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Compositional effect on the dielectric properties of high-k titanium silicate
thin films deposited by means of a cosputtering process

D. Brassard, D. K. Sarkar, and M. A. El Kh@kania)
Institut National de la Recherche Scientifique INRS-Energie, Matériaux et Télécommunications, 1650,
Boulevard Lionel-Boulet, C.P. 1020, Varennes, Québec J3X 1S2, Canada

L. Ouellet
DALSA Semiconductor, 18, Boulevard de I’Aéroport, Bromont, Québec J2L 1S7, Canada

(Received 19 August 2005; accepted 31 January 2006; published 4 May 2006)

We report on the successful growth of high dielectric constant (high-k) titanium silicate Ti,Si,_,O,
thin films of various compositions (0<x=< 1) at room temperature from the cosputtering of SiO,
and TiO, targets. The developed process is shown to offer the latitude required to achieve not only
a precise control of the film composition but an excellent morphology (i.e., dense films with low
roughness) as well. The Fourier transform infrared and x-ray photoelectron spectroscopy
characterizations have evidenced the presence of Ti—O-Si type of atomic environments, which is the
fingerprint of the titanium silicate phase. The titanium silicate films are found to exhibit excellent
dielectric properties with very low dielectric losses [tan(8) <0.02] regardless of their composition.
The dielectric constant of the films is found to increase with their TiO, content from 4 (for pure
SiO, films) to 45 (for TiO,). On the other hand, increasing the TiO, content of the films is also
shown to degrade significantly their leakage current. Nevertheless, titanium silicate films with
almost equiatomic composition (x~0.45) are found to exhibit an excellent trade-off between a high-
k value (~18) and low leakage current (~5X 10~ A/cm? at 1 MV/cm). Finally, the compositional
dependence of the dielectric properties of the Ti,Si;_,O, films is discussed in terms of bonding

states and optical band gap. © 2006 American Vacuum Society. [DOL: 10.1116/1.2180267]

I. INTRODUCTION

The aggressive scaling trend of the microelectronic de-
vices and the development of advanced analog and radio-
frequency (rf) integrated circuit applications trigger a tre-
mendous demand for the development and the integration of
suitable high dielectric constant (high-k) materials.'™* For ex-
ample, the traditional SiO, and SiON gate dielectrics of
metal-oxide-semiconductor field effect transistors (MOS-
FETs) are now reaching a thickness regime (~1 nm) where
fundamental issues such as high tunneling leakage current
and boron diffusion appear.l’2 Thus, high-k materials emerge
as a mean to reach the high capacitance density required for
the transistors operation with physically thicker gate dielec-
trics. On the other hand, advanced analog and rf circuit ap-
plications create a pressing need for the development of in-
tegrated metal-insulator-metal (MIM) capacitors with higher
capacitance density, low leakage current, and good voltage
1inearity.3’4 High-k materials are thus seen as an alternative
way to reach the aggressive electrical performances required
for MIM applications.

It is a fact that, despite the important worldwide research
effort over the last years, the development of high-k materi-
als that fulfill the highly aggressive criteria required for their
successful integration remains a challenging task.' Indeed,
even if numerous high-k materials including transition metal
oxides [such as TiO, (k~75),> ZrO, (k~20).° and HfO,

