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Tuning the electrical resistivity of pulsed laser deposited TiSiO x thin films
from highly insulating to conductive behaviors

D. Brassard, D. K. Sarkar, and M. A. El Kha,kania)
Institut National de la Recherche Scientifique, INR®gie, Mateiaux et Téécommunications, 1650,
Boulevard Lionel-Boulet, C.P. 1020, Varennes, QeeJ3X 1S2, Canada

L. Ouellet
DALSA Semiconductor, 18, Boulevard de’fégort, Bromont, Queec J2L 1S7, Canada

(Received 8 September 2003; accepted 26 January 2004)

We report on the successful growth of amorphous TjSildn films by means of pulsed-laser
ablation of a TiQ/SiO, composite target in a high-vacuum chamber. The room-temperature
resistivity of the TiSiQ films is found to decrease by more than 6 orders of magnituesg from
~2x10% to 10 2 2 cm) when their substrate deposition temperatirg (s increased from 20 to

600 °C. On the other hand, by subjecting these films to a post-deposition annealing at 600 °C in
oxygen atmosphere, they become highly insulating with a resistivity level as high as 2
X 10'° Q cm, regardless of th&, value. The presence of conductive titanium silicide and titanium
sub-oxide local phases in the as-deposited T|Silths, as revealed by photoelectron spectroscopy
analyses, appears to be the cause of the observed tremendous change in the film resistivity. In
particular, it is shown that the resistivity of the TiSi@lms is strongly correlated with their oxygen
content. ©2004 American Institute of Physic§DOI: 10.1063/1.1688999]

Materials belonging to the Ti—Si—O ternary system arephous TiSiQ thin films by laser ablation from a TiJSIO,
well known to have attractive properties for microelectroniccomposite target in high vacuum at various substrate deposi-
as well as photonic applications. For instance, the nontion temperaturesTy). The electrical as well as structural
oxygenated phase of titanium and silicre., titanium sili-  properties of these pulsed laser deposifidD) TiSiO, films
cide (TiSp)] has been widely used in advanced integratechave been investigated as a functionTof. The effect of
circuit metallization for self-aligned processes technolbgy. post-annealing the TiSiOfilms in oxygen atmosphere on
For the latter purpose, TiSis one of the most attractive theijr room-temperature resistivity is also presented. The pro-
materials among the transition metal silicides because of itgess thus developed permits the production of TjSi@n
low resistivity and high thermal stability. On the other hand, fijms with electrical resistivities ranging from highly insulat-
the completely oxygenated phase of the Ti-Si—O systen;hg to fairly conductive.
[i.e., titanium silicate (TiSiQ)], is a dielectric material The TiSiQ, thin films were deposited from the pulsed

which can be seen as a r'lomoger)eous'molecular m[xture ?:;ser ablation of an equi-atomic TJ@SiO, composite target
the two highly resistive Si@and TiO, oxides. In addition, (99.9% purity)using a KrF excimer lasem(= 248 nm and

mixing high-kmetal oxides with a glassy material like SiO 15 ns pulse durationat a laser fluence of-2 Jicn?. The
is known to lead generally to the formation of amorphous .

- Y I~ . ! target—substrate distance was set at 6.5 cm. The Tii®
metal silicate films:* Titanium silicate films were at first . . .

. . . films were deposited on conventionally cleaned (800),
synthesized by means of sol-gel processing basically for pla- itz and platinum ted-Si substrat nder hamber
nar optical applications such as antireflective coafiraysd quartz and praiinum-coate substrates, tnder a chambe

