB; I

The electrical and chemical properties of certain refractory metal sili-
cides make them attractive as materials for improved interconmection lines and
gate electrodes in silicon integrated circuits. The potential for reduced RC
time constants and therefore reduced access time in VLSI memory chips has stimu-
lated a number of curreant silicide research programs in government, university,
and industrial laboratories. The resistivity of the silicide can be am order of
magnitude lower than that of the most conductive polycrystalline silicon inter—
connection material in present use, and is occasionally lower than that of the
pure refractory metal itself, In addition, certain refractory metal silicides
have been found to be compatible with the wet and dry chemistry of existing LSI
technology; they have shown the ability to grow a native silicon dioxide layer
under conditions similar to those appropriate for polycrystalline silicon films,
which the pure refractory metals cannot do.

Most refractory metal silicide phases are reported to be metallic conduc-
tors, based on measured resistivities in the 10-100 uQ-cm range. Beyond this,
high quality data on the transport properties is scarce, There is little infor—
mation regarding the nature of electronic transport processes in these materi-
als. Some data on the transport properties of a few silicides do exist, but the
studies are often 15-20 years old and are of questionable validity., In many
cases the studies were based on bulk samples made by sintering the comstituent
elements in a furnace; a number of impurity-stabilized tertiary compounds were
mistakenly identified as stable silicides, The high purity thin film prepara-
tion techniques of the microelectronics field were not available when these stu-
dies were conducted.

In order to make informed choices regarding the selection of these materi-

als for use in electronic devices, a fundamental understanding of electronic
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transport has been needed. There are & number of important questions: What is
the dominant charge carrier type, density, and mobility? What are the physical
mechanisms underlying annealing-induced resistivity changes? What are the
effects of impurity atoms on the structure and electrical properties of the sil-
icides? What is the nature and distribution in energy of the allowed electron
states in the vicinity of Fermi level? What is the intrinsic resistivity aad
what are the possible scattering mechanisms contributing to any residual resis—
tivity? Why are the disilicides apparently the best conductors? What are the
effects of the presence of multiple phases within a refractory metal silicide
thin film? How can the material properties be tailored for specific purposes
through controlled microstructural modifications?

This research was an investigation of the physics of electromic tramsport
in refractory metal silicide thin films, with primary emphasis on the titanium,
tantalum, and tungsten disilicides., Experimental characterization of MoSi2 and
semiconducting FeSi2 thin films is being completed at the time of writing this
report, Thin films of the metals were deposited by neutralized ion beam
sputtering from high purity targets onto silicon wafers. The metal films were
subjected to annealing treatments to induce silicide formation, Structural and
compositional characterization were done using techniques of X-ray diffraction,
scanning electron microscopy, and Auger/ESCA spectroscopy.

The electronic transport properties of the silicide layers were determined
through detailed measurements of resistivity, Hall coefficient, and geometrical
magnetoresistance and their temperature dependences., From the transport data
obtained an initial picture of electromnic transport processes in refractory

metal silicide thin films was formulated.
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IIX. SUMMARY OF RESULTS
Single phase disilicide films were obtained by depositing about 10008 of

the metal onto a polycrystalline silicon (polysilicon) surface (or in some cases
onto a bare polished wafer ion milled in vacuo before metal deposition). The
diffusion couple was reacted in an argon atmosphere within a quartz tube fur-
nace. This approach relies on the natural tendency, with excess silicon
present, to totally consume the metal layer in forming the disilicide phase,
Selected examples of SEM fracture cross sections showing an as-deposited
titanium film and a furnace—reacted WSi2 layer on polysilicon and a T'aSi2 layer
formed on a bare wafer are shown in Figure 1,

The sharp peaks in the X-ray diffraction pattern for & representative TlSiz
film shown in Figure 2 indicate the film is very well crystallized; there is a
nearly random texture, and a total absence of peaks not attributable to TaSi2 or
to the substrate. Auger analysis of the three disilicides showed very high sur-
face concentrations of carbon and oxygen as one would expect, but these reduced
to trace levels upon ion milling within the Auger analysis chamber., There were
no other detectable impurities within the interior of the films. A representa-
tive Auger spectrum for WSi2 is shown in Figure 3, obtained after milling for 15
minutes,

As will be discussed in the next section, residual and intrinsic resis—
tivity contributions for these films were estimated., The size of the residual
resistivity is a measure of the amount of imperfections present in a metal;
while our residual resistivity ratios (p(273K)/p(0)) were on the order of ~1/1,
many pure metals have been prepared having residual resistivity ratios of
several hundred. From this perspective the films must be considered quite
defective; however, the resistivities observed are at lcast equal to the lowest

values reported in the literature for these materials in thin film form.
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Transport Properties