¥ Author to whom correspondence should be addressed; electronic mail:
elkhakani @emt.inrs.ca
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(k~15-20) (Refs. 4 and 7)] were considered, the replace-
ment of the traditional SiO, (k=3.9) insulator still poses sub-
stantial problems. For example, the task of finding the appro-
priate high-k dielectric is complicated by process related
limitations such as the low thermal budget required for back-
end integration of MIM devices." Processes must thus be
developed to enable the growth of high quality dielectrics at
low deposition temperatures. In addition, high-k dielectrics
generally have a smaller band gap compared to SiO, and
thus show higher leakage currents and lower breakdown
fields. Nevertheless, among the various high-k dielectrics,
metal silicates (i.e., mixtures of SiO, with a metal oxide)
have been identified as promising dielectric candidates as
they offer the interesting possibility to combine the advan-
tages from both SiO, (low leakage current and high break-
down field) and metal oxides (i.e., high k).25713 Metal sili-
cates also generally have a larger band gap compared to their
metal oxide counterpartz’l4 and they exhibit a better thermal
stability against crystallization.z’13 However, materials from
this group have lower dielectric constant than metal oxides
and most of the silicates such as Hf;, sSi, 50, and Zr, 5Sij 50,
are thus limited to a k in the 10-15 range.2’13’15 Titanium
silicates (also referred to as TiO,/SiO, mixed oxides) appear
as a very interesting candidate as they can exhibit higher
dielectric constants (k>20 can be achieved for
TiO_SSiOISOz),S_” without suffering from the weaknesses of
the metal oxides. In this context, only very few works have
been reported so far on the electrical properties of titanium

©2006 American Vacuum Society 600
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silicate thin films, and a complete understanding of the rela-
tionship between their composition, microstructure, and elec-
trical properties is still to be established.

In this article, we report on the development of a room-
temperature cosputtering process for the growth of high-k
titanium silicate Ti,Si;_,O, thin films of various composi-
tions (0=<x=<1). We present a systematic investigation of the
effect of the composition on the morphological, microstruc-
tural, optical, and dielectric properties of the films. Our re-
sults demonstrate that by controlling the film composition, it
is possible to achieve Ti,Si;_,O, films that exhibit not only a
high-k value but low leakage current density as well. The
composition dependence of the dielectric properties of the
films is additionally shown to correlate well with the varia-
tion of their optical band gap and bonding states.

Il. EXPERIMENT

The Ti,Si;_,0, films were sputter deposited from the con-
comitant cosputtering of a pressed-powder TiO, target
(99.9% purity) and a fused SiO, target (99.95% purity) using
a multicathode rf-magnetron sputtering system. The compo-
sition of the films (i.e., x, which also refers to the TiO,
content of the films; both terms may be used indifferently
throughout this article) was controlled by independently
varying the power (P) applied on the 3-in.-diam targets in
the 0—250 W range. The system base pressure was of about
of 2X 1078 Torr. During deposition, high-purity Ar and O,
gases were introduced in the chamber and their relative flow
rates were monitored to keep a low operating pressure of
1.5 mTorr and a [0,]/([0,]+[Ar]) flow rate ratio of 20%.®
The films were simultaneously deposited on both Si (100)
and Pt-coated Si substrates, and their temperature was kept at
~25 °C during deposition. No postdeposition annealings
were performed.

The chemical composition and bonding states of the films
were systematically investigated using x-ray photoelectron
spectroscopy (XPS) (ESCALAB 220I-XL spectrophotom-
eter, equipped with an Al K, monochromatic source), both
before and after in sifu surface cleaning by means of 5 keV
Ar” ions sputtering. Fourier transform infrared (FTIR) spec-
troscopy absorbance measurements were performed using a
BOMEM-Michelson-100 spectrometer with a bare Si wafer
as reference. The thickness, density, and roughness of the
films were determined from their x-ray reflectivity (XRR)
spectra16 acquired by means of a Philips X pert diffracto-
meter using Cu K, radiation. The optical properties and
thicknesses of the films were characterized in the 1.0-5.5 eV
range with a variable angle spectroscopic ellipsometry using
the J. A. Woollam Co. ellipsometer. The optical constants of
the films (index of refraction n, absorption coefficient, and
optical band gap E,) were obtained by fitting the acquired
spectra with the WVASE32 software using the Caudy-Lorentz
model."*'” The thickness of the films was in the 50—120 nm
range. For the electrical characterizations, the titanium sili-
cate films deposited on Pt-coated Si substrates were inte-
grated into metal-insulator-metal (MIM) capacitors with Al
contacts as top electrodes. The dielectric constant and dissi-
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FiG. 1. Variation of the TiO, content of the cosputtered deposited Ti,Si;_,O,
films as a function of the power applied on the TiO, and the SiO, targets.

