
Titanium disilicide formation by wide-area electron beam irradiation
Cameron A. Moore, J. J. Rocca, and G. J. Collins
Department ofElectrical Engineering and Engineering Research Center, Colorado State University. Fort
Collins, Colorado 80523

P. E. Russell and J . D. Geller
JEOL USA. Peabody, Massachusetts 01960

(Received 3 January 1984; accepted for publication 28 April 1984)

We describe the use of a wide-area (38 crrr'] electron beam as a heat source to interdiffuse 4OO-A
thick sputter-deposited titanium films into 3-6-11 cm ( 1(0) n-type silicon wafers. Isochronal
exposures of 30 s with electron beam of current densities greater than 250 mA/cmz reduced the
as-deposited sheet resistance by a factor of 10, while exposures at halfthis current caused the sheet
resistance to increase by a factor of 2.5. Compositional depth profiles obtained from a
combination of ion beam sputtering and Auger electron spectroscopy show that this resistivity
increase is caused by diffusion of oxygen into the titanium film induced by the electron beam
heating. At exposures to beam intensities sufficient to induce complete silicide formation, oxygen
is segregated at the surface by the advancing silicon. We conclude that the silicide self-cleanses
itself of oxygen during formation.
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Silicides are attractive materials for both interconnec
tions and contacts for very large scale integrated (VLSI) de
vices fabricated in silicon because oftheir low resistivities (as
compared to highly doped polysilicon), their compatability
with processing at high temperatures, and their controllable
Schottky ohmic contact formation. I Of particular interest is
titanium disilicide because its low resistivity (-15f-l11 cm) at
room temperature) lies below that of pure Ti (42 f-l11 ern],
thus offering a lower contact resistance than pure Ti. Addi
tionally, TiSiz yields, as do most refractory metal silicides,
barrier heights of nearly the same magnitude on both n- and
p-type silicon.

Silicides are generally created by one of two methods: (i)
codeposition (via physical or chemical vapor deposition) of
the constituent materials, usually requiring a subsequent
high-temperature (> 800 "C]annealing step to form the stoi
chiometric silicide, or (ii) deposition of the metallic film fol
lowed by a lower temperature (-600 "C)alloying heat treat
ment which interdiffuses the silicon and metal species to
form the silicide. When a silicide is formed by interdiffusion
of a deposited metal film on silicon, a more atomically clean
silicide/silicon interface often results , thereby minimizing
contamination-induced contact resistance variations. The
heat source typically used in batch processing is a furnace.
Alternative heat sources include scanned 50-100-f-lm-diam
continuous laser and electron beams,z and exposure to the
radiation from lOO-f-ls arc discharges in argon.' An advan
tage of electron beam driven alloying over laser-formed sili
cide layers is that the high optical reflectivity of most metals
is not a factor. Hence an additional film above the metal is
not required to increase energy coupling as in Ref. 2.

The wide-area (38 cmZ
) source used in this work allows

for rapid silicide formation in a single wafer in-line system.
Prior to our present work a pulsed electron beam 1 in. in
diameter was used to form MoSiz from molybdenum-silicon
layered structure using a 25-J glow discharge electron beam
of 1 f-lS duration propagating in lO- s Torr helium." In a
second prior study, a raster-scanned electron beam was used
to form TiSiz from Ti which was deposited atop Si or poly-Si

structures." An observation common to both Refs. 4 and 5
was that as the sample was heated the sheet resistivity first
doubled while no silicide was formed. Further heat ing
caused the resistivity to drop rapidly with a corresponding
growth in the silicide thickness. An explanation of this resis
tivity behavior is offered herein in tandem with a demonstra
tion of the self-cleaning of TiSiz during its formation using a
7.0-cm-diam beam capable of producing 90 WIcmz of 3-7
keV electrons on a continuous basis.

The broad-area electron beam is produced by a glow
discharge in helium (1 Torr) and residual atmospheric con
stituents (1 mTorr Nz-Oz). This apparatus is described in
greater detail elsewhere." The beam electrons in this source
have energies between 3 and 7 keY, giving electron penetra
tion depths ofless than 5000 Ain the materials studied here
in.? This characteristic surface heating is advantageous for
the application studied. Although these electrons may have
sufficient energy to cause radiation damage to underlying
insulating films, it is possible that this detrimental aspect
would be avoided via self-annealing due to the high tempera
ture of the wafer at e-beam cessation .

The samples used were formed on in situ , precleaned 3
6-11 cm{ 1(0) n-type Si wafers by sputter deposition of
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FIG. I. Normalized resistance of titanium on silicon films as a function of
beam current. Exposures for 30 s in I Torr helium.
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FIG. 2. Sputtered Auger depth profiles showing Si, Ti, 0, and C content. (a) As-deposited film; (b]film of resistance ratio ~ 2.5; (c] film of resistance ratio
-1.0; (d)film of resistance ratio ~0.1.

-400-A titanium films at 10 A/s in a base pressure of
1.6X 10-7 Torr. The wafers were then cleaved into rectan
gular 1X2 em samples for measurement of sheet resistivities
using a linear four-point probe and subsequent electron
beam processing. The as-deposited samples had a resistance
range of 21 ± 2 n /0. All samples were exposed to the elec
tron beam for 30 s. Though the formation reaction takes
place in times much less than this, a 30-s exposure duration
was employed so as to allow repeatable exposure conditions
principally due to the manual ramp-up of the applied power
to the desired level. The ratio (PA/ PB) of post- to pretreat
ment resistances helps to minimize geometry-dependent fac
tors. This ratio as a function of electron beam discharge cur
rent is shown in Fig. 1. For exposures >250 mA the
resistance ratio approached 0.1, corresponding to a resistiv
ity of < 20 /-lfl em. The data corresponding to an electron
beam current of 150 mA showed an increase of -2.5 in
resistivity, a phenomenon which has been observed before as
a function of sintering temperature I and time into an elec
tron beam exposure." A study of film composition versus
depth was undertaken to gain insight into this phenomenon.