The resistivities as functions of temperature for the three disilicides
formed on polysilicon and for TaSi2 on the single crystal substrate as well are
shown in Figure 4. The materials resemble classical metallic conductors, with a
temperature—independent residual resistivity and an intrinsic resistivity basi-
cally proportional to temperature over the range of our measurements., The two
resistivity components have been estimated from the data and are given in Table
I. The residual resistivity estimates for TiSi2 and W812 are obvious from Fig-
ure 4, but that for TaSi2 is not., It was obtained in the process of fitting the

classical Bloch-Gruneisen Equation to the data:

OR/T
o = 4o’ o, 1 [Se(e*1? s, (1
i R :) 0
where P; is the intrinsic resistivity, T is the absolute temperature, OR is the

Debye temperature, and P is a material parameter depending on the number of
'""free'' carriers and the crystal structure., The calculated curves are shown in
Figure 4, translated by an amount equal to the residual resistivity, and the
Debye temperatures thus determined are given in Table I. It appears that the
lattice vibrational spectrum of TaSi2 is characterized by an atypically low
Debye temperature.

We have calculated the intrinsic resistivities in Table I simply by sub-
tracting the residual resistivities from the room temperature total resistivi-
ties; the validity of this procedure is supported by the TaSi2 data; the two

types of TaSi, films in Figure 4 have different residual resistivities but

2
apparently the same intrinsic componments., There is no detectable difference in
impurity content of the TaSi2 films by Auger anaysis, but X-ray diffraction

indicates a different grain orientation distribution.

-11-
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TABLE 1

RESISTIVITY PARAMETERS FOR SILICIDES ON POLYSILICON

————

Residual Room Temperature Debye
Resistivity Intrinsic Resistivity Temperature
TiSiz 3ufl-cm 11pt-co 550K
TnSiz 8 26 300
WS iz 16 7 580
MoS 12 ~30 ~20 ~500

™=



MoSi2 films were also prepared on both substrate types. In coatrast to
TaSiz. a lower residual resistivity component was obtained with the polysilicon
substrate (~30 vs. ~90 pO-cm for the bare wafer substrate). SEM surface exami-
nation (shown in Figure 5) of the as~deposited molybdenum layer and the two sil-
icide types is very suggestive of grain size differences for the three films
that may be correlated with the residual resistivities. There are no detectable
differences (by Auger spectroscopy) in impurity content among the sample (in
fact, no Auger—detectable impurities at all within the interiors of the films).
Although the physical origin of the residual resistivities has not been posi~
tively identified for any of the silicide materials we have studied, this receat
examination of the MoSi2 samples points for the first time to grain boundary
scattering.

Ve have found transverse magnetoresistance measurements to be useful in
understanding the transport properties of silicide thin films, The transverse
magnetoresistance is the fractional change in resistance due to a magnetic field
applied normal to the plane of the thin film sample. The geometrical magne-
toresistance is observed in a sample prepared in such a manner that the electri-
cal contacts short out the Hall field. The classical form is the Corbimo disc.
A photomicrograph of a sample with electrodes equivalent to those of the Corbimo
disc is shown in Figure 6a. The aluminum contacts were patterned photolitho-
graphically, The sample was mounted in a hybrid plug—-in package (which is stan-
dard for all our properties measurements) and double wirebonded to make electri-
cal connections with minimal series resistance effects. Some representative
data for TaSiz at room and liquid nitrogen temperatures are shown im Figure 7.
In the two-band, isotropic model, the geometrical magnetoresistance ((Aplpo)c)

is given by

-14-
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[n' o /(9£7+ oh) + "h:h!{gb + ch)lB + (ueghvp ) '

(Aplp ) =
o¢ 1+ leuiahl(c° + ch) + ":ae’(ce + ah)] (2)

where Ko and K, are the carrier mobilities of the two bands, o, and %h their con—
ductivities, L the total zero—field conductivity, and B the magnetic flux deasity.
Equation (2) predicts a quadratic dependence on B at low fields and, depending on
the individual parameters of the two bands, there is the possibility of dropping
below the Bz curve and even a return to quadratic behavior at very high fields.
Quadratic behavior was always observed for TiSiz. ThSiz. and WSiz on polysilicon,
but for TaSi2 on a2 bare wafer at 77K, the dependence is less than quadratic — this
was the only instance and it coincides with some of the largest magnetoresistance
values we observed in any sample, This anomalous behavior is due to current flow
in the single crystal substrate, which effectively establishes two-band coanduction

in the sample as s whole. For low fields, Equation (1) reduces to

Aplp° = (pu: + nui)le(puh + nua). (3)

and for a single electron band, we have

Ap/po = (ueB)z. 4)

We have nsed Equation (4) to calculate what we call the ‘’'magnetoresistance
mobility,' as though there were a single, isotropic band of charge carriers. The
results are shown in Table II, for the disilicides formed on polysilicon. For
TaSiz. there is a reasonable correlation between the temperature dependence of
resistivity and that of the magnetoresistance mobility. Both change by a factor of
~2.6 in going between room and liquid nitrogen temperatures. For TiSiz. the factor
is ~4.5 and for MoSiz,

more rapidly with temperature than one would expect from the resistivity data.