pation factor tan(d) of the films were obtained from the com-
plex impedance characterization (acquired from an
HP4192a) of the MIM devices. An HP4145A picoammeter
was used to collect the current-voltage (I-V) characteristics.

lll. RESULTS AND DISCUSSION

Figure 1 shows the effect of the relative power applied on
the TiO, target on the Ti,Si;_,O, film composition (as deter-
mined by XPS). As one would expect, the TiO, content of
the films is seen to increase systematically as the power ap-
plied on the TiO, target is increased. The composition of the
titanium silicate films can thus be precisely controlled over
the entire composition range (i.e., 0<x=<1) with the cosput-
tering technique. The solid line shown in Fig. 1 represents a
model that considers that the deposition rate of each target is
directly proportional to the power applied to it.'"® The best fit
to our experimental data (Fig. 1) indicates that, for a given
power value, the deposition rate (in molecules/s) from the
Si0, target is ~3 times larger than that from the TiO, target.
This relatively large difference in deposition rate (which is
due to a difference in sputtering yields) is likely due to dif-
ferences in both chemical bondings and atomic mass ratios
involved in the sputtering process. In addition, the different
densification levels of the targets (i.e., dense fused silica ver-
sus pressed TiO, powder pellets) may also contribute to the
observed difference in the deposition rates of SiO, and TiO,
films. These results show that by independently controlling
the rf power applied to each of the SiO, and TiO, targets,
one can precisely adjust the film composition (x) of the re-
sulting Ti,Si;_,0O, silicate thin films.

Figure 2(a) shows the O Ls, Si 2p, and Ti 2p core level
XPS spectra of the Ti,Si;_,O, films with various composi-
tions (0<x=<1). The O 1s and Si 2p binding energies are
found to appear, respectively, at 533.0 and 103.4 eV for the
SiO, sputtered films, while the O 1s and Ti 2p;), peak posi-
tions are located at 530.2 and 458.7 eV, respectively, for the
TiO, sputtered films. These binding energies correspond to
the value typically quoted for SiO, and Ti02.19’20 As the
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FiG. 2. Effect of the composition x of the cosputtered Ti,Si;_,O, thin films
on (a) the high-resolution XPS spectra of the O 1s, Si 2p, and Ti 2p core
levels and on (b) the 350—1300 cm™' region of the FTIR absorbance spec-
tra. The inset shows the variation of the Ti—-O-Si peak intensity with the
composition of the films.

TiO, content of the films is increased, the positions of the O
Ls, Si 2p, and Ti 2p core level peaks are clearly seen to shift
continuously towards lower binding energies, in accordance
with peak position reported for silicate films.'”?' These shifts
show that the charge on the O and Si atoms is affected by the
introduction of Ti atoms in their neighborhood and con-
versely that Ti atoms are affected by the presence of nearby
Si in the silicate films. In addition, one can note that the O 1s
spectra appear as a single peak for all the film compositions
(as opposed to the appearance of two distinct peaks that
could reflect the presence of segregated SiO, and TiO,
phases). The latter observations indicate that the sputtered
material from both the SiO, and the TiO, targets was mixed
at the atomic level during the deposition process to form the
silicate phase rather than a mixture of separate phases of
Si0, and TiO,. The O 1s peak is also seen to show signifi-
cantly larger full width at half maximum (FWHM) for the
silicate films having an intermediate composition (2.4 eV for
Tiy4Sip 60, compared to 1.49 and 1.23 eV for SiO, and
TiO,, respectively), thus confirming the concomitant pres-
ence of different environments (such as of Ti—-O-Ti, Si—O-
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FiG. 3. Density of the cosputtered Ti,Si;_,O, thin films, as determined from
XRR measurements, as a function of their composition. Literature density
values for thermal SiO, (Ref. 24) and anatase TiO, are also shown on the
graph. The inset shows a typical XRR curve for a cosputtered Tig 755150,
film deposited on Si with its corresponding simulated spectrum.