5 ) .
passivé or active waveguideSTheir growth by other meth- presosure of l(_) Torr, at VanOUSTd_ ranging from 20 to_
ods including chemical vapor depositibfisputtering'® and 600 °C. The thickness of the deposited films was determined

pulsed-laser depositiofPLD)! is rather recent. These stud- to be of ~200 nm. Post-deposition annealings of the films
ies have shown in particular that titanium silicate thin filmsWere performed in a quartz tube furnace at a temperature of

exhibit not only a high dielectric constak) but also good 600 °C in oxygen for 30 min. The resistivity of the deposited
breakdown strengtfi.** This unusual combination of dielec- films was determined at room temperature either from four-
tric properties makes titanium silicate thin films highly at- POint-probe measurements or from the low field Ohmic con-
tractive for the development of the next generation of subduction region ofi —V curves of Pt/TiSiQ/Pt capacitor de-
micron complementary metal—oxide—semiconductorvices. The chemical bonding states and composition of the
devices. While the properties of the two extreme cases of theamples were systematically investigated by means of Fou-
Ti—Si—O system, namely TiSiand TiSiQ,, are quite well rier transform infraredFTIR) and x-ray photoelectron spec-
documented, those of partially oxygenated Ti—Si—O com+roscopies(XPS). The XPS spectra were collected by using
pounds(i.e., TiSiQ)) are still to be investigated. the ESCALAB 220I-XL spectrophotometer, equipped with
In this letter we report on the successful growth of amor-an Al Ka (1486.6 eV)monochromatic source, after a sys-
tematicin situ surface cleaning by means of 5 keVAions

@Author to whom correspondence should be addressed, electronic maiﬁpu_tter_ing' The x-ray diﬁraCtiO(‘XR_D) analyses, at a glanc-
elkhakan@inrs-emt.uquebec.ca ing incident angle of 1°, have confirmed the amorphous char-

0003-6951/2004/84(13)/2304/3/$22.00 2304 © 2004 American Institute of Physics
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FIG. 1. Variation of the room-temperature resistivity of the as-deposited
PLD TiSiQy thin films as a function of their substrate deposition temperature
(closed circles The resistivity of these films after their post-thermal anneal-
ing is also showr{open circles). Dashed lines are meant only as a guide.

acter of the PLD TiSiQ films regardless of theiffy and
post-annealing treatment.

Figure 1 shows the room-temperature resistivity of the
PLD TiSiQ, films deposited al 4 ranging from 20 to 600 °C
before and after annealing. For the as-deposited Ti8ids,
it is seen that the resistivity considerably diminishes whgn
is increased from 20 to 600 °C. Indeed, it changes by more
than six orders of magnitude from 1.8€" Q cm (at Tq N
=20°C) to 1.2X10 2 Q cm (at T4=600°C). One should [ ! L ! PN
note that, while the resistivity of the TiSjCfilms remains 475 470 465 460 455 450 445
nearly constant betweehy=20 and 150 °C, the drastic re- Binding Energy (eV)
sistivity drop is found to occur arounty=300°C. More- FIG. 2. (a) High resolution XPS spectra of,Q, Siy,, and Tp, core levels

over, all the resistivity values of the as-deposited TiSIiO of the PLD TiSiQ, thin films as a function of their deposition temperature.
films (more particularly forT,=450°C) are surprisingly The corresponding XPS spectra of the annealed films are also inclijed;

