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Effect of post-annealing on the structure and
dielectric property of La,Ti,O; thin film
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Abstract: La, Ti,O; thin films were grown on Si (100) substrates by using pulsed laser deposition
method. The effect of post-annealing on the structural and dielectric properties of the films at
different temperatures was studied by using X-ray diffraction, atomic force microscopy and
synchrotron infrared transmission spectroscopy. The results show that the as-deposited thin [ilm
is amorphous and annealing thin film is crystallized into monoclinic structure. The infrared
spectrum reveals that the annealing can significantly increase the dielectric constant. The as-
deposited thin film has a low dielectric constant attributed to the loss of some phonon modes,
especially the low frequency mode. This indicates post-annealing has an important influence on

the dielectric property of La, Ti, O; thin film.
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0 Introduction

The scaling rule to a metal-oxide-
semiconductor field effect transistor ( MOSFET)
involves a reduction in the thickness of the gate

] Sl()g ’ an

dielectrict, effective
dielectric, approaches its limit when the thickness

However.,
of the gate oxide scales below 2nm because of the
excessive direct tunneling leakage current and
reliability issuest*. To overcome this physical
limit, there is a wide range of research being
conducted on alternative materials. In previous
reports, the usage of high-k dielectrics can increase
the physical thickness of gate dielectric to reduce
tunneling leakage and improve device reliability P
. Among the high-k gate dielectrics, lanthanum
based oxides are currently being studied as high-k
materials to substitute SiO, in future ultra-large
scaled integration devices because they process a
combination virtue of high dielectric values, large
band gaps and high conduction-band offset on
SiF* . Moreover, although TiO, films have high
permittivity even in amorphous state''™’, they
cannot be used as high-k gate dielectrics for CMOS
devices because of very small conduction band
offsets with respect to silicon. La; O;, on the other
hand, has a large conduction band offset with
respect to silicon (~2.3 eV), high permittivity
and thermodynamic stability with Si"**". Although.
many low permittivity La,O; films have been
reported in the literatures, it is the moisture
absorption phenomenon that results in permittivity
deterioration and the poor crystalline of La,Os
[12]

films"'*'. Thus, La-based ternary oxides, doped

with a second oxide, can have more merits
compared with La,O; as high-k gate dielectrics
since they exhibit a much stronger moisture

),[1 To solve the problem

resistance than La,(
of moisture absorption and poor crystalline, the
addition of TiO, into rare earth oxide exhibits
excellent physical properties such as a thin
interfacial layer, a low solubility in water, a high

dielectric constant and a low leakage current,

because it reduces the reaction of high-k dielectric

L1l Moreover, the incorporation of

with water
TiO, or Ti into the lanthanide oxide dielectrics has
attracted much attention because of the excellent
physical properties of the incorporation the gate
insulator for CMOS device application M%7, Ti-
doped lanthanide oxide films have a much larger
band gap than TiO, films because of the coupling
effect between the La and Ti atoms bonding to the
same oxygen atom™®. Therefore, La,Ti,O; films
might be suitable to be used as MOSFET gate
dielectrics since a medium conduction band offset
with respect to silicon is achieved due to the
introduction of La,O,. Furthermore, La,Ti,O;
thin films can be expected to have high permittivity
because of the high permittivity of La,O; and
TiO,.

amorphous, which will affect the infrared phonon

Normally, the as-grown thin film is

modes and cause the static dielectric constant to
decrease. The post-annealing is an effective method
to improve crystalline quality, thus the main
infrared phonon modes are kept and the
considerable value of the static dielectric constant
can be preserved?!,

In this paper, we prepared La, Ti, O; thin film
by pulsed laser deposition (PLD) method. The
effect of post-annealing on the structure and
infrared phonon mode of the thin film was
investigated. The structure and infrared phonon
information  were  obtained to  thoroughly
understand the annealing effect on the dielectric

properties of La, Ti, O; thin film.

1 Experimental

La; Ti,O; thin films were grown on n-type
Si(100) substrates by pulsed laser deposition
method. The target was synthesized using standard
solid-state ceramic synthesis methods™. The
precursor compounds, La,0;(99.99%) and TiO,
(99. 99%), were

proportions and mixed together. The materials

weighed in the correct

were wet ground in ethanol and then dry ground;

both grindings took 20min using an alumina
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mortar and pestle. The ground powders were
pressed into pellets and annealed in three steps.
The first two annealing steps were for 12 h at
1000°C and 1200°C. respectively. The final step
was at 1400°C for 24 h. Between each annealing
step, the pellets were re-ground and re-pressed as
described above. The La,Ti,O; pellet was then
used as the target in the films deposition process.
Prior to deposition, the Si substrate was
cleaned via the Radio Corporation of America
(RCA) technique to obtain an H-terminated Si
surface and treated with a dilute 10% hydrofluoric
(HF) for 10s to remove the native oxide. And then
the cleaned substrate was set on a heated holder in
a PLD chamber. A Lambda Physic LPX200 KrF
laser with a wavelength of 248 nm was used for the
film deposition. The vacuum of deposition chamber
was kept under 2.4 X107 *Pa, and Si substrate was
heated to 300°C. During the film growth, a KrF
excimer laser (248 nm, 5 Hz) was operated and
the laser energy was 200 m]J with an energy density
of ~2 J/ecm®. The obtained thin films were post
annealed in air ambient for 30 s at 900°C ., 950°C.,
1000°C , respectively.
( XRD)
performed using a TTR-1II system with a Cu K (A