Si, and Si—O-Ti) around the oxygen atoms in the silicate
films. Finally regardless of the film composition (0<x<1),
no metallic bondings (such as Ti-Si, Si-Si, or Ti-Ti) were
detected in the spectra. Moreover, the [O]/([Si]+[Ti]) oxy-
gen ratio of the films was of about 2.0, thus providing evi-
dence of the formation of completely oxidized films.

The FTIR characterization of the silicate films has permit-
ted to gain more insights on their bonding states. Figure 2(b)
reveals the presence of an absorption band at 920—950 cm™'
which is due to the presence of Ti—-O-Si bondingszo’22 (that is
the fingerprint of the titanium silicate phase). In addition,
several other absorption bands are seen in the spectra, indi-
cating thereby the presence of some Si—O-Si environments
(for which peaks are observed at 1100, 1060, 800, and
450 cm‘l)22 in the silicate films. In addition, the broad ab-
sorption peak (between 400 and ~800 cm™') observed for
the TiO,-rich films is characteristic of Ti—~O-Ti type of bond-
ing in amorphous Ti02.23 By deconvoluting the various
above-cited absorption bands (as previously detailed in Refs.
11 and 12), we were able to extract the intensity of the Ti—
O-Si band as a function of the film composition, as shown in
the inset of Fig. 2(b). Indeed, it is seen that the Ti-O-Si band
intensity versus film composition curve presents a parabolic-
like dependence with a maximum located around intermedi-
ate x values (x~0.5). Such a behavior is indicative of a
random mixture of Ti, Si, and O atoms in the silicates films,
as it has been discussed in Ref. 22.

Figure 3 shows the variation of the density of the
Ti,Si;_,O, films as a function of their composition, as deter-
mined from XRR measurements. The density of the films is
found to increase systematically as their TiO, content is in-
creased, with a very slight deviation from linearity. Interest-
ingly, the measured densities for both sputtered SiO, and
TiO, films (i.e., 2.20 and 3.84 g/cm?, respectively) are very
comparable with values typically quoted for thermal SiO,
and anatase TiO, [2.28 g/cm® (Ref. 24) and 3.91 g/cm?, re-
spectively]. The density of titanium silicate films at interme-
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FIG. 4. Refractive index (at 550 nm wavelength) and optical band gap varia-
tions with the composition of the cosputtered Ti,Si;_,O, thin films.

diate compositions (x~0.45) is found to be of 2.85 g/cm>.
On the other hand, the roughness of the silicate films, de-
rived from the analysis of the XRR measurements,16 is found
to be very low (~1 nm). Thus, the XRR characterization
confirms that titanium silicate thin films with excellent mor-
phological characteristics can be grown from the developed
cosputtering process.

Figure 4 shows the variation of the optical properties of
the films, obtained from ellipsometry measurements, as a
function of their composition. The index of refraction at
550 nm is seen to vary from 1.47 for SiO, to 2.47 for TiO,,
in agreement with the literature values.” The index of refrac-
tion is found to increase almost linearly with the TiO, con-
tent of the films in a similar way to the film density variation
(see Fig. 3). [In fact, a very good linear correlation is ob-
tained in a cross plot of the density of the films with their
refractive index (not shown here).] Similar variations of the
refractive index with composition have been reported for
TiO,-SiO, composite films.”** In contrast, the optical band
gap of the titanium silicate films shows a rather different
variation with the composition (Fig. 4). Indeed, for the SiO,
films, no absorption was observed in the measured energy
range, thus indicating that their band gap is larger than
5.5 eV (in accordance with the reference value of 9.0 eV for
SiOz).2 On the other hand, as soon as some TiO, is incorpo-
rated in the films, their optical bad gap is found to decrease
very rapidly to a value of 4.2 eV. As the TiO, content of the
Ti,Si;_,O, films is further increased, their band gap contin-
ues to decrease to reach a value of ~3.65 for x~0.45. For
higher TiO, content, the band gap continues to diminish but
at a more slower rate to reach a value of ~3.3 eV for the
TiO, films, in agreement with the values reported in the
literature.>*” Somewhat similar variations of the band gap
with composition were also reported for phase separated
Ti0,/Si0, thin films.?>?® In these latter cases, the increase
of the band gap compared to TiO, was generally interpreted
by considering a quantum-size effect caused by the variation
of the size of the segregated TiO, nanoparticles in the
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and dissipation factor vs frequency curves (in the case of Tig75Sij 250, film).