~1.5. For WSiz, on the other hand, the mobility varies much

This might be interpreted as a shift in the mix of free electrons and holes with

temperature.

~18~




TABLE II

GALVANOMAGNETIC PROPERTIES OF SILICIDES ON POLYSILICON

TaSi2 TiSi2 WSi2 lloSi2
Magnetoresistance 9
mobility 295K: 61 cm"/V-s 63 95 100

77K: 160 270 230 150
-5 3 -5 -4 -3

Hall constant (295K) -6 X 10 em/C -1,5 X 10 +1.0 X 10 +1,3 X 10
Apparent carrier
concentration (295K) 1X 1023 cm3 4 X 1023 9X 1021 5x 1021
Hall mobility (295K) 1.8 cm’/V-3 1.0 30 29
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The Hall effect in these materials is very small, with Hall voltages on the

order of microvolts for a nondestructive current density and reasonable sample

size and a magnetic flux density of over 10 kGauss. A TnSiz Hall sample,
mounted and wirebonded into its hybrid plug—im package, is shown in Figure 6b.

i The results are also given in Table II. TiSiz and TaSi2 on polysilicon are
quite similar, both being predominantly electron conductors with small Hall
mobilities and very large apparent carrier demsities. MoSi2 and WSi2 are

= predominantly hole conductors, exhibiting a Hall effect larger tham that of the

other materials by over an order of magnitude., There are also significant

differences between the two forms of TcSiz. Unusual low temperature behavior
again was observed in the TaSi2 films formed on a bare wafer: the Hall voltage
saturates as a function of magnetic flux density at values above ~10 kGauss,

All of these high field effects are due to current flow in the silicon substrate

ii and do not hrve their origin in the properties of TaSiz.

It is well known that in cases of mixed conduction the carrier density cal-

ri culated from the Hall coefficient will be an overestimate of the total carrier

i density, and likewise the Hall mobility from will be an underestimate of the

average carrier mobility. Such appears to be the case for these materials: for

o TiSi, and TaSi,, the two room temperature mobility estimates imn Table III differ

2 2
i: by factors of forty and sixty, while for MoSi2 and WSiz, the mobility values
differ by a factor of three, We take this as clear evidence of mixed conduc-

tion, with the effect being the smallest in the column VIA materials., The

e

i; magnetoresistance—derived mobility value is more nearly representative than the
. Hall mobility because in the two-band model it is at least bounded by e and 'y
while the Hall mobility may be much lower than either.

VWe have also investiated in some depth the optical properties of semicon-

ducting FeSi2 thin films, Semiconducting silicides may provide a new basis for

=20~ B8
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forming infrared detection devices within the planar silicom techmnology, a need
which has been inadeguately satisfied to date by detectors based on extrinsic
photoconductivity in doped silicon or internal photoemission at Schottky bar-
riers,

i The B—FeSi2 phase has been known for some twenty years to possess a forbid-
den energy gap of ~0.8 ~ 1.0¢eV, as determined from the temperature dependence of
intrinsic resistivity and the Hall coefficient. To our knowledge, however, the
optical absorption edge or the nature of the forbidden gap have not been deter—
mined previously. Such information is essential in assessing optolectronic dev—
ice potential.

- Figure 8a shows spectral transmission and reflection measurements for p-

FeSi2 films formed on polished silicon wafers. From these data, the complex

index of refraction and thence the optical absorption coefficient were calcu-

i lated using a computer model. The optical absorption coefficient, shown in Fig-
ure 8b, suggests there may be two absorption edges, one at ~0.7eV and one at
~0.65¢V. This conclusion is based on the existence of the shoulder at ~0.7eV,

i seen in data from many differeant samples.

The existence of a direct energy gap is desirable for optoelectronic device
development, Further information on transport and photoelectronic properties of

Fe812 layers and FeSizlsilicon heterojunctions is needed to provide a more com—

plete assessment. .

Semiconducting CtSi2

absorption edge around ~0.3eV, which is basically consistent with previous tran-

films have also been fabricated, indicating an optical f:fk

sport property studies on this material.

Our initial investigations of these two semiconducting silicide phases were
initiated only in the last few months of the contract period. They were under—
taken with the intention of broadening our understanding of electromnic transport

3
h
in the transition metal silicides as & class of materials. .f.}
A\
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