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Light-Induced CVD of Titanium Dioxide Thin Films II:
Thin Film Crystallinity**

By Estelle Halary-Wagner, Frank R. Wagner, Arnaud Brioude, Jacques Mugnier, and Patrik Hoffmann*

Titanium dioxide thin films are obtained by CVD on low temperature (60210 °C) substrates using perpendicular irradiation
from a long pulse XeCl excimer laser (308 nm). The precursor, fetra-isopropoxide titanium, is used in an oxygen-containing
atmosphere with a total pressure of 10 mbar in the chamber. X-ray photoelectron spectroscopy (XPS) analyses show that the
chemical composition of the film, independent of the deposition parameters, is TiO, with some additional surface carbon
contamination. Depending on deposition parameters, the film crystallinity varies between amorphous, anatase, and rutile.
Numerical temperature simulations and sample characterization show that the crystalline state of the deposited material evolves
from amorphous to anatase to rutile with an increase in the laser-induced temperature. Additionally, substrate temperature and
laser repetition rate strongly influence the phase-transition behavior.
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1. Introduction

Light-induced (LI) CVD uses photon irradiation to
promote or activate a CVD reaction. The use of excimer
lasers (powerful UV pulsed-light sources) perpendicularly
irradiating the substrate was shown to be a promising
technique for growing a large number of oxides at low
substrate temperature (see references in E. Halary-Wagner
et all). The UV photons can activate the deposition
reaction in various ways:[2’3]

e Photolytically, when light absorption by the precursor
induces an electronic transition excitation leading to the
precursor dissociation by internal energy relaxation.

e Pyrolytically, when light absorption in the substrate (or in
the film) activates a thermal decomposition of the
precursor.

o Photocatalytically, when light absorption in the substrate
(or in the film) induces electronic transitions generating
electrons and holes responsible for redox reactions of
adsorbed precursor molecules on the surface.
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We focus here on TiO, deposition from titanium tetra-
isopropoxide (TTIP) in an oxygen-containing atmosphere
induced by irradiation using a long pulse (250 ns) XeCl
excimer laser (308 nm). In this system, the deposition was
shown to be induced photolytically with an Arrhenius
dependence on the substrate temperature.!l In addition to
the activation of the chemical reaction leading to the
deposition, the excimer laser photons interact photo-
chemically or thermally with the substrate or the already
deposited oxide film. Other processes, such as TiO; crystal-
lization under irradiation (sol-gel**! or amorphous gas
phase deposited films!®!) or oxide ablation (for instance, ITO
electrode structuration”), benefit from these interactions.

Although LICVD is usually considered as a low temper-
ature technique, due to the low substrate temperature,
excimer laser irradiation of oxide films (which normally
absorb light at excimer wavelengths) induces a temperature
rise during very short time periods, as shown by laser-
induced temperature rise simulations.®! In the present work,
anumerical approach was used to estimate the laser-induced
temperature rise of the film in the experimental deposition
conditions used, and laser-induced temperatures up to
1400 °C were found.

Titanium dioxide, which has been studied in this work, is a
widely used material. Using CVD methods, amorphous
material is usually deposited at low substrate temperature,
while crystalline phases, mainly anatase and rutile, are
successively obtained with increasing substrate tempera-
ture.l”) Depending on the target application, one crystalline
form may be preferable for instance, amorphous films are
required for optical coatings,[lol while anatase layers are
preferred for photochemically active layers,[“] and rutile
ones are investigated for micro-electronic coatings,'? so it is
advantageous to be able to selectively deposit each phase.
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Using our LICVD set-up, the variation from rutile to anatase
in the crystalline state of the deposited film, induced by
increasing the substrate temperature while irradiating at a
low fluence of 150 mJ cm™, had already been demonstrated
in 2000."* More recently, Watanabe et al.' showed that the
crystalline phase of TiO, films deposited by LICVD was
dependent on substrate temperature, laser repetition rate,
and TTIP input, indicating the possible selectivity between
anatase and rutile. Under conditions similar to our set-up,
films were deposited from TTIP and oxygen, but using a
short pulse (20 ns) KrF laser (248 nm). Several other
techniques (for instance, liquid phase deposition!™) also
enable the selective deposition, at low temperature, of one
TiO, crystalline state by varying the process parameters.
LICVD however provides the additional advantages of
selective area deposition,m and precise control of the
deposited thickness."!