low, given that the starting target material is composed ofypical deco_nvolution _of the Tig phi)toeleoctron spectréthe spectrum
two highly resistive oxidesi.e., SiO, and TiO,). Resistivity shown here is for the films grown a=300°C).
values as low as 1.23%0 2 () cm (obtained aff 4=600 °C)
are much more characteristic of a conductor rather than ami—O-Sitype of bondingginstead of Ti—O and Si—O seg-
insulator. On the other hand, Fig. 1 shows that the electricalegated environments), which characterize the Ti—Si—O sili-
resistivity of the TiSiQ films is drastically affected by the cate phase. The formation of the silicate phase is also con-
post-deposition annealing treatment. Indeed, all the annealdtmed by the FTIR spectrénot presented heref the PLD
films were found to exhibit nearly the same high resistivity TiSiO, films that have systematically shown the presence of
level of 2x 10'° 2 cm, regardless of their initial 4. Thus, the absorption band corresponding to the @i-Ti stretching
the annealing treatment transforms the TiSi@n films into  vibrations centered at a wave number of 940 &7 On the
a highly insulating material, showing that the electrical resis-other hand, the $} and T, XPS peaks were found to con-
tivity of such films can be changed by up to 12 orders ofsist of more than one component, suggesting thereby the
magnitude(for the films deposited af 4= 600 °C). presence of different local environments of either Si or Ti
XPS and FTIR analyses have been performed on thatoms in the films. Indeed, the middle panel of Figa)2
TiSiO, films in an attempt to pinpoint the microstructural shows two distinct peaks of Siat binding energies of 102.5
changes that would explain such a large resistivity variatiorand at 98.6 eV. While the peak at 102.5 eV is characteristic
as a function ofT4 and/or post-annealing treatment. Figure of the titanium silicate phase, the peak at 98.6 eV indicates
2(a)shows the Si,, Ti,,, and Qg core level XPS spectra of the presence of Si—Ti metallic bonds in the films, as those
the PLD TiSiQ, films as a function of theil 4 and after their  typically encountered in the titanium silicide ph&sé:!
annealing. The @ spectra of both as-deposited and anneale@®ne should note that, &, is increased from 20 to 600 °C,
TiSiO, films show only a single peak of which positigire.,  the “silicide” part of the Sp, XPS spectra remarkably in-
531.3 eV)is found to occur between the binding energy val-creases to the detriment of the silicate p@us., SFO-Ti
ues of Qg into SIO, and TiO, materials(i.e., 532.6 and bondings)(The ratio of the peak area of the “silicide” to the
529.7 eV, respectively? This indicates that the TiJSIO,  silicate components increases from 0.1 to 1.0 whgnis
constituent phases of the target were molecularly mixed durraised from 20 to 600 °C Finally, after annealing, the i
ing the film growth process giving rise to the formation of peak is clearly seen to consist ohly the fully oxidized
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10"? = r r r r revealed by XPS. The increasing presence of silicide and
[ ] Ti—sub-oxide phase$which are known to be conductive
with resistivities of 750 cm for TiSi,! and 102 and 2
X 10~* Q cm for Ti,O; and TiO, respectivelyf!’is thought
to be the basic cause of the lowering of the resistivity of the
TiSIO, films as theifT is raised. After annealing, a complete
oxidation is achieved and insulating TiSiGilms are ob-
tained.
In conclusion, the pulsed laser deposition technique has
been successfully used to deposit Tigthin films with elec-
. . . . ] trical resistivities that can be controlled over the
12 14 16 18 20 (10*~102) Q cm range by choosing & in the (20—600)
[OV([Si]+[Ti]) atomic ratio °C range. This large variation of the TiSi@Ims resistivity
FIG. 3. Cross plot of the room-temperature resistivity of PLD TiSiins IS b.e“eved .tO be due to therma"y induced oxygen deplgtlon
as a function of their oxygen content, as determined from XPS measurec-jurlng the film growth which, in turn, leads to the formation
ments. of silicide and Ti—sub-oxide bondings. Postannealing of the
TiSiO, films under Q is shown to result in the formation of
) . o completely oxidized, and consequently highly insulating
Si-O-Ti silicate componenfthe Si-Ti silicide peak has rigio, phase. These results clearly demonstrate the crucial
completely disappeared; see Figal. This is very consis- s hiaved by oxygen incorporation into the TiSi@ms in
ten'.[ with th? highly insulating beh.aV|or of the fllms.after determining their electrical resistivity. In particular, it has
their annealing under O The analysis of the 3}, peak[Fig. been shown that the resistivity of the films, over a range as

2(a)]gives some further insights into the chemical bondingSiqe as 12 orders of magnitude, is strongly correlated to
of the TiSiQ, films. Indeed, the T}, peak deconvolution
[Fig. 2(b)] not only confirms the presence of the silicate
(Ti**) and silicide (T"@"9 bonding states into the films This work was financially supported by MICRONET
but also reveals the presence of Titype of local environ-  (the Network of Centers of Excellence on Microelectronic
ments (as those forming titanium sub-oxigdé Both the  Devices, Circuits and Systems for UDSthe Natural Sci-
“sub-oxide” (i.e., TF") and “silicide” components of the ence and Engineering Research CounNSERC) of
Ti,, peaks were found to increase wil to the detriment of  Canada, and DALSA Semiconductor.
the silicate one, which is the only phase present after anneal-
ing [see Fig. 2(a)—top of the right panel].
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