films.2*¢ However, as our cosputtered titanium silicate films
appear to consist of a random mixture of Ti, Si, and O atoms
with no evidence of the presence of any segregated TiO,
phase (see Fig. 2 and associated discussion), our results
rather suggest that the introduction of Ti atoms in the SiO,
network creates states within the SiO, band gap and thus
absorption at much lower photon energies.

The effect of the composition on the dielectric constant k
(measured at 1 MHz) of the titanium silicate films is shown
in Fig. 5. The dielectric properties of the films were mea-
sured in the 100 Hz—10 MHz frequency range (a typical
measurement is shown in the inset of Fig. 5). Regardless of
the film composition (0<x<1), the Ti,Si,_,O, films were
found to exhibit very low dispersion of the dielectric con-
stant together with very low dissipation factors [tan(d)
<0.02] over the entire frequency range investigated (as il-
lustrated in the inset of Fig. 5). This demonstrates that the
cosputtered titanium silicate films possess excellent dielec-
tric properties over all the composition range. In addition,
their dielectric constant is found to increase systematically as
their TiO, proportion is increased. Indeed, k value increases
from ~7 for the titanium silicate films containing ~10 at. %
TiO, to ~28 for films containing ~75 at. % TiO,. The equi-
atomic Tig 551y 50, films exhibit a k value of ~18. This value
is found to be very comparable to theoretical predictions for
titanium  silicate.”’ On the other hand, higher k values
(~20-35) were reported in the literature for Tigs5Sip 5O,
films.* " This small difference is thought to be due to the
rather low deposition temperature (~25 °C) used in the
present cosputtering process (in comparison with typical
postdeposition annealing and deposition temperatures in the
300-800 °C range.gfll Such a low deposition temperature is
expected to lead to a more disordered amorphous microstruc-
ture which, in turn, might lower the dielectric constant of the
films in comparison with their more ordered or ultimately
crystalline counterparts.9 Nevertheless, it is worth noting that
a k value of ~18 for Ti, 5Si; 50, is definitely higher than the
values obtained for other silicate films (e.g., k is in the 9—14
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range for Hf,,5Si;s0, and 12.6 for Zro_SSinOZ).Z’IO On the
other hand, one can note that the observed k versus compo-
sition relationship shows a downward bowing with a slow
increase of the dielectric constant until the TiO, proportion
reaches ~40%, followed by a rapid increase at higher TiO,
contents. This tendency suggests that the increased polariz-
ability brought by the presence of Ti atoms depends strongly
on their surrounding environment in the silicate films. In-
deed, the very high dielectric constant shown by TiO, is well
known to arise from large displacements of the sixfold coor-
dinated Ti ions in the TiOg octahedral complex when an
electric field is applied (this mechanism is referred to as soft
phonons or the pseudo-Jahn-Teller—effect).2 However, in the
titanium silicate films with low TiO, concentrations, the Ti
atoms are predominantly fourfold coordinated® since they
are inserted into the SiO, tetrahedral network to create Ti—
O-Si bondings (as seen in our FTIR measurements [Fig.
2(b)]). Thus, the rather small increase of the dielectric con-
stant for the silicate films with low Ti concentrations sug-
gests that the polarizability of the Ti ions inserted in Ti—O-Si
environments is much smaller than that of the Ti atoms in an
octahedral complex. On the other hand, when the TiO, con-
tent of the films is increased, the environment around the Ti
atoms gradually evolves toward an octahedral coordina-
tion,%" as seen from the predominant presence of the Ti—-O-Ti
broad feature in their FTIR spectra [Fig. 2(b)], thereby
explaining the rapid increase of k observed at high TiO,
contents.