The TiO, crystallization processes are inherently complex
and not yet completely understood. In particular, the
crystallization may depend on many parameters, such as
precursor type, deposition chemistry, substrate type, kinetics,
etc., influencing the nucleation process. In this work, we will
show that the crystalline state of the material deposited by
LICVD is mainly dependent upon two things; i) the laser-
induced temperature rise, which depends on laser fluence,
film thickness, and substrate nature which induces an
annealing-like modification of the crystalline state, and
ii) a nucleation process which depends on substrate temper-
ature and laser repetition rate.

2. Results

2.1. Chemical Composition

150 nm thick films were deposited on glass at various
substrate temperatures (60°C, 135°C, and 210°C) and
various laser fluences (100 mJ em™, 200 mJem™, and
400 mJcm™). These nine films were analyzed by XPS.
Measurements were carried out on both as-deposited
samples, and those subjected to 1 min sputtering to remove
the surface contamination layer. There was no evidence of
any influence, either of the substrate temperature or the laser
fluence, on the chemical composition of the deposit. Typical
spectra are presented in Figure 1 for both the as-deposited
samples and those receiving the sputtering treatment.

On the as-deposited samples, the Ti,, region (Fig. 1a)
exhibits a doublet at the expected energies for TiO,
(4582+03 eV for Tiy,,, and 464103 eV for Tiy, ).""!
After sputtering, these peaks are highly broadened, exhibit-
ing large shoulders between 452 eV and 458 eV which are
typical of the TiO, reduction effect under ion bombard-
ment.l'”!

On the as-deposited samples, the Oy, region (Fig. 1b)
exhibits a peak at 529.7+ 0.8 eV which is the correct position
for TiO,."! An important shoulder at higher binding
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Fig. 1. XPS measurements of a selected sample deposited on glass (150 nm
thick TiO film); on the as-deposited sample (black); and after ion sputtering
(gray). a) Tiop, b) O and c) Cy spectra.

energies, which is usually attributed to adsorbed contamina-
tion such as OH, H,O, O,, or CO groups[”’ls] is also
observed. After sputtering, this shoulder is greatly reduced.

The C;, region (Fig. 1c) exhibits a broad peak at 285 eV
which disappears in the measurement noise after sputtering.

Chemical composition of the films is evaluated by
integrating the XPS peak areas. For the as-deposited
samples, the Ti, O, and C atomic concentrations are,
respectively, 12.6£2.8 %, 47.846.9%, and 39.6+£7.6 %.
After 1 min of sputtering, the chemical composition be-
comes 34.41+3.2% and 65.4+3.2 % for Ti and O, respectively.

2.2. Crystallinity

Deposits were produced under a large number of
experimental conditions and, for each, the crystallinity was
evaluated. In parallel, laser-induced temperature rise simu-
lations were carried out under the same experimental
conditions.
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2.2.1. Effect of Laser Fluence at Different Substrate
Temperatures

Two similar sets of experiments were carried out system-
atically varying the substrate temperature (60 °C, 135 °C, and
210°C) and the fluence (70-300 mJcm™) using a laser
repetition rate of 5 Hz.

i) Thirteen films of 1.5 um thickness were deposited on
glass substrates, applying the corresponding required num-
ber of pulses between 1.3x10* and 4.1x10° for each
condition (see Fig. 4c below). The crystallinity of these
deposits was analyzed by Raman spectroscopy and the
spectra are presented in Figure 2. Details of Raman analysis
of TiO, are given in the Experimental section.

ii) Nine films of 150 nm thickness were deposited on
silicon substrates, applying the corresponding required
number of pulses between 1.3 x 10° and 4.1 x 10* for each
condition (see Fig. 4f below). The crystallinity of these
deposits was analyzed by transmission electron microscopy
(TEM) and electron diffraction (Fig. 3).

The laser-induced temperature rise by a single pulse was
estimated for both sets of experiments and results are
presented in Figure 4. Figures 4a and 4d show typical
temporal temperature profiles compared to the temporal
laser pulse profile, while Figures 4b and 4e show typical
depth profiles. The maximum surface temperatures obtained
are reported in Figures 4c and 4f, as are the number of pulses.

