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Abstract

Samarium-substituted bismuth titanate (Biz;5SmggsTi;O12 (BSmT)) thin films have been grown on n-type Si (100) substrates by
metalorganic decomposition and spin-coating technique. X-ray diffraction and scanning electron microscopy (SEM) analyses
confirmed that the crystallinity of the films increases with increasing annealing temperature and the optimum temperature was found
to be 700°C. The Raman measurement showed an increase in structural distortion due to the changed ionic radius and atomic mass
of Sm ions. The current—voltage characteristics displayed good insulating properties for a film annealed at 700°C for 1h. The
capacitance—voltage characteristic hysteresis curves revealed that the ferroelectric property sufficiently controlled the silicon
potential. The measurements of the dielectric constant and dissipation factor of BSmT as a function of frequency exhibited excellent

dielectric properties.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Bismuth titanate (BizTiz;O;; (BTO)) is a member of
the Aurivillius family of bismuth layer structure
perovskites, which consists of three perovskite-like
units, sandwiched between bismuth oxide layers along
the c-axis as represented in Fig. 1, where A4, B, and C
denote the (BizTi3Om)27 perovskite-like blocks, units of
hypothetical perovskite structure, and (Bi202)2+ sheets,
respectively [1]. The Aurivillius phase is displacive
ferroelectrics with a tetragonal [4/mmm structure,
(a, a, ¢), above the Curie temperature 7. It is common
to define a doubled orthorhombic (pseudo-tetragonal)
cell centered at Ti. This formally transforms the I4/mmm
structure to an undistorted Fmmm parent structure
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(a,b = a, c¢). The structure below T, can be described by
orthorhombic deviation from the undistorted Fmmm
structure leading to a#b [2].

As a typical perovskite layered structure ferroelectric
materials, BTO has become a key candidate for memory
storage capacitor, optical display and electro-optical
devices owing to their promising ferroelectric and
electro-optic properties [3—5]. Metal-ferroelectric—semi-
conductor (MFS) hetero-structure with BTO as a gate
electrode material for ferroelectric field effect transistor
(FFET) in a non-destructive readout mode has been
demonstrated [6]. However, BTO films show fatigue and
unexpectedly high leakage electric current, which
have appeared as obstacles for further technological
adoption [7].

For the specific applications, a small amount of
impurity is important to tailor physical properties and
microstructures of materials. The studies recently
suggested that the Bi ions affect fatigue characteristics,
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Fig. 1. Crystal structure of the BSmT.

and the failure characteristics of BTO could be
improved if some Bi ions were substituted near the
Ti—O octahedron layers with the lanthanide ions as
illustrated in Fig. 1 [8,9]. The BTO doped with donors
reduced the electrical conductivity and enhanced ferro-
electric properties [10].

Thin films of BTO have already been prepared by RF
sputtering [4], metalorganic chemical vapor deposition
[11], pulsed laser deposition [6], and electron cyclotron
resonance plasma sputtering [12], etc. Among the
various techniques available for the fabrication of
BTO thin films, metalorganic decomposition (MOD)
method employed in this study offers the advantages of
precise control of composition and homogeneity along
with the ability to coat a large film on a complex
substrate. Besides, as a ferroelectric material,
Bi; 15Smg g5 Ti301, showed large remnant polarization,
superior fatigue resistance and excellent charge-reten-
tion characteristics [9]. In view of these, the main
purpose of the present study was to develop
Bij 15Smg g5 Ti301, (BSmT) thin films on n-type Si (100)
substrates by MOD method and analyze the electrical
properties for a MFS capacitor.

2. Experimental

The precursor for BSmT was prepared by first
dissolving appropriate amount of bismuth nitrate and
samarium nitrate into glacial acetic acid at room
temperature. The solution was diluted with 2-methoxy-
ethanol to adjust the viscosity and surface tension.
Stoichiometric amount of titanium butoxide was slowly

added to the mixed precursor. The 4% excess bismuth
nitrate was used to compensate the loss of bismuth that
was induced during the thermal annealing of amorphous
films. In order to keep the precursor solution stable, it is
necessary to add acetylacetone into the solution. Dust
and impurities were removed by filtering through 0.2 um
syringe filters. Clear yellowish precursor solution was
obtained.