X-ray diffraction analyses were
=1.511841A) to study the growth directions and
crystallization of La,Ti,O; films of as deposited
and post-annealed films. Atomic force microscopy
(AFM) was used to characterize the surface
morphology evolution of the sensing films after
annealing at different temperatures, The infrared
transmission spectra were measured over 50~ 700
cm™~ ', using a Bruker IFS 66v FTIR spectrometer
on an infrared beamline station (BLOIB) at the
National Radiation

Synchrotron Laboratory

(NSRL), China.

2 Results and discussion

The XRD results of as-deposited and annealed
La, Ti,O; thin films are shown in Fig. 1. No
diffraction peaks are observed for the as-deposited

thin film. indicating it is amorphous. We further

study the temperature-induced crystallization of these
films through XRD analysis. The (0 2 0), (—1 0 4)
and (— 8 1 0) diffraction peaks appear when the
sample was annealed at 900°C, with the temperature
being higher than the crystallization temperature of
La,O; (500°C)™ and TiO, (800°C)H™,  This
indicates that the Ti concentration is crucial for
obtaining La, Ti; O; films with high crystallization
The diffraction

when

temperatures. peaks become

stronger increasing  the  annealing
temperature. The crystallization of La,Ti,O; film
is quite satisfactory when annealed at 1000°C. No
other La—Ti—QO phases were observed and all the

peaks were attributed to the La, Ti, O; phase.
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Fig.1 XRD patterns of La,Ti, O, films deposited on Si (100)
after post-annealing at different temperatures for 30s
The surface morphology of the films was
analyzed by atomic force microscopy (AFM) . Fig.
2 shows the AFM images of the as-deposited and
annealed La,Ti,O; films. The as-deposited film
exhibited a surface roughness of 0.4592 nm. the
surface roughness of the films clearly increased
upon increasing the post-annealing temperature.
The La,Ti,; O, {ilm annealed at 900°C showed a
smooth surface (3. 862 nm),
1000°C  had a
(8.924 nm). We suggest that this behavior is due

while the one

annealed at rough surface

to an increased self-diffusion of lanthanum,
titanium and oxygen during high-temperature
annealing which causes an enlargement of grains,
thus increasing the surface roughness of the

Lag le ()7 fllm
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Fig.2 AFM images of La, Ti, O, films before and
after post-annealing at 900°C , 950°C and 1000C
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Fig.3 Schematic diagram of La, Ti, O,

with monoclinic structure

According to the group theoretical analysis,
La; Ti,O; is a member of a homologous series of
layered structures built from (110) perovskite
slabs with the generic composition A,,B,, Os,, 2 (m
=14, 5)%" The schematic diagram of monoclinic
La, Ti, O; with space group of P, is shown in Fig.3.
analysis predicts the

The theoretical group

following irreducible representations ol acoustical
and optical zone-center modes %",
r=A,+15A,+ B, +15B,

In these modes, A, and B, modes are infrared
modes and the A, . B, modes are Roman modes.

Fig.4 shows infrared transmission spectra for
as-deposited and annealed La,Ti,O; films. By
analyzing the infrared spectra, we can get the
infrared phonon modes and the contribution of each
mode to the dielectric constant. For the as-
deposited sample, the spectra is dominated by
three broad peaks because of its amorphous
structure, These bands in the 200 ~ 600 cm™'

region are due to Ti—O vibrations or probably. to

complex motions involving the participation of
both La and Ti cations. In the case of the
crystalline La, Ti; O; samples, more phonon bands
are observed and the intensity increases with

increasing annealing temperature.
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Fig.4 Infrared transmission spectra (black line) and their
corresponding fitting spectra (light grey) by the classical
oscillator model of the La,Ti, O, films at different temperatures

In order to quantitatively analyze the phonon
modes. the infrared spectra were fitted with the
classical Lorentz oscillator model (Eq. (1)).

n S .
e’ ((1)) =€ + ,,—7
; w; — w” + twy;

where ¢ * (w) is the complex dielectric function,

(D

e.. is the dielectric constant caused by the
electronic polarization at a higher frequency, and n
is the number of transverse optical vibration
modes. The oscillation parameters w;, S; and 7;
oscillator strength., and

are the frequency,

damping factor of the jth Lorentz oscillator,

[2829] The real part (¢') and imaginary

respectively
part (¢”) of complex dielectric function can also be
extracted from the f{requency dependence of
transmission data by the classical oscillator model.