In the Case of Thick Films on Glass: Depending on the
laser fluence and substrate temperature, anatase, rutile, or
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anatase/rutile mixtures are detected (summarized in
Fig. 2d). At a given substrate temperature and with increas-
ing laser fluence, anatase gives way to rutile. This transition
from anatase to rutile takes place at a higher fluence when
the substrate temperature increases. Additionally, in some of
the spectra, parasitic peaks appear together as a broad band
around 350 cm™ and there is a peak at 510 cm™, all of which
are characteristic of suboxides,[lg] believed to be present at
the film-glass interface.

The laser-induced temperature rise simulations show that
laser pulses induce large temperature gradients (several
hundreds of degrees Celsius over 1.5 um) in the film, which
remains heated for more than 1 ms. The maximum
temperature increases almost linearly with the fluence from
350°C at 100 mJem™ to 1670°C on the surface at
400 mJ cm ™ (see Fig. 4c).

Inthe Case of Thin Films on Si: Depending on laser fluence
and substrate temperature, amorphous phase, anatase,
anatase/rutile mixtures, or rutile are detected (summarized
in Fig. 3b). At 60°C, increasing the fluence leads to the
appearance of anatase crystals in the amorphous matrix,
while at 135°C and 210°C, the amount of rutile in the
anatase/rutile mixture increases.

The laser-induced temperature rise simulations show that
laser pulses generate temperature gradients (about 100 °C
over 150 nm) in the film, which remains heated for about
10 pws. The maximum surface temperature increases almost
linearly with fluence from 162°C at 100 mJ cm™ to 635°C
on the film surface at 300 mJ cm™ (see Fig. 4f).
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Raman spectroscopy under the various condi-
tions.
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Fig. 3. a) TEM bright-field images and associated diffractograms of 150 nm thin TiO, films deposited on silicon substrate with various conditions of substrate
temperature and laser fluence (A, anatase; R, rutile). b) Summary of the crystalline phases encountered under the various conditions.

2.2.2. Influence of the Deposited Thickness

Multi-step deposits were made on silicon substrates at
T=210°C, F=400 mJ cm, and f=5 Hz, with the deposited
thickness varying from 150 nm to 2.7 um (see Fig. 5a). The
micro-Raman spectra recorded on the various steps are
presented in Figure 5b.

The Raman spectra show that the film is pure rutile at the
highest thicknesses, while for the lowest thicknesses, some
anatase is also present.

The laser-induced temperature rise by a single pulse was
estimated for different thickness of TiO, films deposited on
silicon under the same experimental conditions (7'=210°C,

32 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

F=400 mJ cm™, see Fig. 6a). The maximum film surface
temperature increases with a film thickness increase,
saturating at a film thickness of around 800 nm where it
reaches the bulk TiO, temperature rise value of 1680 °C. The
film/substrate interface is less and less heated as a larger
thickness of TiO, is considered.

2.2.3. Influence of the Laser Repetition Rate

Several 300 nm thick TiO, films were deposited on glass at
210°C and at two different fluences while varying the laser
repetition rate (1 Hz, 5 Hz, 10 Hz, and 20 Hz). Raman
spectra of these films are presented in Figure 7.
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Fig. 4. Laser-induced temperature evolution for 1.5 um thick TiO, films on glass (a—c) and for 150 nm thick TiO, films on silicon (d—f). a) and d) Typical temporal
profiles for T=135°C and F=200 mJ cm™, to be compared with the laser pulse temporal profile. b,e) Typical depth profiles for T=135 C and F=200 mJ cm™.
c.f) Number of pulses required to deposit the TiO, films and maximum laser-induced surface temperature rise.

At the lower fluence (55 mJ cm™), the crystalline state of
the deposited film varies from amorphous at 1 Hz to anatase
at higher repetition rates (see Fig. 7a). At the higher fluence
(210 mJ m™), the crystalline state changes from a mixture of
anatase and rutile to mainly rutile at higher repetition rates
(see Fig. 7b).

Laser-induced temperature rise and cooling after the pulse
were simulated for a single pulse corresponding to the
experimental conditions applied (300 nm TiO; film on glass,
T=210°C, F=55 mJcm™2, and F=210 mJ cm‘z) and under
similar conditions at a higher fluence (F=400 mJ cm™) (see
Fig. 8a). For comparison, similar simulations were carried
out on silicon substrates (see Fig. 8b). The simulations show

Chem. Vap. Deposition 2005, 11, No. 1 http://www.cvd-journal.de

that the film and substrate are cooled after 1 ms on glass and
0.1 ms on silicon.