To determine the relative depth profiles of constituent
species of these samples, ion beam sputtering combined with
Auger electron spectroscopy was performed. The species
(and respective peaks) detected were Si(LMM), Ti(LMM),
O(KLL), and C(KLL). Argon ions from 3 keV, 0.6/-lA beam
of 100 /-lm diameter were raster scanned to etch over a 500

X 500 /-lm area. The electron beam used to excite the Auger
transitions had an energy of 10 keV, a current of 0.5 /-lA, and
a diameter of 30 /-lm. The Auger data were collected for 20 s
following an 8-s asynchronous ion bombardment etch. To
make the comparisons regarding filmcomposition which en
sue, a similar processing history of the samples must be en
sured. To achieve this a 4 x l cm sample was processed such
that its major axis extended from the center to the perimeter
ofthe discharge, where it was clamped in place to a heat sink.
In this way a temperature gradient along the length of the
sample is induced during the electron beam heating. Via spa
tial measurement of the resistance ratio and calibration to
Fig. 1 the electron beam current that gives equivalent heat
ing was inferred. Though this indicates the beam's unifor
mity is lacking, uniform processing is still possible at proper
ly chosen exposure conditons." Figure 2(a) shows the
as-deposited film (PA/PB = 1.0) while Figs. 2(b), 2(c), and
2(d)correspond to electron beam exposures of 150,200, and
250 rnA and resistance ratios (PA /PB) of 2.5, 0.75, and 0.1,
respectively. As shown in Fig. 2(b), an increase in carbon and
oxygen incorporation in the film occurs.

For a moderate beam exposure (150 mAl oxygen dif
fuses through the Ti film, and roughly one-half the titanium
becomes bonded to oxygen; the electrical conductivity is
thus reduced by the same factor (- 2). It was previously sug
gested that the increase in resistance was due to diffusion of
o and/or Si into the Ti.8 Because in Fig. 2(b) there is negligi-
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ble Si transport, we conclude the sheet resistance increase to
be caused solely by 0 diffusion. Heating from a higher beam
current (200 mAl causes a thin TiSiz film to form deep in the
film while the advancing Si plows the incorporated oxygen
towards the surface. Finally, in Fig. 2(d), the silicide film is
completely formed when the requisite temperature is
achieved and the impurities are principally in a surface layer
which can be etched with high selectivity. The increase in
oxygen and carbon in Fig. 2(b) is thought due to the poor
vacuum used, though they are not as abundant in the com
pleted film [Fig. 2(d)]. For this reason the He-air mixture (1
Torrll mTorr) was all we required.

The question remains whether Figs. 2(a)-2(d) are a se
quential process. Since the heats of formation for oxides of
titanium are greater than that for TiSiz,

9 it would be thermo
dynamically unlikely for the silicide to self-clean. This then
would imply that the competition between 0 and Si in reac
tion with Ti favors the former at lower temperatures and the
latter at higher temperatures. But this further implies a sam
ple heated to obtain high resistance ratio could not subse
quently be formed into TiSiz. This was disproven when a
high resistance sample (previously treated at 150 mA for 30
s) was subsequently heated using 250 mA of electron beam
current for 30 s and indeed the resistance ratio dropped to
0.1. In light of this result we conclude the silicide self-cleans
via advancement of underlying Si.

In summary, we have achieved the formation of titan
ium disilicide films via wide-area electron beam alloying of
Ti on Si. These films formed by interdiffusion of Ti and Si

exhibited an increase in resistance due to oxygen incorpora
tion and bonding as oxides of titanium. However, when
proper temperature-time cycling occurs, the oxygen impuri
ties are swept entirely to the surface by the advancing silicon
and an intermetallic-semiconductor interface of improved
cleanliness is achieved. The wide-area electron beam used in
this study is easily scaled to process samples 10em or more in
diameter at unfocused power densities of up to 90 W/cm. z
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Amorphous silicon staggered-electrode thin-film transistors (TFT's) can show current crowding
near the origin in the output characteristics. The degree of current crowding is governed by the
voltage dependence of the current flowing from the n + contact to the conducting channel. This
current is a space-charge-limited current whose magnitude depends on the bulk density of states
in the undoped intrinsic layer. For a 0.5-Jlm-thick i layer, calculations predict negligible current
crowding for N(E) < 1016 cm ":' eV- I

, but severe current crowding for N(E) > 3x 1016

cm ":' eV- 1
• Experimental results are consistent withN(E lin the range 1016cm- 3 eV- I-2X 1016

cm ":' eV- I
. This is lower than the value derived from the transfer characteristic of the TFT

(_1017 cm -3 eV- 1
), which is evidence for an inhomogeneous distribution of deep gap states

through the 0.5-Jlm film ofa-Si:H.

There is considerable interest in the use of amorphous
silicon thin-film transistors (TFT's) for matrix addressing
large area liquid crystal displays, and prototype TFT ad
dressed liquid crystal display panels have recently been dem
onstrated.V The TFT characteristics required depend on

the detailed specification of the display (TV, alpha-numeric,
size, resolution, etc.). However, it is generally desirable for
them to show good switching ratio and high "on current" at
modest switching voltages.

It is also important that an adequate "on current" is
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