The fitted

measured ones, as shown in Fig.4, and the fitted

spectra match well with the
parameters are listed in Tab.1. The spectra were
fitted by only 5 phonon modes for the as-deposited
film because of the broadening of the main peaks
and fitted by 22 phonon modes for the sample
annealed at 1000°C. The number of modes used to
fit the infrared spectra is less than that predicted
by the group theory because the thin film itsell

loses some phonon vibration modes compared to its
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bulk structure, and amorphous [ilms [urther lose
several phonon vibration modes compared to the

crystalline ones. The possible overlapping and the

low intensity of some of them also lead to a

reduction of the phonon modes®™.

Tab.1 D-L model fitting parameters of La, Ti, O, films before and after post-annealing at 900°C , 950°C and 1000°C

As-deposited 900°C

950°C 1000°C

ep =20 e.=4.6 ep=34.1 e.=4.78

e, =40 e..=4.8 ep=46 e.. =5

wro; /em™t S Y;/em™ wrg; /em™t S, Y;/em™ wro; /em™t S Y;/em™t wrg; /em™t S y;/em™!
65.71 14.6 75.9 51.3 17.94 85.03 64 19.3 87.3
80.5 0.76 5.29
89.1 5.85 84.3 97.6 3.85 54.6 95.8 2.91 52.8 95.9 3.06 8.73
112 1.41 5.96 112 1.74 6.67
140 0.91 17.1 135 1.89 15.4 135 3.14 16.9
170. 4.54 102 163 5.53 56.4 166 3.91 30.5 161 2.77 19.8
171 0.77 10.2
188 2.59 21.7 188 4.18 24.3
211. 3.82 126 214 3.57 99.2 212 2.96 59 213 1.89 21.5
233 0.44 17.5
250 0.95 18 247 1.01 22.3
267 0.76 21.5
335. 4.45 193 321 4.91 106 312 1.15 23.1 312 1.92 27.3
340 1.24 30.4 342 1.61 28.6
378 1.07 29.9 379 1.44 42.1
438 0.16 26.6
457 0.08 24.7 454 0.29 24.9 156 0.27 14.8
485 0.11 24.7
534 0.09 7.81
561 1.34 184 566 0.61 73.8 565 0.53 19.3 563 0.44 27.1
619 0.21 95.6 611 1.09 281 622 0.31 85.6

The pyrochlore structure of La, Ti,O; may be
described as the TiO; octahedra which are linked
by their corners to form hexagonal crowns whose
center is filled with the La*' cations as shown in
Fig.3. For the as-deposited sample, the first, third
and fifth modes of the five active modes correspond
to La—TiOg vibration at 90cm™', Ti—O0O;,
stretching at 210cm™' and TiO; bending at
560cm ™!, respectively®**, The second and forth
modes at 170cm ™" and 370cm ™ 'respectively may be

related to the T—O vibration and La—O™. The

oscillation of the phonons becomes clearer and
stronger with the rise of the annealing
temperature. and it shows that the oscillation of
the phonons at a low frequency have a higher
oscillator strength.

We can further compare the difference of
dielectric constants between the as-deposited and
annealed thin films. The real part and imaginary
part of dielectric functions are shown in Fig.5, and

the fitting €, and e.. are given in Tab.1. It is noted

that the high [requency dielectric constants e.. of
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the thin [ilms are about 4.6 ~5, which suggests
of the

from the part of

that the large wvalues static dielectric

constant originates lattice
component, Especially, the low frequency phonons

with high

contribution to the

oscillator strength give the main

dielectric constant. The
obtained ¢, for La,Ti,O; thin film annealed at
1000°C is ~46. However, the g, value decreases
following the lowering of the annealing
temperature, which is ~ 40 and 34.1 for the
samples annealed at 950°C and 900°C , respectively.
Nevertheless, the g, of annealed thin films are
much larger than that of as-deposited thin films
which is only ~ 20. As mentioned above, the
dielectric constant is directly related to the infrared
phonon mode. In anncaled thin films, the lowest
phonon mode around 60cm™' gives above 40%
contribution to the dielectric constant. However,
this mode disappears in the as-deposited
amorphous thin film., Meanwhile, the loss and
weakness of many other phonon modes also reduce

the dielectric constant of the as-deposited sample.

20 12
As-deposited As-deposited
10_\\‘\,\/ f’\ L8
0 F4
40— ———
20 900°C 900°C F16
r8
01 Lo
404 9soc [ 24
201 950°C F16
r8
0] -0
404 ) 1000°C :;?)
201 1000°C 20
01 HO
0 200 400 600 8001000 0 200 400 600 800 1000
Wavenumber/cm’! Wavenumber/cm'!

Intensity/a.u

Fig.5 Real (left) and imaginary (right) parts of the dielectric

function of the La,Ti, O, films at different temperatures

3 Conclusion

In summary, the effect of annealing on the
structural properties of the La,Ti,O; thin films
deposited on Si (100) substrates has been studied.
The XRD, AFM and FT-IR data reveal that the
1000°C

crystallization and a high dielectric value. The as-

thin film annealed at shows a good

deposited amorphous thin film has the lowest
dielectric constant because it loses some phonon
modes, especially the low frequency mode. The

measured thermal properties of the thin film

suggest that the La;Ti;O; film should be a
promising candidate for future high-k gate
dielectrics.
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