3. Discussion

3.1. Chemical Composition

The results of films analysis by XPS suggest that the
deposited material is close to stoichiometric TiO,. No sub-
oxide shoulders are detected in the Tiy, spectrum on the as-
deposited sample and, after ion sputtering, the measured
value for O/Ti=1.9£0.3. No carbon contamination is
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together with the Raman scattering peak for the silicon substrate (Si).

observed in the bulk, but a standard surface layer of
contamination is detected on as-deposited samples.

3.2. Crystallinity

Raman and TEM analyses carried out on films deposited
under different experimental conditions show that the
crystalline state depends on several process parameters;
i.e., substrate temperature, laser fluence, substrate nature,
film thickness, and laser repetition rate. Depending on the
experiment, an amorphous state, or the presence of anatase
and/or rutile phases are detected.

Upon comparison with the laser-induced temperature rise
simulations carried out for each of the experimental
conditions, two effects are found to be superimposed.

i) With increasing laser-induced temperature rise, the
crystalline state changes from amorphous to anatase to
rutile, i.e., from the low temperature to the high temperature
phases (detailsin Section 3.2.1), therefore thisseems to be an
annealing-like process.

ii) With increasing substrate temperature or with decreas-
ing laser pulse repetition rate, a phase change from
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Fig. 6. Laser-induced temperature rise for various TiO, film thicknesses
(T=210°C, F=400 mJ cm™). a) Calculated temperature depth profiles on a
Si substrate (the arrows indicate the interface between the film and the
substrate for the various TiO, film thicknesses) and b) Maximum film surface
temperature on Si (®) and glass (@) substrates, and film-interface
temperature for the maximum surface temperature as a function of TiO,
film thickness on Si (<) and on glass (O).

amorphous to anatase to rutile takes place for higher laser-
induced temperature rises (details in Section 3.2.2).

3.2.1. Laser-Induced Temperature Rise Effect: Phase
Transition from Amorphous to Anatase to Rutile,
Annealing-Like Mechanism

Let us label AT}, the simulated laser-induced tempera-
ture rise (at constant substrate temperature and at constant
laser repetition rate). The crystallinity analyses for the
different experimental conditions tested show that the
increase of AT, correlates with a phase transition from
amorphous to anatase to rutile, i.e., from low temperature
phases to high temperature phases. The laser-induced
temperature rise is influenced by various parameters:

i) Laser Fluence: AT, increases almost linearly with
laser fluence (see Fig. 4c and Fig. 4f). For any given
condition, increasing the laser fluence always induces a
change to a higher crystalline state; either from amorphous
to anatase (e.g., at 60 °C, 150 nm TiO, on Si, see Fig. 3), or

http://www.cvd-journal.de Chem. Vap. Deposition 2005, 11, No. 1
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8

from anatase to rutile (e.g., at 210 °C, 1.5 um TiO, on glass,
see Fig. 2).

ii) TiO, Film Thickness: simulations show that AT},
increases significantly with the film thickness (see Fig. 6).
Experimentally, a transformation from a mixture of anatase
and rutile to pure rutile (i.e., from a lower temperature phase
to a higher temperature phase) is found when increasing the
film thickness on a Si substrate from 150 nm to 820 nm (see
Fig. 5). In more detail, AT}, increases with film thickness
until the saturation temperature which corresponds to the
laser-induced temperature rise in bulk TiO,. The bulk
temperature rise is obtained for a TiO, thickness corre-
sponding roughly to the heat penetration depth, /1, in the film
(ly=2+v/Dt =870 nm, with D being the film diffusivity and ¢
the pulse duration). As a matter of fact, as soon as the film
thickness exceeds the optical penetration depth, ; (L =a!
=40 nm, where a is the absorption coefficient), the light is
mainly absorbed in the film from which the generated heat
must diffuse away. The shape of the curve depends on the
difference in heat diffusivities between the film and substrate
(see Fig. 6b):

o if the film thermal diffusivity is lower than the substrate
diffusivity (which is the case for TiO, on Si), the thinner
the film, the more efficiently it is cooled. Therefore,

Chem. Vap. Deposition 2005, 11, No. 1 http://www.cvd-journal.de
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Fig. 8. Laser-induced heating and cooling for a single pulse onto a 300 nm
thick TiO, film at 7=210°C for three different fluences (55 mJ cm?,
210 mJ cm™?, and 400 mJ cm™): a) on a glass substrate; and b) on a silicon
substrate.