BSmT films were fabricated onto the n-type Si (100)
substrates by spin coating/heating cycle. The wet films
were heated at 400°C in air for 20min to remove
residual organic. The resultant films were annealed at
various temperatures ranging between 500°C and 800°C
for 1h.

As-annealed films were specular, crack-free, dense,
and adhered well on the substrates used. The films were
first examined by electron probe microanalysis to
determine the composition and the obtained film
compositions were in agreement with the nominal ones.
The film thickness, as measured using a Dektak II step-
meter, was approximately 500 nm. The BSmT films were
analyzed by X-ray diffraction (XRD) using a Rigaku D/
MAX-yA X-ray diffractometer. The surface morphol-
ogy of the films was analyzed by scanning electron
microscopy (SEM). The Raman measurements were
performed in the backscattering geometry using a
Ventuno2l NRS-1000DT instrument at room tempera-
ture. The current—voltage (/-V) measurements were
conducted using a pA meter/DC voltage source (HP
4140B). The capacitance—voltage (C-V) characteristics
and the dielectric properties were measured using a LF
Impedance Analyzer (HP 4192A).

3. Results and discussion
3.1. Structure characterization of BSmT films

3.1.1. XRD study

Fig. 2 shows the X-ray diffraction patterns of the
Bi3 ;5Smgg5Ti3O, film prepared on Si (100) and
annealed at various indicated temperatures for 1h.
XRD pattern of BTO films heat-treated at 400°C and
500°C confirmed the amorphous nature. This amor-
phous behavior remains unaltered up to an annealing
temperature of 600°C. As the annealing temperature
was increased, the peaks in the XRD pattern became
sharper and the full-width at half-maximum (FWHM)
decreased indicating better crystallinity and an increase
in grain size with increasing annealing temperature. At
700°C, sharp and numerous peaks can be observed,
indicating that the BSmT films crystallized very well.
The XRD patterns also revealed that the films annealed
at 700°C and above were polycrystalline in nature with
no evidence of preferential orientation or second phase.
The crystal orientation was not observed in the XRD
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Fig. 2. X-ray diffraction patterns of BSmT films annealed at various
indicated temperatures.

Table 1
Grain size as a function of annealing temperature

Annealing temperature (°C) Grain size (nm)

XRD SEM
600 37 70
700 56 120
800 68 160

pattern, which could be ascribed to the inevitable
formation of SiO, layer during deposition. The un-
wanted silica layers with low permittivity at the ferro-
electric/semiconductor interface, of which the thickness
typically 2-7nm, as a result, decrease the effective
electric fields [13,14].

The average grain size ¢ was estimated from the half-
width of the X-ray diffraction peaks using Scherrer’s
equation

K
" Beost’

where 6 is the diffraction angle, 4 the average
wavelength of X-ray, k the shape factor, and f§ is taken
as half-maximum line breadth. The grain sizes of BSmT
films annealed in the temperature range 600-800°C for
1 h were summarized in Table 1.

3.1.2. Surface morphology
The effects of the annealing temperature on the
morphology of the films were analyzed by SEM. Fig. 3

Fig. 3. SEM photographs of BSmT films annealed at (a) 600°C,
(b) 700°C, and (c) 800°C.

shows the effects of annealing on the grain size of the
films. The grain size increased with the increasing in
annealing temperature. Larger grain size are expected
with increasing temperature because of an increase in
surface mobility, thus allowing the films to decrease
their total energy by growing larger grains and decreas-
ing their grain boundary area. The average grain size
was in the range 70—-160nm for films annealed at the
temperature of 600-800°C for 1h. The grain sizes
estimated from SEM observations in Table 1 were
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different from those done by means of Schereer’s
equation. The Scherrer’s equation assumes that all the
crystallites are of the same size, but in an actual
specimen, the size range and distribution affect f.
Additionally, incoherent scattering from domains, dis-
tortions in the periodicity in the films, and micro-stress
contribute to the line broadening and, hence, errors in
the grain size estimation. Because the X-ray line
broadening yields relative crystallite size, if absolute
sizes are necessary then electron microscopy must be
used to establish a basis for comparison.