Figure 6 shows the leakage current density versus electric
field characteristics for the Ti,Si;_,O, based MIM capacitors
as a function of the TiO, content of the films. In addition, the
variation of the soft breakdown field (defined as the electric
field required to reach a leakage current density of
107 A/cm?; see the dashed line in Fig. 6) as a function of
the composition of the films is shown in the inset of Fig. 6.
As expected, the SiO, films are found to show the lowest
leakage current of the group, with the highest soft break-
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down field (~4.5 MV/cm). Nevertheless, one should note
that the sputtered SiO, films exhibit a leakage current density
higher than that of plasma-enhanced chemical-vapor deposi-
tion (PECVD)-grown and postannealed SiO, MIM
capacitors.28 This difference is thought to be due to a reduced
density of active defects in the PECVD SiO, films, as a
consequence of their subjection to a postdeposition forming
gas annealing treatment at 420 °C. In addition, the leakage
current is clearly seen to rise markedly as the TiO, content of
the films is increased and, conversely, their soft breakdown
field is found to drop rapidly, reaching a value of
~0.3 MV/cm for the room-temperature sputtered TiO,
films. This strong variation of the leakage current and break-
down field of the Ti,Si;_,O, films can be well correlated
with the variation of their optical band gap (see Fig. 4). A
reduction of the band gap definitely reduces the effective
barrier against the injection of charges inside the dielectric
and consequently leads to a deterioration of its insulating
properties.

At this point, one can note that the dielectric constant and
the leakage current of titanium silicates films vary in oppo-
site ways with the increase of TiO, content (see Figs. 5 and
6). As a consequence, a trade-off should be made between a
high-k value and a low leakage current. Thus, x ~0.45 arises
as the composition that yields Ti, Si;_,O, films exhibiting an
excellent combination of electrical properties [i.e., k~18,
tan(8)~0.01, and leakage current density of 5X 107/
A/cm? at 1 MV/cm]. Finally, once the film composition is
optimized, one may wonder to improve further the electrical
properties of the Tij 5Siy 5O, films by either depositing them
at higher temperature or subjecting them to an appropriate
postdeposition annealing treatment. The optimal thermal
treatment should passivate the active defects (resulting from
the room-temperature deposition) without initiating any
phase precipitation in the films.

IV. CONCLUSION

Titanium silicate thin films have been successfully depos-
ited from the concomitant sputtering of both SiO, and TiO,
targets. The room-temperature deposition process developed
here has enabled the deposition of dense and smooth
Ti,Si;_,0, films over the entire composition range (i.e., from
SiO, to TiO,). The XPS and FTIR characterizations of the
bonding states of the films have provided evidence that the
titanium silicate films consist of a random mixture of TiO,
and SiO, without the presence of segregated TiO, and/or
SiO, phases. Both the dielectric and optical properties of the
Ti,Si;_,O, films are shown to be highly sensitive to their
composition. Indeed, we found that the films from the
Ti,Si;_,O, system not only show good dielectric properties
[tan(8) <0.02 and a very low dispersion] but also offer the
latitude to control the dielectric constant from 4 up to 45
depending on their TiO, content. On the other hand, the op-
tical band gap is found to decrease markedly as the TiO,
content of the silicate films is increased. This variation is
found to correlate well with the observed increase of the
leakage current for TiO,-rich films. Finally, by achieving a
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systematic investigation of the Ti,Si;_,O, films over the en-
tire composition range, we were able not only to better un-
derstand the effect of Ti local environments on their polariz-
ability but also to pinpoint the film composition that exhibits
the best trade-off between high-k value and low leakage cur-
rent density.
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