AT\ aser increases with the film thickness until it saturates
for [t.

o if the film thermal diffusivity is higher than the substrate
diffusivity (which is the case for TiO; on glass), the heat
tends to remain longer in the film and consequently, a
higher AT\, rise than for bulk TiO, is obtained before
saturation is reached.

iii) Substrate Nature: Figure 8 shows that under similar
conditions, much higher AT}, values are obtained on glass
than on silicon substrates, and that films on glass are heated
for a longer time. This can again be explained by the higher
heat diffusivity of silicon compared to glass leading to a faster
heat dissipation during the pulse resulting in a lower AT ger
in the film. Experimentally, lower temperature crystalline
structures are obtained on Si than on glass, again associated
with a lower ATy, For instance, a pure rutile phase is
obtained for a 300 nm thick film on glass at 7=210°C,
F=210 mJem™ and f=5 Hz (Fig. 7b) while, although at a
higher fluence, some anatase is still detected in approxi-
mately the same film thickness on Si, T7T=210°C,
F=400 mJecm™, and f=5 Hz (Fig. 5b).

In conclusion, the observed film crystallinity depends
upon the fluence, film thickness, and substrate, and can be
explained by an in-situ laser-annealing mechanism during
the pulse.
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3.2.2. Substrate Temperature and Laser Repetition Rate
Effect: Influence on the Position of the Phase Transition and
Reaction Pathway Effects

The transition fluences from amorphous to anatase and
from anatase to rutile are highly dependent on the substrate
temperature (Fig.2d and Fig. 3b). The transition from
amorphous to anatase tends to take place at higher fluences
for lower substrate temperature while the transition from
anatase to rutile takes place at higher fluences with
increasing substrate temperature. At low fluence, the
observation of rutile at lower substrate temperatures than
those for anatase is contradictory to standard CVD trends.
However, when compared with the literature on LICVD, this
tendency is in good agreement with our previous results!™?!
and with those of Watanabe et al.'*! obtained with a KrF
laser. Watanabe et al. attributed this result to a kinetic
influence, favoring rutile over anatase at higher growth rates.
However in our case, higher growth rates are obtained at
higher substrate temperatures!!! (see Figs. 4c and 4f, the
number of pulses required to deposit thin films of same
thicknesses). Therefore, itis very likely that a modification in
the deposition chemical reaction pathways, depending on
substrate temperature, is responsible for these different
crystallinities. In fact, Watanabe et al. showed, using either
an ArF or a KrF laser, that the irradiation of a condensed
TTIP layer or the LICVD from TTIP and O,, either on the
surface or in the gas phase, leads to either anatase or rutile by
a complex process which is not clearly understood.?*?2 In
our system, thermal CVD, although much slower than
LICVD, starts at a substrate temperature higher than
150 °C!Y and may contribute to variations of the nucleation
process.

Laser repetition rate is also observed to influence the
phase transitions. Figure 7 shows a transition from amor-
phous to anatase at low fluence, and a transition from anatase
to rutile at high fluence with increasing laser repetition rate
(from 1 Hz to 5 Hz). This result contradicts those of
Watanabe et al.l¥ Figure 8 shows that there should be no
cumulative heating effect between successive pulses with
repetition rates up to the kilohertz range. This fact is also
supported by the lack of dependence of the growth rate upon
the laser repetition rate and substrate nature, whilst it is
highly dependent upon the substrate temperature.m There-
fore, the laser repetition rate probably also influences
crystallite nucleation. Further investigation is necessary in
order to understand these nucleation effects.

4. Conclusions

Titanium dioxide thin films are deposited by LICVD
without any evidence for non-stoichiometry or bulk carbon
contamination for the experimental parameter ranges
considered. The deposited film crystallinity varies from
amorphous to anatase to rutile, depending on the experi-
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mental conditions. The nature of the crystalline state
obtained is believed to be due both to various nucleation
pathways, and to laser-induced in-situ annealing of the
deposited film.