3.1.3. Raman spectroscopy study

For films annealed at 700°C for 1h, the lattice
constants a, b, and ¢ were calculated using (200), (117)
and (111) peaks in the XRD pattern, and were found to
be 5.452, 5.449, and 32.78 A, respectively, suggesting
that the films were crystallized in orthorhombic phase.
The lattice constant values were slightly different
from those of bulk BTO (a = 5.4448,b = 5.410, and
¢ =32.83 A, ICCD file 35-0795). The slight difference
between the BSmT and BTO films may be attributed to
the structural variation with partial Sm substitution.
The structural distortion of the material may result in
different symmetries. Raman spectra from such regions
should reveal the possible symmetry of the material.

If a tetragonal (I4/mmm) symmetry is assigned to the
Aurivillius phases according to the calculated lattice
parameters by the XRD pattern, the following Raman
(R)- and infrared (IR)-active optical phonon modes in
BTO at zero wavevector are [15]:

[yib =64,4(R) +2B14(R) + 8E,(R)
+942,(IR) + 2By, (IR) + 11E,(IR).

It is clear that theoretically observable Raman peaks,
caused by the symmetric vibrations (g), are not more
than 16 in number. The samples in the present work are
polycrystalline films as was shown by the XRD pattern.
It is, therefore, expected that the present Raman spectra
for the thin films correspond to the powder spectra. We
whereupon have also done Raman measurements on the
BTO nanoparticle. Our Raman data on the BTO
powder agreed with the published results, even though
it is not quite exact for the mode counting in
polycrystalline material, especially in thin films, due to
possible symmetry breaking, low peak intensity and
overlap of vibration modes [16].

The peaks at 301 and 520 cm ™" in the thin film spectra
resulted from the vibration modes of the silicon
substrate as marked in the figure. Compared to these
of bulk crystal, Raman modes at 849, 614, 564, 320 and
350cm ™! could be assigned as the A4, and B;, modes,
respectively; the 537, 268, and 226 cm™' modes could be
assigned as By, + B3, modes originating from the lifting
of E, degeneracy.

In accordance with Raman data of BiyTi30,,
BaTiOj3, and PbTiO; [15-17], a shorter bond length of
Ti—O than that of Bi-O, suggests that the Raman
phonon modes of the corresponding higher wavenum-
bers, such as the modes at 614 and 849 cm™', originated
mainly from the vibrations of atoms inside the TiOg
octahedra. The peak at 849 cm™' was attributed to the
symmetric Ti—O stretching vibration, while the 614 cm ™!
to asymmetric one; the 268 and 226cm ™' modes were
ascribed to the O-Ti—O bending vibration. Although the
mode at 226 cm ™' is Raman inactive according to the Oy
symmetry of TiOg, it is often observed because of the
distortion of octahedron. The mode at 320 was from a
combination of the stretching and bending vibrations.
The two modes at 537 and 564 corresponded to the
opposing excursions of the external apical oxygen atoms
of the TiOg¢ octahedra. The TiOg octahedra showed
considerable distortion at room temperature so that
some phonon modes, e.g. at 320, 537, 614, and
849cm ™', appeared wide and weak. The increase on
distortion of TiOg octahedra with Sm-substitution of Bi
led to a relatively large wavenumber change by careful
comparison and analysis of BTO powder and BSmT
films annealed at 700°C for 1h showed that these
Raman peaks, e.g. at 614 and 849cm ™' were found to
increase to 620 and 854 cm ™', respectively (Fig. 4). The
shifts could be attribute to the changed ionic radius and
atomic mass of Sm ions, as Bi ions do not participate in
the vibrations.

The Raman modes of the corresponding lower
wavenumbers, such as the modes at 118 cm !, origi-
nated mainly from bending and torsional modes of
the titanium and bismuth polyhedra, those aspects of
the structure that are most involved with ferroelectric
ordering. The sharp mode at 118cm™' shifted to
126cm ™" due to the substitution of a lighter Sm atom
at Bi site, as depicted in Fig. 1. The amendment of
ferroelectricity is therefore expected due to the variation
of electronic structure in nature with Sm-modification of
Bi. Besides, an increase in peak intensity with increasing
temperature indicating better crystallinity is coincident
with the XRD and SEM results. The presence of any
additional symmetry that might have originated from
the structural distortions could not be established.
Further study is necessary to clarify the microstructure
change due to Sm substitution.

3.2. Electrical properties of BSmT thin films

Some electrical properties of BSmT films were
studied. Gold dots of 0.8 mm diameter on the BSmT
film as top electrodes and Au film was sputtered on
the back of the silicon substrate as a bottom electrode
to form a metal/ferroelectric/semiconductor/metal
(MFSM) configuration.
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Fig. 4. Raman spectra for BTO powder and BSmT films on Si
substrate.

3.2.1. I-V chracteristics

The I~V characteristics were measured on a 500-nm-
thick BSmT thin film in the MFSM capacitor. Fig. 5is a
typical log(/) versus log(¥) curve for BSmT thin film
annealed at 700°C for 1h. The BSmT film exhibited a
resistivity in the range of 10°~10"' Q cm when a DC bias
of 0-5V applied to the capacitor. In this range of
resistivities the electrical conduction is proposed to be
space-charge-limited as discussed later [18]. The leakage
current significantly increased for voltages more than
5V. The data above indicated that BSmT thin films
directly deposited on the Si (100) substrates by MOD
technique had good insulating property and resistance
to breakdown.

At low voltages (below 2V), current I was linearly
dependent on voltage V, i.e., the I-V curve exhibited
ohmic behavior. According to space-charge-limited-
current (SCLC) theory, this Ohmic mode occurs in
insulating film as long as the film is quasineutral, that is,
as long as the bulk generated current in the film exceeds
the current due to injected free carriers from the
electrode. The current—voltage dependence in the Ohmic
region is given by [19]

I = noquAdV/d,

1E-4 T

1E-5¢

1E-6 F

1E-7

Current/A

1E-8

1E-9 ¢

1E-10 ¢ E

1 10
Voltage/V

Fig. 5. Typical log(Z) vs log(V) curves for a BSmT thin film annealed
at 700°C for 1h.

where ng is the concentration of charge carriers, ¢g the
electronic charge, u the mobility, A the arca of the
electrodes, and d the film thickness. At higher fields
(above 2V), the nonlinear I~V relationship could be
observed. According to SCLC theory, as applied voltage
is increased, the injection of charge carriers in the bulk
of the film takes place. For stronger injection, the
insulator traps fill up and a space charge appears. The
space-charge effects are observed when the injected free
carrier density exceeds the volume generated free carrier
density. A square law region appeared above 2V
indicating onset of the space-charge-limited conduction.
In this square law region the current is given by [19]

I =9eu0AV /8d°,

where ¢ is the absolute dielectric constant of the film,
and 6 the ratio of the free electron density and the
density of filled trapping sites. As the applied voltage is
increased further, very strong injection of charge carriers
takes place and causes an increase in the density of filled
trapping sites. If sufficient charge is injected into the
insulator, all the traps will become filled. Further
injected charge then exists as free charge in the
conduction band and contributes to the current. Higher
power law region could be observed in the -V
characteristics as applied voltage higher than 6V.
According to the SCLC theory, the concentration of
traps is given by [19]

Ny = eoer Ve /qd?,

where N, is the concentration of traps, ¢ the dielectric
constant of the film, g the permittivity of free space,
and Vtgp the trap-filled voltage limit. The discussions
above indicated that BSmT films showed excellent
insulating property in the low voltage range. It is of
great importance for use in large-scale integrated circuit
processes.
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3.2.2. C-V characteristics

Fig. 6 is the C—V curves measured at 100 KHz for the
MFSM structured BSmT films with the thickness of
500 nm at the sweep voltages of 3 and 5V. Both of the
C-V characteristics exhibited clear regions of accumula-
tion, depletion and inversion. The counterclockwise
C—V hysteresis indicated by the arrows are attributable
to ferroelectric polarization, which is the desired mode
for memory operation [20]. When the bias voltages
swept from —3 to 3V and back to —3V, the
capacitances in the accumulation region were still not
coincide, indicating that the memory window was
unsaturated. At sweep voltage amplitude was +5V,
the accumulation and depletion of the C—V curve were
coincided, and the memory window of the loop was
around 3.6 V. Not only did the capacitance values
saturate to the maximum and minimum values in both
the accumulation and the inversion regions, respectively,
but there were no features such as either humps
or valleys detectable in the C—V curves. The featureless
C-V characteristics suggested that neither a large
leakage current nor a significant carrier injection
occurred. Besides, the memory window increased
symmetrically with the sweep voltage, which meant that
the memory window increased due to the ferroelectric
polarization without charge injection. Furthermore, the
hysteresis loops were relatively ““square” indicating that
the memory retention was very stable. The C—V curves
showed that the capacitance varied from the depletion
state to the accumulation state, and the direction of the
hysteresis loop was consistent with ferroelectric polar-
ization switching.