5. Experimental

Deposition System: The experimental set-up of our home-made LICVD
reactor was previously reported in detail elsewhere [1]. Briefly, the substrate is
placed on a temperature-controlled plate (60-210 °C). A long pulse (250 ns)
XeCl excimer laser (308 nm) irradiates the substrate perpendicularly; the
image of a mask being projected by a single lens onto the substrate. A
pyroelectric detector measures the laser energy and an attenuator regulates
the laser fluence on the sample. TTIP is brought into the chamber by an oxygen
carrier gas flow, while nitrogen is flushed onto the reactor window to prevent
deposition onto it. The total pressure in the chamber is kept at 10 mbar by a
closed loop-controlled butterfly valve.

Thin Film Characterization: The deposited thicknesses were measured by
profilometry (Tencor Alphastep 200 or Dektak). The thin film chemical
composition was measured by XPS, (Kratos Axis Ultra) using irradiation from
a monochromated Al Ko source at normal incidence. To compensate for any
charging effects, an electron shower is applied and, additionally, all spectra are
shifted such that the C;; carbon contamination peak is at 285 eV
(characteristic of hydrocarbons). To clean off any surface contamination,
sputtering is carried out by a Ar* beam at 2 keV with a typical ablation rate of
2 nmmin~". The chemical assay is determined from the area under the peaks,
and sensitivity factors.

Raman spectroscopy was used to determine the crystallinity of the deposit
material. Two set-ups were used: i) a confocal Raman microscope (Labram,
Dilor) in backscattered configuration (light source: Kr* laser at 530.9 nm,
operated at 100 mW with a2 um diameter spot on the sample surface); or ii) a
confocal Raman microscope (XY Dilor triple spectrometer) in backscattered
configuration (light source: Ar* laser at 514.5 nm, operated at 40 mW, with a
10 x 10um? spot on the sample surface). Raman spectroscopy is a powerful
technique for investigating thin TiO, film crystallinity [23]. Amorphous
materials give rise to no peaks [24], while the spectrum of a mixture of
polycrystalline TiO, [24] can be analyzed roughly as a superposition of spectra
of different single crystals [25]. The anatase form is characterized by a strong
band around 144 cm™ and weaker bands around 399 cm™, 516 cm™, 639 cm™
[26]. The rutile Raman spectrum exhibits a band around 235 cm™ due to
multiphonon scattering, and two bands at 447 cm™ and 612 cm™ [27].

TEM images were taken of films deposited on silicon. The deposits were
first glued with resin and then mechanical polishing of the Si substrate was
carried out on the reverse. The resin was then dissolved and the remaining Si
substrate was selectively etched in HF-based solutions. The area of the film
from which the substrate was completely removed was then analyzed.

Laser-Induced Temperature Rise Calculation: The temperature rise due to
laser irradiation was estimated by a numerical simulation. All details of
the algorithm used are given in the literature [28]. A spatially uniform
laser pulse irradiating a film on a substrate perpendicularly has been modeled.
The simulation is based on a simple energy conservation model for small
volume element and a small time period. The program considers the
temperature change due to the incoming heat (due to light absorption in the
material) and outgoing heat (due to heat conduction in the material). This
calculation takes into account, the true temporal profile of our laser beam,
variation of the optical and thermal properties of the materials (film and
substrate) with temperature, and light interference phenomena within
the film. The calculation neglects heat generated or lost by chemical reactions,
variation of the material properties due to phase changes, and cooling of
the substrate by convection or radiation (second order importance parame-
ters).

Even if the program used gives a good temperature estimation [29], the
absolute values resulting from the simulations are subject to some uncertainty
due to the choice of material property coefficients. However, the trends that
are used for the interpretation of the data are not affected.

The thermal and optical parameters (thermal diffusivity, D; thermal
capacity, cp; density, p; absorption coefficient, a at 308 nm; and index of
refraction, n, at 308 nm), considered for the different materials, are listed in
Table 1.
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Table 1. Thermal and optical properties of the different materials considered for the simulations (values in brackets are
temperatures in K). D values are obtained from literature values of thermal conductivity, k, using the relation k = p x cp x D.

The optical properties of TiO, glass, and silicon were measured by ellipsometry [28].

Si

TiO, glass
D [em®s™ 0.030(293)-0.008(1227) [30] 0.006(293)-0.011(1227) [8]
cp [T gt KT 0.71(293)-1.523(1227) [30] 0.67(293)-0.92(1227) [8]
plg em™) 38 2.76 [8]
o [em™] 2.5 x 10° 1
n 33 1.54

0.94(293)-0.14(1227) [31]
0.70(293)-0.95(1227) [31]
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