The consistent results of C—V and I~V measurement
suggested that Sm-modification could improve the
ferroelectric properties of metal/BSmT/Si structured
materials, increase the memory window of the C-V
loop and amend the insulating properties of thin films to
satisfy the application in FFET device.

The fixed charge within the BSmT films should be low
if the films are to be used for an insulating gate.

l.
So0s
ok .
@ 3 2 -1 0 1 2 3
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S 0.5t
1] S—
) 4 2 0 2 4
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Fig. 6. C—V characteristics of BSmT films, where Cy = 1620 pF.

According to the C-V curve, the fixed charge density
(Nfe) can be calculated from the following formula:

Nfc - _Cmax X (VFB - (I)MS)/(‘]A)

The maximum capacitance (Cpax) measured corre-
sponded approximately to the capacitance of the ferro-
electric. Vgg: flatband voltage; dys: effect function
remainder between metal electrode and semiconductor
substrate; ¢: electronic charge; A: electrode area. The
resistivity of n-type Si is 5-7Qcm, and the doped
concentration is 4 x 10'*¢cm™>. The values of Ny was
found to be about 5x 10" cm ™2

The fast surface-state parameters in a BSmT/Si MFS
capacitor have also been calculated. The measured
conductance (G) can be utilized to determine the
surface-state density (Ng) because it directly relates to
surface states [21]

G/ow = Cyot/(1 + ’t?),

Ng = Cs/qAa

where o is the angular frequency, Cs the surface-state
capacitance, 7 the time constant, ¢ the electronic charge,
and A the electrode area. When the conductance goes
through a maximum, wt = 1, which C; = 2G/w, then
the surface-state density Ng can be obtained by using
the following formula:

Nss = 2Gmax/(a)qA)'

The results obtained showed that the surface-state
density was around 1 x 10"?cm2eV~".

The values of Ni and Ny of the BSmT film are
considered to be adequate for a FFET operation.

3.2.3. Dielectric characteristics

Fig. 7 shows the dielectric constant and dissipation
factor measured at room temperature as a function of
frequency in the range from 1KHz to 1 MHz. The
dielectric constant of the BSmT capacitor slightly
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Fig. 7. Dielectric constant and dissipation factor (loss) for the Au/
BSmT/Si/Au films as a function of frequency.
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decreased with increasing frequency, but it was much
more stable than that of BTO [22]. There were no
sudden changes of the dielectric constant and the
dissipation factor within the frequency range up to
1 MHz, indicating the compositional homogeneity and
thickness uniformity of the film. Besides, the dissipation
factor at 1 MHz was measured to be 0.14, which is much
lower than those of BTO and BLT films [22,23].

4. Conclusions

Biz15Smg g5 Ti3O1; thin films have been successfully
produced on n-type Si (100) substrates by MOD
technique. BSmT films began to crystallize at an
annealing temperature of 600°C. BSmT films annealed
at 700°C for 1h had good crystallization. The shift of
some modes to higher wavenumber implied an increase
in structural distortion due to the changed ionic radius
and atomic mass of Sm ions. Room temperature
resistivity of 10°Qcm and leakage current of less than
1078 A were obtained for a 500-nm-thick film, establish-
ing good insulating behavior. The I-V characteristics
showed ohmic conductivity in the lower voltage range
and space-charge-limited conductivity at higher field.
The dielectric properties and the C-J characteristic
hysteresis curves, as well as the calculated results of Ng
and Ny, showed that BSmT thin films obtained by
MOD method have promising applications as FFET
memories.
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